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And after fasting forty days and forty nights, he was hungry. (Matthew 4:2). 
 
 

ABSTRACT 
 

We investigated with LC-MS techniques, measuring approximately 109 lipid compounds, in 
mouse brain and liver tissue after 48 hours of starvation and a High-Fat Diet if brain and liver lipid 
composition changed. We measured Cholesterolesters (ChE), Lysophosphatidyl-cholines (LPC), 
Phosphatidylcholine (PC), Sphingomyelin (SPM) and Triacylglycerols (TG’s) for liver tissue while for 
brain tissue we had an extra lipid compound the Plasmalogens. In addition, dynamics of hepatic 
steatosis were determined in an in vivo mouse model with localized non-invasive Magnetic Resonance 
Spectroscopy (1H-MRS) techniques. In the experimental design Male C57bl6 mice (age 8-12 weeks) 
were exposed to three treatments: A:  They were fed a chow Diet for a period of approximately 40 days 
(Control group); B: They were fed a High-Fat Diet, containing 0.25% cholesterol (Ch) and 24% energy 
from bovine lard for a period of approximately 40 days, C: Or they were exposed to 48 hours of 
starvation. For whole brain tissue of these mice groups the LC-MS techniques indicated that the brain 
was rather invulnerable to Dietary intervention. The (phospho-) lipid-composition of the brain was 
unchanged in the starvation group but the cholesterol-ester content was significantly increased in the 
high High-Fat Diet group. These observations suggest that the brain lipid composition is insensitive to 
starvation but can be affected by a high High-Fat Diet. In contrast, for liver tissue both 24 h starvation 
and the 40 day High-Fat Diet resulted in exponential hepatic fat accumulation, although their time 
course (measured with 1H MRS) techniques was distinctly different. Mass spectrometry (LC-MS) 
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demonstrated for liver tissue remarkable differences in lipid profiles between treatments. 1H-MRS 
proved to be a reliable method for frequent, repetitive determination of hepatic fat in vivo and a 
noninvasive alternative to biopsy. Moreover, LC-MS and Principal Component Analysis (PCA) 
demonstrated that in liver tissue different lipid end products are formed as result of Dietary 
composition Apparently, for liver tissue starvation and a High-Fat Diet result in a process called 
hepatic steatosis which is regulated under both conditions via different metabolic pathways. In 
addition, 1H-MRS techniques demonstrated for liver that the relative amount of unsaturated bindings is 
significantly higher in the High-Fat Diet group (P≤0.001), which can be deducted from the relative 
intensities of the (CH=CH) elements and their conjugated unsaturated elements (C-CCH2C=C). We 
conclude, comparing brain vs. liver tissue that both tissues have a totally different metabolic response 
to both treatments. The brain is insensitive to starvation but can be affected by a High-Fat Diet while in 
liver tissue both treatments result paradoxically in a hepatic steatosis. However, for the liver, the 
dynamics and the lipid profiles of this process of this hepatic steatosis under starvation or a High-Fat 
Diet are totally different. 
 

Keywords: Mice, starvation, High-Fat Diet, brain, cholesterol-ester, liver, hepatic steatosis, lipid 
compounds, Triacylglycerols, LC-MS, localized non-invasive Magnetic Resonance Spectroscopy (1H-
MRS) techniques.  
 
 

INTRODUCTION  
 
Brain: The brain contains about 100 billion brain cells interrelated by axons and dendrites leading 

electrical impulses coding for information from or to the periphery. Lipids cover about 60% of the brain’s 
dry weight making brain tissue the second most lipid-dense tissue after adipose tissue (Bryhn, 2003). 
Besides cholesterol, phospholipids are the main lipid component of the neurons. Phospholipids (PL) are 
phosophodiesters linked to a base, in the brain usually ethanolamine, as phosphatidylethanolamine (PE). 
PE binds two different types of fatty acids, namely unsaturated (palmic and stearic acid) and 
polyunsaturated fatty acids (arachidonic and docosahexaenoic acid). The fatty acid pattern differs inside 
the brain with different concentrations in the grey and white matter. The grey matter, localised to the grain 
cortex with mainly brain cells, contains more saturated fatty acids and docosahexaenoic acid (DHA) 
compared to the white matter. The white matter is located in the sub-cortical region and contains more 
oleic acid (OA) and docosatetraenoic acid (DTA) (Söderberg et al. 1991)..  

The myelin sheet covering the nerve axon, which is very rich in polyunsaturated fatty acids, helps 
conduction of electrical impulses along the axons. This conductivity is about 50 times higher compared to 
non-myelinated axons. Degenerative diseases of the myelin sheets such as multiple scleroses may therefore 
cause serious neurological defect.  

Lipids play a key role in determining membrane fluidity, and changes in lipid and fatty acids 
composition have been reported to alter important cellular functions (Stubbs & Smith 1984, Boure et al. 
1991). 

We hypothesize that a High-Fat Diet may have functional and structural consequences in the brain. In 
order to investigate this question we used a mouse model after a period of 48 hours starvation or 40 days of 
High-Fat Diet in comparison to a Control group (normal chow). 

With LC-MS techniques we measured Cholesterolesters (ChE), lysophosphatidyl-cholines (LPC), 
phosphatidylcholine (PC), sphingomyelin (SPM) and Triacylglycerols (TG’s) and plasmalogens in these 
mouse groups. Changes in biochemical composition of the brain of the different mice groups might explain 
the observed behavioral changes after nutritional intervention in animal behavior studies which were 
observed in other studies (see discussion). 

Liver: Hepatic steatosis was long seen as a symptom of alcoholic liver disease. In recent years, 
however, steatosis was found in absence of alcohol abuse and led to the definition of disorders ranging 
from nonalcoholic fatty liver (NAFL) to nonalcoholic steatohepatitis (NASH) (Bradbury, 2006). Currently, 
evidence exists that nonalcoholic fatty liver disease (NAFLD) is a component of metabolic syndrome 
(Marchesin, et al., 2005). Metabolic syndrome affects about 20% of the US population (Ford, et al., 2002) 
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and its prevalence is strongly increasing due changing life styles and Diet (Dallman, et al., 2004) combined 
with genetic susceptibility (Lakka, et al., 2002). It is a risk factor for type 2 diabetes, premature 
atherosclerosis, and coronary heart disease (Baird, et al., 2002). Little is known of the etiology connecting 
the different symptoms of metabolic syndrome, but a striking contribution of both environmental and 
genetic factors has been shown in animals (Den Boer, et al., 2004) and humans (Lakka, Laaksonen, Lakka, 
Niskanen, Kumpusalo, Tuomilehto and Salonen, 2002). NAFLD is 1. the major cause of abnormal liver 
function in the Western world, 2. is associated with obesity and diabetes, and 3. is characterized by insulin 
resistance (IR). Since numerous etiological, environmental, nutritional and metabolic factors are involved 
in chronic liver disease (CLD), pathogenic mechanisms underlying the relationship between insulin 
resistance or diabetes and chronic liver disease remain to be elucidated (Picardi, et al., 2006).  

Hepatic steatosis is caused by increased fatty acid flux to the liver, the result of high availability of 
plasma Free Fatty Acids (FFA) in relation to peripheral oxidative requirements. This is observed under two 
conditions. First, an increase of exogenous fat, i.e. High-Fat feeding, increases liver TG (TG) content 
(Gauthier, et al., 2003). Second, excessive influx of fatty acids into the liver, resulting from hydrolysis of 
stores of body adipose under conditions of overnight starvation, predisposes to hepatic steatosis. This was 
observed in dogs starvation overnight (Basso and Havel, 1970) and in rodents (Hashimoto, et al., 2000). It 
is probably characteristic for all mammals under starvation, when switching from a carbohydrate to fat 
metabolism. The main question remains unsolved: under what Dietary conditions (restriction vs. 
abundance) will hepatic steatosis deteriorate from a beneficial survival strategy to the onset of 
pathogenesis including diabetes-2 and insulin insensitivity? In addition, the pathophysiology that leads to 
NAFLD is poorly understood; especially those factors that lead to progressive hepatocellular damage after 
TG accumulation (Adams, et al., 2005).  

We hypothesize that hepatic steatosis due to High-Fat Diet or starvation follows different pathways 
and wanted to determine the dynamics of hepatic TG accumulation using Liquid Chromatography Mass 
Spectroscopy (LC-MS). Moreover, as liver biopsy's have drawbacks (invasive, infection risk, haematoma 
formation, potentially biliary leakage) (Piccinino et al. 1987) and errors may occur due to inhomogeneous 
fatty infiltration (result of small sample volume), there is a need for new diagnostic tools that help to 
quantify intrahepatocellular lipid content. Here, we compared Magnetic Resonance Spectroscopy (MRS) 
with High Performance Thin Layer (HPTLC)-chromatography. 

 
 

MATERIAL AND METHODS  
 

Brain 
 

Experimental Animals 
In order to determine differences in fat composition brain under different feeding regimes, we had 

three treatments. Two different Diets (one regular and one High-Fat Diet) and a 48 hours starvation group. 
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).The C57BL/6 mice strain was used as it has 
extensively been studied as model of control of environmental induced starvation (van Ginneken et al. 
2007) and the determination of blood composition was one of the other objectives using these animals (not 
reported here). We had three treatments: Two feeding regimes were compared: i.) a regular Control-Chow 
diet Table 1 and ii.) a high-dietary situation reflected by the High-Fat diet of which the composition is 
given in Table 1 and Annex 1. The High-Fat diet mice group received this diet for a period of 40 days 
From other studies we know that this strain wlid-type C57b16 becomes insulin insenstive after 40 days on 
this High-Fat Diet. For the brain experiment the mouse were starved for 48 hours which is a long period 
for rodents with their high metabolic rate (Blaxter 1989 ). In total, 21 rodents were used: 7 mice in the 
Control group, 7 in the High-Fat Diet group and 7 in the 48 Starvation group. Mice were housed in a 
temperature-controlled room (21°C) on a 10-hour dark/14-hour light cycle.  
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Diet 

Mice in the Control group were fed a Control-Chow standard diet (SDS.3, Special Diet Services, 
Witham, UK) containing about 4.3 energy percent fat (Table 1). The High-Fat Diet that was fed to mice in 
the High-Fat treatment group and 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. The Diet contained approximately the 
same caloric content: Control-Chow Diet 17 kJ/ g dm versus High-Fat Diet 21 kJ/ g dm (Table 1).  

In Annex 1 the LC-MS lipid composition of the Control-Chow and the High-Fat Diet are given 
determined according to the method described further in this paragraph under the following section. 

 
 

Table 1. Food constitution of the mice chow: “Normal Chow” for the Control group (Special Diet 
Services, SDS No.3, Witham, UK) and the High-Fat Diet (Arie Blok, food code 4032.05, Woerden, 

The Netherlands) based on bovine lard and 0.25% cholesterol. 
 

Proximate Analysis Control-Chow 
(SDS.3) 

Proximate Analysis High-Fat Diet 
(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 
Minerals 7.56 Minerals 2.25 
Nitrogen Free Extract 51.20 Nitrogen Free Extract 36.19 
 -----  - Cholesterol 0.25 
TOTAL 99.61 TOTAL 96.03 
Measured Energy 
(Bombcalorimetry, 
[kJ/g dm] 

16.86 Measured Energy 
(Bombcalorimetry, 
[kJ/g dm] 

21.46 

 
Mass Spectrometry: LC-MS of Lipids and Fatty Acids of Food Composition  
(Control-vs. High-Fat Diet) 

With LC-MS techniques (see further), the lipid composition of the Standard (mean ± SD (n=5)) and 
the High-Fat Diet (mean ± SD (n=5)) was determined as described below for brain tissue (results see 
Annex 1). 

 
Brain-Tissue Sampling and Pretreatment for LC-MS  

The whole mouse brain was removed from the skull. A tissue homogenate (∼10% wet weight/ vol) in 
PBS (phosphate-buffered saline) was made by stirring the tissue in a closed tube with small glass globules 

 
Mass Spectrometry: LC-MS of Lipids and Fatty Acids in Brain Tissue  

After brain removal, fifty µl of the well mixed tissue homogenate (brain tissue) was extracted with 300 
µl of isopropanol and was mixed with 1000 µl IPA containing 4 internal standards standards (IS: C17:0 
lysophosphatidylcholine, di-C12:0 phosphatidylcholine, tri-C17:0 glycerol ester, C17:0 cholesterol ester 
and heptadecanoic acid (C17:0)) and placed in an ultrasonic bath for 5 minutes. Thereafter, samples were 
centrifuged at 10000 rpm for 3 minutes followed by injection of 10 µl on a Thermo LTQ (linear ion-trap) 
LC-MS Instrument (Thermo Electron, San JoAfter mixing and centrifugation the supernatant was 
transferred to autosampler vial. 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 
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Surveyor HPLC pump. Data were acquired by scanning the instrument from m/z 300 to 1200 at a scan rate 
of approximately two scans/s in positive ion ESI mode. The FFA LC-MS platform employs the same 
sample and similar HPLC conditions as the lipid method. The ammonium acetate concentration is 2 mM 
instead of 5 mM and no formic acid was added. The gradient: 0-2 min – 30%B, 2-3 min – 30% to 70%B, 
3-10 min – 70% to 100%B, 10-15 min – hold 100%B, 15-20 min –condition at 30% B. Detection of FFA 
is performed in negative ion ESI mode. Combined the two methods provide (semi)quantitative data for 
approximately 200 different identified lipids and FFA. Each extract was injected three times (10 µl), once 
for the LC-MS FFA platform and two times for the LC-MS lipid platform. Furthermore, a quality control 
(QC) sample was prepared by pooling the samples. The pool was divided into 10 µl aliquots that were 
extracted the same as the study samples. The QC samples were placed at regular intervals in the analysis 
sequence (one QC after every 10 samples). The QC samples served two purposes. The first is a regular 
quality control sample to monitor the LC-MS response in time. After the response has been characterized, 
the QC samples were used as standards of unknown composition to calibrate the data . The 6 dominant 
lipid classes observed with these two methods are the lyso-phosphatidylcholines (IS used: C17:0 lyso-
phosphatidylcholine), phosphatidylcholines (IS used: di-C12:0 phosphatidylcholine), sphingomyelines (IS 
used: di-C12:0 phosphatidylcholine), cholesterolesters (IS used: C17:0 cholesterol ester), triacylglycerols 
(TG’s) (IS used: tri-C17:0 glycerol ester), and free fatty acids (IS used: C17:0 FFA). In addition to these 
lipids, the extracts also contain minor lipids, but these were either not detected (concentration too low 
relative to very abundant lipids like phosphatidylcholines and TG’s) or they were not included in data 
processing. The LC-MS lipid and LC-MS FFA data were processed using the LC-Quan software 
(Thermo). 

 
Analysis of Plasmalogens in Brain Tissue  

Analysis of Cholesterolesters (ChE), Lysophosphatidyl-cholines (LPC), Phosphatidylcholine (PC), 
Sphingomyelin (SPM) and TG’s were performed by LC-MS techniques based on molecular mass and 
retention time using internal standards (see paragraph above). Because for the Plasmalogens no standards 
exists mass lists determined by (Hsu & Turk, 2005), using atmospheric pressure chemical ionization 
(APCI) and electrospray inonization (ESI) mass spectrometry (MS) techniques were used. These mass lists 
were published on internet www.byrdwell.com/plasmogens and www.byrdwell.com/-
PhosphatidylEthanolamine. 

 
Calculations and Statistics for Brain Tissue 

For all measured lipid parameters of whole brain tissue given in Table 2 and Annex 2, the mean value 
of the Control mice group was compared to the mean value of the Starvation and High-Fat Diet mice 
groups. Statistics were performed via SAS (Statistical Analyzing Software) using an one-way ANOVA for 
differences between control and starvation groups. P≤ 0.05 was considered as statistically significant. 
Normality of the data and homogeneity of variances were checked by Kolmogorov-Smirnov and Fmax tests, 
respectively. Principal Component Analysis (PCA) was carried out on the parameters of lipid metabolism 
measured via reversed phase liquid chromatography coupled to mass spectrometry. This type of analysis 
allows one to simultaneously examine the relative state of individuals according to three or more variables. 
We used Principal Component Analysis (PCA) statistical methods, which are specially developed, for 
application in biomedical research (van der Greef et al., 2007, 2008) using TNO IMPRESS, EQUEST and 
WINLIN software. 

Principal components analysis (PCA) is a classic statistical technique used to reduce multidimensional 
data sets to lower dimensions for analysis (Jackson 1991). The applications include exploratory data 
analysis and data for generating predictive models. PCA involves the computation of the eigenvalue 
decomposition or singular value decomposition of a data set, usually after mean centering the data for each 
attribute. The results of a PCA are usually discussed in terms of scores and loadings. The score and loading 
vectors give a concise and simplified description of the variance present in the dataset (Jackson 1991). A 
principal component is a linear combination of the original variables (in this case: lipid concentrations) and 
the magnitude of its eigenvalue is a measure of the explained variance. Typically only a few principal 
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components are required to explain >90% of the total variance in the data. In other words PCA is a 
dimension reduction method, e.g. from >100 lipid attributes in the data to only a 4 principal components, 
which simplifies data visualization. 

 
 

Liver 
 

Experimental Set Up 
All three experiments were approved by the Animal Authorization Committee of Leiden University 

Medical Centre (The Netherlands).  
 

Liver-Experiment 1: MRS-Test 
Male, 12-16 weeks old C57Bl/6 mice (Ntotal=63) were housed in a temperature-controlled room (21°C) 

on a 10-hour dark/14-hour light cycle. Before the experiment started all animals had unrestricted access to 
food and water. Three treatments were compared: Treatment A (Control, n=33) received ad libitum 
standard mouse chow (RM3, Special Diet Services, Witham, UK) and water; Treatment B (24h starvation, 
n=24) only water; and Treatment C (n=6) an ad-lib High-Fat Diet (4032.05, Arie Blok, Woerden, The 
Netherlands) and water. The standard lab chow contained about 12 energy percent fat, while the High-Fat 
Diet contained 24% protein, 39% carbohydrates, 24% fat, 6% fibers, 7% water (weight-percentages) and 
0.25% cholesterol. Mice under Treatment A were fasted 4 hours before the experiment to standardize their 
metabolic rate.  

Mice under Treatment A were used to validate the use of the 1H MRS method compared to HPTLC. 
After measuring a voxel of the liver in vivo in the Bruker 9.4 Tesla magnet their livers were removed under 
anesthesia. Liver samples were homogenized in phosphate buffered saline (~10% wet weight/vol) and their 
protein content was measured by a Lowry assay (Lowry, et al., 1951). Lipid content was determined using 
the Bligh and Dyer extraction method (Bligh and Dyer, 1959) and by separating the lipids using High 
Performance Thin Layer Chromatography (HPTLC) on silica gel plates (Havekes, et al., 1987), followed 
by TINA2.09 software analysis (Raytest Isotopen Meβgeräte GmbH, Straubenhardt, Germany) (Post, et 
al., 1997). Enzymatic assays of the TG content were performed with a Roche Diagnostics kit. 

Mice under Treatment B were used to study dynamics of TG accumulation during a period of 
starvation. Four separate groups of mice fasted for 0, 5, 12 or 24 hrs. (6 mice for each time point, total 24). 
Four groups were used as handling and anesthesized animals within 24 hours would have too much impact 
on their metabolism. Qualification and quantification of the lipid resonance spectra were performed in the 
comparison t=0 vs. t=24 hrs. Livers were not removed. 

Treatment C aimed to study TG accumulation dynamics during a High-Fat Diet. On day t=0 the initial 
status of the animals (n=6) was measured. On day 4, 12, 18, 28 and 40 a repetitive liver lipid spectrum was 
made using 1H-MRS; in this way each animal served as its own control over time. Qualification and 
quantification of lipid resonance spectra were performed in the comparison t=0 vs. t=40 days. 

 
In Vivo Localized Magnetic Resonance Spectroscopy of Liver Tissue 

For imaging, mice were induced with 4% isoflurane in air (50%) and O2 (50%) and anesthesia was 
maintained with ~1.5% isoflurane. All images and spectra were respiration-gated using an air-pressure 
cushion connected to a laptop using Biotrig software (Bruker, Rheinstatten, Germany). Anesthesia depth 
was constantly regulated to maintain a stable respiration rate during the experiment. In vivo 1H MRS 
localized spectroscopy was carried out on a 9.4 T vertical bore imaging system equipped with an Avance 
console controlled by ParaVision 3.01 software, Bruker Biospin (Karlsruhe, Germany). A Bruker Micro2.5 
gradient system of 1 T/m was used with a solenoidal 30 mm I.D. RF volume coil in transmit/receive mode. 
Animal placement in the magnet was assessed by three orthogonal slices acquired with a gradient echo 
protocol (TE 4.0, TR 200 ms, 1 average, FLASH, hermite pulse, 30¡, 3.0cm FOV, 128X128 matrix giving 
resolution 0.234mm, slice thickness 1.0mm, with respiratory triggering). The animal position was adjusted 
to center the liver in the coil. A second gradient echo protocol (TE 4.0, TR 220 ms, 1 average, FLASH, 
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hermite pulse, 30¡, 3.0cm FOV, 128X128 matrix giving resolution 0.234mm, slice thickness 0.8mm, with 
respiratory triggering) with 6-9 x 1 mm axial slices transecting the liver was used to localize the voxel of 
interest. The global shim was optimized manually with a gated single pulse method (90¡ block pulse 
excitation, 500ms repetition time. Global shimming was used as cardiac motion and low signal to noise 
made localized shimming difficult. Spectra were acquired with a PRESS protocol. Parameters were: 
TE/TR = 50/3000ms, 256 averages, 0.5 ms hermite pulses, (2.5)3 mm voxel, 4K FID, 6009.6154 Hz 
spectral width, no outer volume suppression. Preliminary spectra of 3 scout voxels (2.5mm cubed, 32 
scans) were acquired from apparently homogeneous regions of the liver as seen on the axial gradient echo 
slices. Voxels were placed near the liver margins to avoid significant blood vessels and to obtain more 
homogeneous tissue. Spectra from scout voxels were compared for line width and apparent lipid 
concentration. A voxel with narrow, undistorted line shapes and a representative lipid concentration was 
chosen.  

 
Assessment of MRS Data 

Spectra were Fourier transformed with 10 Hz exponential line broadening and baseline corrected. 
Spectroscopic evaluation of hepatic steatosis was limited to quantification of two dominant peaks in the 
MRS spectrum: water at 4.6 ppm and TG’s (TG) at 1.2 ppm, to calculate the fat/water ratio. This method is 
based on two assumptions: i). methylene proton signals estimated by spectroscopy are specific for the total 
mobile TG fraction; ii). water content is usable as concentration standard. For validation, we measured TG 
in mice with different degrees of liver fattening using our in vivo 1H MRS protocol. The integration limits 
were slightly varied depending on the signal line widths in the final spectrum. The obtained spectral 
resolution allowed identification of resonances arising from saturated and unsaturated fatty acid moieties 
assigned according to the spectrum of Corbin et al. (Corbin, et al., 2004). 

 
Liver-Experiment 2: Determination of the T2 of Fat and Water Components 

A T2 measurement was performed to assess the influence of T2 weighing on the fat/water ratio for 
some animals under each treatment (N=3 for each group). The PRESS protocol was applied with an 
increasing echo time of 46, 66, and 86 ms. Water and CH2 lipid peaks were quantified as above and T2 
was determined assuming mono-exponential decay, using the function S(t) = A + S(0) * exp(-t/T2). 

 
Liver-Experiment 3: LC-MS of Lipids and Fatty Acids  

Eighteen mice were randomly assigned to one of three treatments. Treatment A was the control 
group (n=6) and received ad-lib standard lab chow and water during 40 days. During Treatment B, 
animals were deprived from food for 24 hours (n=5). Treatment C were animals that received a High-
Fat Diet during 40 days (n=7).  

 
Mass Spectrometry LC-MS of Lipids and Fatty Acids in Liver Tissue  

Lipids and free fatty acids (FFA) in liver tissue were analyzed with electrospray LC-MS as described 
above for brain tissue.  

 
Calculations and Statistics for Liver Tissue 

For all with LC-MS techniques measured lipid compounds given in Annex 2, the mean value of the 
Control mice group was compared to the mean value of the Starvation and High-Fat Diet mice groups as 
described above for brain tissue. 

 
 

RESULTS 
 
Control Chow and the High-Fat Diet: The chromatogram of a sample with run on the LC-MS with a 

Control-Chow food sample and a High-Fat diet food sample is displayed in Figure 1. Three groups of 
chemical compounds can be clearly distinguished in this Figure 1: A). After 9-11 minutes retention time 
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the lysophosphatidylcholines (LPC) become visible with at 11.5 minutes the Internal Standard di-lauroyl-
phoshatidylcholine (IS); B). After 13-16 minutes the plasmalogens, phosphatidyl cholines (PC), 
Sphingomyelins (SPM) and phosphatidylethanolamines (PE) become visible; and C). After 18-19 minutes 
the TG’s and Cholesterol-esters (ChE).  

In Annex 1 are in detail the different lipid compounds for both diets given. The following highly 
significant differences between the two diets can be observed: 

 
i. 1000%-10,000%: The following compounds are in the range 1000%-10,000% higher in the High-

Fat diet in comparison to the Control-Chow diet: C26-1-DG, C36-0-DG, C22-0-SPM, C44-2-TG, 
C44-3-TG, C46-3-TG, C46-4-TG, C48-0-TG, C48-3-TG, C48-4-TG, C50-1-TG, C50-2-TG, C50-
3-TG, C50-4-TG, C52-1-TG, C54-2-TG, C56-1-TG, C56-9-TG. 

ii. > 10,000%: The following compounds are in the range > 10,000% higher in the High-Fat diet in 
comparison to the Control-Chow diet: C44-0-TG, C44-1-TG, C46-0-TG, C46-1-TG, C46-2-TG, 
C48-1-TG, C48-2-TG, C50-0-TG, C54-1-TG. 

 
So comparing the diet composition of the two used diets for lipid compounds (Annex 1), we can 

conclude that the major differences in the High-Fat diet, in comparison to the Control-Chow diet, are 
mainly in the TG’s compounds and mainly the elongated ones (>10,000% increase).  

 

   

Figure 1. Chromatogram with run on the LC-MS with a Control-Chow food sample (left) and a High-Fat diet food 
sample (right). Separation of the different lipid compounds is based on molecular mass and retention time using 
internal standards 

Brain: The chromatogram of mouse brain (Control animal) is displayed in Figure 2. Three groups of 
chemical compounds can be clearly distinguished in this Figure 2: A). After 9-11 minutes retention time 
the lysophosphatidylcholines (LPC) become visible with at 11.5 minutes the Internal Standard di-lauroyl-
phoshatidylcholine (IS); B). After 13-16 minutes the plasmalogens, phosphatidyl cholines (PC), 
Sphingomyelins (SPM) and phosphatidylethanolamines (PE) become visible; and C). After 18-19 minutes 
the TG’s (TG) and Cholesterol-esters (ChE).  

The most important observation of this study was that the Cholesterol-esters in High-Fat diet exposed 
brains are significantly increased (Table 2). Out of eight Cholesterol-esters five showed a strong significant 
increase (P≤0.0009-P≤0.0013) (Table 2). The compound 20:3-ChE of the High-Fat Diet group increased 
with 318% in the High-Fat Diet group in comparison with the Control group while the compound 18:2-
ChE of the Control group increased with 209% in the High-Fat Diet group (Table 2). Control vs. Starvation 
showed no significant changes while this was also not the case for Starvation group vs. High-Fat Diet 
group (vide Annex 2) 
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Figure 2. Chromatogram obtained by LC-MS technique of the whole brain homogenate of a mouse from the Control 
group. 

Table 2. Significant changes in Cholesterol-esters measured with LC-MS techniques in the whole 
brain of black six mice fed for 40 days a High-Fat Diet containing 0.25% cholesterol (Ch) and 24% 

energy from bovine lard. 
 

Compound Control 
Diet (A) 
(Mean ± 
SD) 

Starvation  
(B) 
(Mean ± 
SD) 

High-Fat 
Diet (C) 
(Mean ± 
SD) 

Kruskal –
Wallis 

P-value Change in % 

A vs. B A vs. C B vs. C A vs. B A vs. C B vs. C 

C16-0-ChE 0.0028 ± 
0.0005 

0.0069 ± 
0.0086 

0.0049 ± 
0.0011 

*0.022 0.2716 ** *0.0009 0.5624 245.24 175.90 71.73 

C16-1-ChE 0.0060 ± 
0.0008 

0.0130 ± 
0.0196 

0.0102 ± 
0.0024 

**0.005 0.4079 **0.0021 0.7184 215.47 169.51 78.67 

C18-0-ChE 0.0149 ± 
0.0009 

0.0160 ± 
0.0016 

0.0161 ± 
0.0017 

0.580 0.1571 0.1563 0.9220 107.43 108.00 100.53 

C18-1-ChE 0.0229 ± 
0.0017 

0.0407 ± 
0.0443 

0.0314 ± 
0.0046 

**0.004 0.3483 **0.0013 0.5915 178.01 137.35 77.16 

C18-2-ChE 0.0042 ± 
0.0016 

0.0163 ± 
0.0314 

0.0087 ± 
0.0029 

*0.017 0.3663 **0.0058 0.5351 392.15 209.09 53.32 

C20-3-ChE 0.0010 ± 
0.0004 

0.0026 ± 
0.0035 

0.0032 ± 
0.0010 

**0.002 0.3049 ***0.0004 0.6531 255.21 318.29 124.72 

C20-4-ChE 0.0118 ± 
0.0043 

0.0156 ± 
0.0078 

0.0201 ± 
0.0037 

**0.006 0.3110 **0.0032 0.1818 131.56 169.98 129.20 

C22-6-ChE 0.0057 ± 
0.0026 

0.0250 ± 
0.0508 

0.0077 ± 
0.0013 

0.154 0.3743 0.1005 0.3847 440.97 135.14 30.65 

 
In Annex 2 minor changes in whole brain of a High-Fat diet and 48 h Starvation exposed groups are 

given. No other tendency could be observed. 
Control versus Starvation group: For LPC, SPM, DG, PC, PE, Plasmalogen’s and TG’s the most 

significant changes were observed between the Starvation and the High-Fat Diet group without tendency 
were 12 out of 61 compounds (Annex 2).  
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Control versus High-Fat Diet group: For LPC, SPM, DG, PC, PE, Plasmalogen’s and TG’s the most 
significant changes were observed between the Starvation and the High-Fat Diet group without tendency 
were 5 out of 61 compounds (Annex 2). 

Starvation versus High-Fat Diet group: For LPC, SPM, DG, PC, PE, Plasmalogen’s and TG’s the 
most significant changes were observed between the Starvation and the High-Fat Diet group without 
tendency were 23 out of 61 compounds (Annex 2). 

Principal Component Analysis (PCA) was carried out on different 50 compounds. In Figure 3 the 
score plot (PC1 and PC2) for starvation, fatty brain vs. control brain is shown. Principal components 1 
accounted for 61 % PC of the total variance. Principal components 2 accounted for 22 % PC of the total 
variance while. It is evident from Figure 3 that the Control, Starvation and High-Fat Diet exposed mice 
groups are not separated for LC-MS measured lipid composition in whole brain despite the significant 
increase in Cholesterol-esters in High-Fat Diet exposed brain (Table 2).  

 

 

Figure 3. Canonical correlation of LC-MS (ES) data is a study of the lipid analysis in brain homogenate of a control 
mouse group (○), one group starved 48 hours (●), and one was exposed 40 days to a High-Fat Diet (x). Principal 
component analysis (PCA) was performed on the lipid components in the brain homogenate of the three groups. Each 
data point on the plot represents a separate measurement of metabolites in brain homogenate with LC-MS techniques 
on 1 animal. 

Liver 
 

Liver-Experiment 1: MRS-Test 
In Figure 4 an image of a cross section of the liver of an anaesthetized mouse is given with a selected 

voxel. 
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Figure 4. Axial gradient echo images of the abdomen of a Control male C57bl6 mouse (age 8-12 weeks). Selected 
voxel in liver tissue, 2.5 x 2.5 x 2.5 mm. 

In Figure 5 the two dominant peaks (water at 4.6 ppm and TG’s at 1.2 ppm) are visualized of the 
selected voxel (≈localized spectroscopy).  

Using Foley's protocol (Browning and Horton, 2004), all lipid resonances were quantified separately at 
the begin and end of each experiment . Treatment B (starvation) vs. Treatment C (High-Fat Diet) revealed 
different lipid compositions: the relative amount of unsaturated bindings was higher under Treatment C 
(P≤0.001), which can be deducted from the relative intensities of the (CH=CH) elements and their 
conjugated unsaturated elements (C-CCH2C=C) (vide Table 3). 
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Figure 5. 1H MRS-spectrum of liver tissue from a mouse in the Control (A) and High-Fat Diet (B) groups. Lipid 
resonances are: 1: triacylglycerol terminal methyl; 2: methylene (CH2)n; 3: CH2CH2CO; 4: CH2C=C; 5: CH2CO; 6: 
C=CCH2C=C; 7: CH2OCOR; 8: H2O 9: CH=CH 

 
Table 3. Shows neutral lipid resonances in vivo in liver measured with localized MRS spectroscopy. 

The comparison of treatment B vs. C revealed important differences in lipid composition as the 
relative amount of unsaturated bindings is higher after Treatment C (P≤≤≤≤0.001). This is deduced 

from the relative intensities of the (CH=CH) elements and their conjugated unsaturated elements (C-
CCH2C=C). ** denotes significantly difference P ≤≤≤≤ 0.001. 

 
Nr. Compound  Treatment A 

(Control) 
Treatment B 
(Starvation) 
before  

Treatment B 
(Starvation) 
after  

Treatment C 
(High-Fat 
Diet) before 

Treatment C  
(High-Fat Diet) 
after 

1 Triacylglycerol 
terminal methyl 

0 0 0.33 ± 0.01 0 0.33 ± 0.36 

2 Methylene 
(CH2)n 

0.08 ± 0.01 0.11 ± 0.04 3.00 ± 1.41** 0.12 ± 0.05 3.35 ± 3.42 ** 

3 CH2CH2CO 0 0 0.07 ± 0.02 0 0.10 ± 0.07 
4 CH2CH=C 0 0 0 0 0.45 ± 0.45 
5 CH2CO 0 0 0 0 0.29 ± 0.28 
6 C=CCH2C=C 0 0 0.03 ± 0.09 0 0.14 ± 0.26 
7 CH2OCOR 0 0 0 0 0.08 ± 0.06 
8 Water (H2O) 1 1 1 1 1 
9 CH=CH 0 0 0.05 ± 0.04 0 0.36 ± 0.38 

 
Liver-Experiment 2: Determination of the T2 of Fat and Water Components 

The T2 of the fat and water components was determined to assess the influence of T2-weighting on the 
fat/water ratio (vide Table 4). The water T2 was significantly shorter than that of fat for both regimes. The 
fat T2 significantly decreased after starvation (p<0.05), which reflects differences in fat composition.  
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Table 4. T2 values of water and fat with increasing echo time (n=3 per treatment). 
 

Treatment Water T2 (ms) Fat T2 (ms) 
A (Control) 16.6 ± 2.10 34.2 ± 5.31 
B (Starvation) 15.9 ± 3.58 22.0 ± 5.88 
C (High-Fat Diet) 17.8 ± 3.37 32.0 ± 7.74 

 
Liver-Experiment 3: LC-MS of Lipids and Fatty Acids  

The chromatogram of mouse liver (Control animal) is displayed in Figure 6. Three groups of chemical 
compounds can be clearly distinguished in this Figure 6: A). After 9-11 minutes retention time the 
lysophosphatidylcholines (LPC) become visible with at 11.5 minutes the Internal Standard di-lauroyl-
phoshatidylcholine (IS); B). After 13-16 minutes the plasmalogens, phosphatidyl cholines (PC), 
Sphingomyelins (SPM) and phosphatidylethanolamines (PE) become visible; and C). After 18-19 minutes 
the TG’s and Cholesterol-esters (ChE).  

 

 

Figure 6. Chromatogram obtained by LC-MS technique of a mouse liver of a Control animal. 

For comparison see the chromatogram of the liver of a mouse exposed to 24h of fasting in (van 
Ginneken et al. 2007: figure 2, page 1267). 

The 3-D images of LC-MS measurements are displayed in Figure 7. Three main lipid compounds were 
identified: lysophospatidylcholines, phosphatidylcholines and TG’s. Note the difference in TG’s between 
the starvation and High-Fat Diet exposed livers.  
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Figure 7. 3D-graphs of LC-MS measurements under Treatment A (Control), Treatment B (Starvation) and Treatment 
C (High-Fat Diet). 

Next, a within-subject comparison was made using conventional High Performance Thin layer 
Chromatography on excised liver tissue (vide Figure 8). We found a very high correlation coefficient (r = 
0.97, p ≤ 0.001). 
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Figure 8. Comparing 33 mice with different water/lipid ratio of the liver. TG content with 1H- MRS vs. High 
Performance Thin Layer (HPTLC)-chromatography on whole liver homogenate. 

The dynamics of TG accumulation during starvation is described by the formula Y=0.0473e0.1343x 
(R2=0.9827, vide Figure 9). Similar accumulation took place when mice were exposed to a 40-day period 
of High-Fat Diet (vide Figure 10). This process can be described by an e-function: Y=0.0983e0.0586x 
(R2=0.8941). Thus, TG accumulation in the liver follows an exponential course both during starvation and 
a High-Fat Diet. 

All lipid compounds measured with LC-MS techniques in the liver of the different mouse groups: 
Treatment A (Control), Treatment B (24 h Starvation), and Treatment C (High-Fat Diet exposed) are given 
in Annex 3. 
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Figure 9. Relative TG/water ratio in mice (N=24) under Treatment B (starvation) as measured by 1H-MRS. Each 
point: mean ± SD. Measuring points t=0, 5, 12 and 24 hours. Significance: a-d: P ≤ 0.0001; b-d: P ≤ 0.0001, c-d: P ≤ 
0.001. 

 

Figure 10. Relative TG/water ratio in mice (N=6) after Treatment C (High-Fat Diet) as measured by 1H-MRS. Each 
point: mean ± SD. Measuring points t=0, 4, 12, 18, 27 and 40 days. Significance: a-d: P ≤ 0.021; a-e: P ≤ 0.007; a-f: P 
≤ 0.0001; b-f: P ≤ 0.0001, c-f: P ≤ 0.0001, d-f: P ≤ 0.0001, e-f: P ≤ 0.0001. 

Liver: Treatment A (Control) Vs. Treatment B (Starvation) 
When comparing Treatment A (Control) vs. Treatment B (Starvation) we found that all 

lysophosphatidylcholines in liver tissue increased (P≤0.0001), except for 20:3-LPC that decreased under 
Treatment B (Annex 3). Twelve out of 15 measured phosphatidylcholines remained unchanged. Only three 
(34:1-PC, 34:2-PC and 34:4-PC) showed a significant drop after starvation (Annex 3). Two of four 
cholesterol esters showed a remarkable increase under Treatment B: 18:1-ChE (1637%) and 18:2-ChE 
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(1187%), making them possible biomarker candidates. Twenty-five TG’s were measured in liver tissue of 
animals under Treatment B. All showed significant increases, except 46:0-TG. Three candidate biomarkers 
were identified: 46:2-TG, 50:4-TG and 52:5-TG increased with 9088%, 2634% and 2894% respectively. 

 
Liver: Treatment A (Control) Vs. Treatment C (High-Fat Diet Exposed) 

When comparing Treatment A (Control) vs. Treatment C (High-Fat Diet exposed liver) 6 of 7 
lysophosphatidylcholines increased. Treatment C did not affect 18:2-LPC (Annex 3). Five 
phosphatidylcholines (out of 17) declined with Treatment C (32:0-PC, 34:2-PC, 34:3-PC, 36:5-PC, and 
38:6-PC), while five others increase (34:1-PC, 36:1-PC, 36:3-PC, 38:2-PC and 40:7-PC) (Annex 1). Seven 
phosphatidylcholines in liver tissue (34:0-PC, 36:2-PC, 36:4-PC, 38:3-PC, 38:5-PC and 40:6-PC) are 
unaffected (Annex 3). The increase of 36:1PC (378%) after Treatment C is remarkable. Another study 
(Van Ginneken et al., unpublished results) revealed that this compound increased in heart muscle (400%) 
and blood plasma (1493%), making it a biomarker candidate. All 5 cholesterol esters showed an increase 
(Annex 3). Compound 16:1-ChE increased with 799% after Treatment C, while compound 18:1-ChE 
increased with 722%. Twenty-two out of 26 TG’s increased after Treatment C. Only four TG’s (50:4-TG, 
52:4-TG, 54:5-TG and 56:6-TG) showed no change. 

 
Liver: Treatment B (Starvation) Vs. Treatment C (High-Fat Diet Exposed) 

Five out of 6 lysophosphatidylcholines dropped after Treatment C (16:0-LPC, 18:0-LPC, 18:2-LPC 
and 22:6-LPC), while 2 (18:1-LPC and 20:3-LPC) increased significantly (Annex 3). Four out of 15 
phosphatidylcholines 4 (32:0-PC, 34:2-PC, 34:3-PC and 36:5-PC) dropped, 2 remained unaffected (36:2-
PC, 40:6-PC) and 9 increased. Four cholesterol esters showed a significant decrease (Annex 3). Twenty-
five TG’s were measured. Three (46:0-TG, 54:3-TG, 56:3-TG) increased after Treatment C but not after 
Treatment B. For 7 TG’s (48:0-TG, 48:1-TG, 50:1-TG , 50:2-TG, 54:2-TG, 56:2-TG and 58:3-TG no 
significant changes were observed (Annex 3). Fifteen TG’s dropped significantly in the fatty livers, which 
implies they increased to a higher content in the starvation livers compared to the fatty livers.  

Principal Component Analysis (PCA) was carried out on 50 different compounds. In Figure 11 the 
score plot is shown. TG accumulation (PC#1) accounted for 44.39% of total variance, while the absolute 
fat concentration (PC#2) accounted for 31.92% of total variance.  

 
 

 

Figure 11. Canonical correlation of LC-MS data after Principal Component Analysis. Each point represents a separate 
measurement of metabolites in liver homogenate on 1 animal. CON = Treatment A (Control), STAR= Treatment B 
(starvation), FAT= Treatment C (High-Fat Diet). PC#1: TG Accumulation, PC2#: Absolute concentration of all lipids. 
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DISCUSSION 
 

Brain 
 
The most important observation of this study is that the brain can be affected by a High-Fat Diet while 

starvation nearly has no impact on the lipid brain composition in a mouse model. We are aware of the fact 
that we used whole brain and that splitting it up in white versus gray or cortex versus brain stem would for 
reductionist more meaningful. However this is the first study were the brain of murents is studied on lipid 
composition after a High-Fat Diet intervention and Starvation via LCMS techniques. In studies which are 
performed at this moment, using the same LCMS techniques and brain (white versus gray) and blood 
material of male post mortem subjects (Control; n=8; 73.5±10.5 years; Diabetes-2 (DM-2); n=8; 77.3±7.2 
years) from the ‘Netherlands Brain Bank’, we are quantifying 109 lipid compounds. In this unpublished 
study we want to investigate whether mental disorders occur more frequently than expected. in (post-
mortem) diabetes type-2 patients by investigating the lipid composition of homogenized brain tissue by 
LC-MS techniques. It is not known whether this "diabetic encephalopathy" develops as a result of aberrant 
lipid metabolism (van Ginneken et al. unpublished results). So this study with a black-six mouse model is 
our first experiment with brain and LCMS- techniques under controlled experimental conditions 

The "systems Biology" approach aims to understand phenotypic variation to assemble comprehensive 
data and models of cellular organization and biochemical function, and to elucidate interactions and 
pathways (Kitano, 2002). An important area in which metabolomics has great potential is the discovery of 
biomarkers related to metabolic processes or a disease. In our approach we used biomarkers from the lipid 
fraction like Phosphatidylcholine (PC), Sphingomyelin (SPM), Lysophosphatodylcholine (LPC), 
Cholesterol-esters (ChE), TG’s. 

Although we found ChE which could serve as biomarkers this is of no value for the brain because until 
now the detection of these compounds in brain tissue is invasive and destructive. Possibly that non-
invasive NMR techniques in future studies can be used.  

In this study a new groups of lipid compounds were observed in brain tissue with LCMS techniques. 
Plasmalogens have a "vinylether" linkage, which is an oxygen atom next to a cis double bond on the 
alkenyl chain. This combination of an ether oxygen plus a double bond is what makes plasmalogens 
different from normal glycerophospholipids (Salway 2006). Most Plasmalogens are Phosphatidyl-
Ethanolamine Plasmogens or Plasmenyl-Ethanolamines. On the other hand, Plasmanylcholines have a 
quaternary amine group and do not have the cis double bound on the first carbon of the alkyl chain at the 
sn-1 position.  

Dietary essential fatty acids affects membrane phospholipids acyl chains in all mammalian tissues. To 
date, numerous animal studies have been performed to determine the relevance between Dietary essential 
fatty acids and the effects on the central nervous system, brain, retina, and other mental health problems. 
We will summarize a couple of animal studies to give an impression of the different studies that have been 
done regarding the effect of a High-Fat Diet on mainly polyunsaturated fatty acids, TG’s and Cholesterol. 
The found results between the different studies are not uniform and often conflicting. One study gave a 
positive protective effect on brain (Sullivan et al. 2003), one study gave (despite significant changes in 
brain composition) no behavioral changes (Barcelo-Coblijn 2003) and one study points in the direction of 
epigenesis. A High-Fat Diet during pregnancy may bring about changes in the offspring’s brain that makes 
them more prone to over-eating and obesity throughout their lives (Chang et al. 2008). We are aware of the 
fact that our study was only biochemical without any behavioural aspects but brain literature on only 
lipidonomics concerning the compounds we selected is scarce. Most are dealing with omega 3 and 6 
(Sinclair et al. 2007). Ethological studies in future has to prove what are the consequences of changed ChE 
content in the brain on the behaviour of rodents. 

In the following section the earlier mentioned studies will be described in detail. 
A positive effect of a High-Fat Diet was observed on newborn brain by Sullivan et al.(2003).. They 

found that very high levels of a protein called uncoupling protein2 (UCP2) in the brains of newborn rats. 
UCP2 production is stimulated by fatty acids, which are the products of Dietary fat metabolism. This high 
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level of UCP2 may provide the protection from brain damage seen in infants who have seizures. Sullivan 
et al. (2003) hypothesized that uncoupling proteins –specifically UCP2 found in mitochondrial 
membranes- reduce the formation of reactive oxygen compounds and decrease the potential for cell injury 
in the brains of immature rats. They found that UCP2 function and levels were greater in immature 
animals. UCP2 production is increased by fatty acids, the breakdown products of Dietary fats, and rat pups 
obtain most of their nutrition from maternal milk, which is very rich in fat.  

Barcelo-Coblijn (2003) tried to study the dynamics of long polyunsaturated fatty acids in the rat brain. 
Therefore several feeding experiments were done and fatty acid and molecular composition of brain lipids 
were determined. The Diet consisted in normal rat chow enriched in different oils depending on their 
composition. Fish oil, perilla and soyabean oil were use to have Diets rich in DHA, linolenic acid and 
linoleic acid, respectively. Essential fatty acids sufficient rats of different ages were fed from conception 
with oils rich either in LNA, EPA + DHA or with a mixture of oils giving a ratio of LA to LNA 8.2 or 4.7. 
Phospholipids were extracted and separated depending on their hydrophilic head by thin layer 
chromatography from brain, cerebellum and hypocampus. Their composition in fatty acids was determined 
by gas chromatography after transmethylation. Barcelo-Coblijn (2003) found that brain fatty acid and 
molecular species composition, particularly of PE can be modified by a Diet depending manner. The major 
finding was that the response of brain Dietary fatty acids, like LA, LNA and DHA is faster than that was 
described so far by others. Despite of this alteration in molecular composition in brain membranes did not 
performed better in Morris water maze test. Therefore, it was concluded that accumulation of DHA alone 
can not explain the beneficial effects of long chain polyunsaturated fatty acids in cognitive functions in rat. 

A High-Fat Diet during pregnancy may bring about changes in the offspring’s brain that makes them 
more prone to over-eating and obesity throughout their lives, according to the study of Chang et al. (2008) 
that may explain the rise in childhood obesity.  

The work of Chang et al. (2008) provides the first evidence for a fetal program that links high levels of 
fat circulating in the mother’s blood during pregnancy to the overeating and increased weight gain of 
offspring after weaning. The researchers believe that the high levels of TG’s that the fetuses are exposed to 
during pregnancy cause the growth of the neurons earlier and much more than is normal. In this was we 
are programming our children to be fat because there is vulnerability in the developing brain and Chang et 
al. (2008) have identified the site of this action where new neurons are born. 

 
In Conclusion for Brain Tissue 

Lipids play a key role in determining membrane fluidity, and changes in lipid composition have been 
reported to alter cellular functions (Stubbs & Smith 1984, Boure et al. 1991. Our data show that the brain 
is affected by a High-Fat Diet for Cholesterol-esters. 

Membrane lipid composition appears to influence the state of mental health and is likely to exert its 
effects through lipid-protein interactions within the membrane. Such interactions may include effects upon 
neurotransmitter release and reuptake, and membrane receptors (Hulbert et al. 2005).  

Perspectives-brain studies: In future studies we want to investigate whether a High-Fat Diet induces 
key enzymes in cholesterol metabolism (ACAT, LCAT, HMG-CoA) (Salway 2006) at the mRNA level 
and whether the brains of hyperlipidemic (ApoE2 knock-in mice) are more sensitive to such a Diet which 
would be indicative for posttranslational regulation.  

Furthermore we want to investigate if changed Cholesterol-esters in the brain due to a High-Fat Diet 
have impact on behavioral changes. 

 
 

Liver 
 

Develop A Diagnostic Tool to Quantify Intrahepatocellular Content 
Also a method for the detection, diagnosis, the stage and degree of fibrosis accurately is important for 

management and study of liver fibrosis. Until now liver biopsy was the current gold standard for the 
diagnosis of liver fibrosis. However, this procedure has numerous disadvantages. It is highly invasive and 
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is associated with potential morbidity and mortality (Piccinino et al. 1986). Luckily, recent studies of 
Wang et al. (2009) found that liver stiffness (which is correlated with fibrosis) can be measured using 
acoustic radiation force and in this way can provide a quantitative assessment of the extent of fibrosis in 
the liver. 

In three studies the 1H MRS method has been validated against direct determination of TG-content of 
liver biopsies. One study with dogs and rabbits gave a correlation of r = 0.934, p ≤ 0.0001; slope 0.98 
between both methods (Thomas, et al., 2005), while during a study in humans a correlation was found 
between fat concentration of liver biopsies and the concentration calculated from spectroscopic 
experiments (r = 0.9, p ≤ 0.001) (Garbow, et al., 2001). In a study with 48 mice, the TG content was 
plotted against MRS-determined lipid content and a correlation coefficient of r2=0.91 was found 
(Siegelman and Rosen, 2001). 

Effective techniques are needed to investigate the potential and range of NAFDL towards NASH in 
animal and human studies. Especially the relation between hepatic steatosis and its association with obesity 
and type II diabetes needs further research. Proton magnetic resonance spectroscopy (1H MRS) is a non-
invasive method for measurement of tissue fat content, including intrahepatocellular lipids (IHCL) and 
intramyocellular lipids (IMCL). From the study of Thomas et al. (2005) it became clear that hepatic 
steatosis appears to be closely related to body adiposity, especially central obesity. In addition the 
separation of histologically defined steatohepatistis from simple steatosis is clinically important (Cobbold 
2009). Recently, magnetic resonance (MR) techniques using chemical shift imaging have provided a 
quantitative assessment of the degree of hepatic fatty infiltration, which correlates well with liver biopsy in 
the same animals (Thomas et al. 2005) casu quo patients (Garbow et al. 2001, Taylor-Robinson 2008). 
Similarly in vivo 1H MRS is a fast, safe, non-invasive method for the quantification of intrahepatocellular 
lipid (IHCL) levels (Mehta et al. 2008, Cobbold et al. 2009). Both techniques will be useful tools in future 
longitudinal clinical studies, either in examining the natural history of conditions causing hepatic steatosis 
(Cortez-Pinto & Machado 2008, Mehta et al. 2008), or in testing new treatments for these conditions 
(Mehta et al. 2008). 

This study demonstrates that volume-selective localized spectroscopy is a useful method for 
qualitative and quantitative assessment of the fat fraction in diffuse fat accumulation of the liver. With this 
method we described the dynamics of TG liver influx in mice with different Diets. Comparison of 1H MRS 
with HPTLC measurements demonstrated a close correlation (r2 = 0.975 p ≤ 0.001) which shows the 
technique is reliable and that a MRS voxel of (2.5 mm)3 is sufficient to overcome local differences in liver 
fat content.  

Due to a long echo time the fat/water ratios in this study were heavily T2-weighted. A T2 correction 
was not applied as this could introduce a larger bias than the original T2-weighting error. The T2 decrease 
during starvation means an overestimation of the fat/water ratio for high levels of accumulation, but 
remains within the standard deviation of the experiment. 

We conclude that localized 1H MRS spectroscopy is a suitable non-invasive diagnostic tool for 
qualifying and quantifying liver fat concentration. Fatty infiltration dynamics in the liver showed similar 
patterns for TG under starvation and High-Fat Diet (e-power function). 

Characteristics/pathways of hepatic steatosis: Broadly, hepatic steatosis is derived from a combination 
of factors: aberrations in insulin-related postprandial lipolysis with increased free fatty acid delivery to the 
liver, excess Dietary carbohydrate resulting in de novo fatty acid synthesis in the liver, and impairment of 
mitochondrial β oxidation and the complex mechanisms of TG assembly and export. Free fatty acids are 
also toxic (Day, 2002; Sanyal et al. 2001). FFA are toxic via three mechanisms: a). They are substrate for 
ROS-generating enzymes and thus increase hepatocyte ROS production; b). Oxidized FA themselves can 
also catalyze lipid peroxidation reactions that are directly cytotoxic; c). They might affect global changes 
in liver gene expression (reviewed: Yamaguchi et al. 2007).  

A few years ago Dr. A. Schiel (European Lipoprotein Club, 2005, Session IV), looked at differentially 
expressed genes using the program “Gene Map”, for Gene Microarray Pathway Profiles (Gladstone 
Institutes, USA) for the same black six mouse model as in this study (given the same feeding and sampling 
protocol). She found at a P ≤ 0.01 that only 41 genes were differentially expressed between Control and 
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High-Fat groups, 281 genes between Control and 24 hours starvation and 324 genes between 24 hours 
starvation and the High-Fat Diet. At a P ≤ 0.05 only 72 genes were differentially expressed between 
Control and High-Fat groups, 452 genes between Control and 24 hours starvation and 530 genes between 
24 hours starvation and the High-Fat Diet. Her three major conclusions were: a). Hepatic steatosis due to 
starvation and a High-Fat Diet follow different biochemical pathways; b). a High-Fat Diet induces less 
different hepatic gene expression compared to a long period of starvation; c). Long starvation result in 
changes in expression of genes mainly involved in carbohydrate catabolism, lipid metabolism, lipid 
transport and cholesterol absorption (European Lipoprotein Club, 2005, Session IV). 

With respect to hepatic TG accumulation, recent evidence in a murine model would suggest that 
hepatic TG content correlates poorly with the disease progression or hepatic damage and that TG’s may 
represent a safe “bystander” (Yamaguchi et al. 2007). The authors demonstrate that TG-synthesis actually 
helps to protect hepatocytes from lipotoxicity by buffering the accumulation of FFA (Yamaguchi et al. 
2007).  

The factors leading from NAFLD to NASH are still largely unknown (Marra 2008). 
Recent findings indicate that a). Inflammation is a marker of the progression from simple steatosis to 

steatohepatitis, and is greatly involved in the generation of hepatic damage (Marra 2008). The other two 
characteristics are: b). Hepatocyte damage and c). Fibrosis.  

a): Both obesity and insulin resistance are considered chronic inflammatory states. (Arkan et al., 2005) 
The multifactorial and interrelated metabolic mechanisms and inflammatory mediators that link obesity, 
insulin resistance, and, in selected subjects with as intermediate result hepatic steatohepatitis with fibrosis 
are topics of intense investigation using a variety of animal models (Cobold et al. 2009) and sophisticated 
human metabolic studies (Rigazio et al. 2008). Thus in both conditions, just like in reaction to an infection 
or an injury, cytokines (IL-6 and TNF-α) are released from the site of tissue injury (Tilg & Hotamisligil 
2006). These cytokines promote an acute-phase response. This response is characterised by the production 
of a range of proteins, primarily from hepatocytes (liver cells), but also from other cells such as monocytes 
(precursors to macrophages), fibroblasts (connective tissue cells) and adipocytes (fat cells). (Arkan et al., 
2005). Production of cytokines is one of the earliest events in many types of liver injury, triggering the 
production of other cytokines that together recruit inflammatory cells and initiate a healing process in the 
liver that includes fibrogenesis (Tilg & Hotamisligil 2006). Although inflammation was not the topic of 
this study we will mention it briefly because it can lead to hepatocyte damage.  

b): The pathological changes that develop in e.g. hepatocytes are often ascribed to oxidative stress due 
to fatty-acid oxidation (Fernandez-Checa & Kaplowitz 2005). It has been proved that the transition from 
steatosis to steatohepatitis is established by the role of reactive oxygen species (ROS) (Sanyal et al. 2001), 
lipid peroxidation and oxidative stress, impaired mitochondrial respiratory chain function and adenosine 
triphosphate depletion, and production of the proinflammatory cytokines, including tumor necrosis factor-
alpha (TNF-α) (reviews: Cortez-Pinto & Machado 2008, Marra 2008). 

This oxidative stress may result in a mitochondrial dysfunction (Pessayre, 2001), but increased 
oxidation of long chain fatty acids is reportedly a major source of ROS in NASH. 

Recent concepts of the cellular, subcellular, and metabolic pathways known or proposed to promote 
and perpetuate the cycles(s) of hepatocellular injury and fibrogenesis in NASH have been reviewed 
(Cortez-Pinto & Machado 2008, Marra 2008). 

c): Although we demonstrated that volume-selective localized spectroscopy is a useful method for 
qualitative and quantitative assessment of the fat fraction in diffuse fat accumulation of the liver, the 
distinction between steatosis and steatohepatitis, and the assessment of the severity of the disease appears 
to be correlated with the stage of fibrosis (Saadeh et al. 2002) and rely on liver histology alone (Ratziu et 
al, 2005, Ahmed 2006). 

 
In Conclusion For Liver Tissue 

We applied 1H-MRS techniques demonstrated for liver that the relative amount of unsaturated 
bindings is significantly higher in the High-Fat Diet group (P≤0.001), which can be deducted from the 
relative intensities of the (CH=CH) elements and their conjugated unsaturated elements (C-CCH2C=C) we 
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demonstrated quantitatively that different resonances arising from saturated and unsaturated fatty acid 
moieties could be assigned to the spectrum (Table 3) and different end products are formed as result of 
different Diets. With LC-MS techniques, using advanced PCA-analysis, we demonstrated that the lipid 
compounds in the Control, Starvation and High-Fat Diet were at totally different positions in the factorial 
plane (Figure 11) reflecting their totally different biochemical position.  

 
In Conclusion: Comparing Brain Vs. Liver Tissue 

Hence, the major observation of this study, in which we investigated the effect of starvation and a 
High-Fat Diet on liver- and brain- lipid composition, is that the brain is invulnerable for starvation but can 
be affected by a Fat-Diet mainly in the Cholesterol-ester component. Application of LC-MS and PCA 
demonstrated huge differences between treatments on the biochemical composition of the liver. 
Apparently, different biochemical pathways are involved in the process of hepatic steatosis due to 
Starvation and a High-Fat Diet.  

Final conclusion: The organ specific response of brain and liver to starvation (the brain’s incapacity to 
utilize energy sources other than glucose and ketone bodies and the liver which produces ketone bodies as 
by-products of excess lipid catabolism) constitutes a mechanism of protecting the organism from self-
destruction and maintaining its integrity, at the expense of the rest of the body, during starvation. 
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ANNEX 1. LC-MS constitution of a Normal (Control) Diet (DSD.3. Special Diet Services. Witham. 
UK) (mean ± SD. n=5) and a Fat Diet ((Arie Blok. food code 4032.05. Woerden. The Netherlands) 

based on bovine lard and 0.25% cholesterol (mean ± SD. n=5). 
 

Compound Control-Chow 
(Mean ± SD) 

High-Fat  
(Mean ± SD) 

Kolmogorov 
- Smirnov 

P-value  Change in % 

C14-0-LPC 0.0148 ±0.0027 0.0014 ± 0.0003  **0.005 ***0.0000 9.43 
C16-0-LPC 0.4340 ± 0.0812 0.1289 ± 0.0261 **0.005 ***0.0000 29.71 
C16-1-LPC 0.0109 ± 0.0028 0.0046 ± 0.0009 *0.031 ***0.0004 42.45 
C18-0-LPC 0.0121 ± 0.0027 0.0052 ± 0.0009 **0.005 ***0.0002 42.73 
C18-1-LPC 0.0554 ± 0.0107 0.0190 ± 0.0039 **0.005 ***0.0000 34.23 
C18-2-LPC 0.7058 ± 0.1275  0.1189 ± 0.0218 **0.005 ***0.0000 16.85 
C20-1-LPC 0.0035 ± 0.0007 0.0012 ± 0.0004 *0.031 ***0.0000 33.61 
C20-4-LPC 0.0041 ± 0.0006 0.0002 ± 0.0001 **0.005 ***0.0000 4.32 
C18-2-MG 0.0010 ± 0.0002 0.0013 ± 0.0002 1.000 *0.0325 130.10 
C20-2-MG 0.0014 ± 0.0005 0.0014 ± 0.0005 1.000 0.9688 100.86 
C20-3-MG 0.0002 ± 0.0001 0.0002 ± 0.0001 1.000 0.9934 100.23 
C22-2-MG 0.0001 ± 0.0001 0.0002 ± 0.0001 1.000 0.6240 120.57 
C22-3-MG 0.0004 ± 0.0001 0.0005 ± 0.0001 0.893 0.5880 114.74 
C24-2-MG 0.0001 ± 0.0001 0.0001 ± 0.0000 1.000 0.1841 57.84 
C24-3-MG 0.0001 ± 0.0001 0.0001 ± 0.0000 1.000 0.3739 62.93 
C24-4-MG 0.0002 ± 0.0001 0.0007 ± 0.0004 0.441 *0.0363 299.72 
C24-1-DG 0.0006 ± 0.0002 0.0010 ± 0.0002 0.893 **0.0038 174.27 
C26-1-DG 0.0006 ± 0.0003 0.0057 ± 0.0010  **0.005 ***0.0000 1018.38 
C28-0-DG 0.0109 ± 0.0030 0.0232 ± 0.0034 **0.005 ***0.0001 213.07 
C28-1-DG 0.0007 ± 0.0004 0.0073 ± 0.0010 **0.005 ***0.0000 992.66 
C28-2-DG 0.0003 ± 0.0001 0.0034 ± 0.0008 **0.005 ***0.0000 1186.01 
C30-0-DG 0.0139 ± 0.0027 0.0821 ± 0.0136 **0.005 ***0.0000 590.72 
C30-1-DG 0.0059 ± 0.0019  0.0336 ± 0.0054 **0.005 ***0.0000 569.73 
C30-2-DG 0.0009 ± 0.0005 0.0038 ± 0.0011 *0.031 ***0.0002 406.15 
C32-0-DG 0.0551 ± 0.0129 0.1959 ± 0.0328 **0.005 ***0.0000 355.79 
C32-1-DG 0.0332 ± 0.0060 0.1485 ± 0.0265 **0.005 ***0.0000 446.74 
C32-2-DG 0.0131 ± 0.0021 0.0293 ± 0.0049 **0.005 ** *0.0000 223.15 
C32-3-DG 0.0012 ± 0.0005 0.0026 ± 0.0005 0.139 ***0.0006 211.31 
C34-0-DG 0.0166 ± 0.0033 0.1850 ± 0.0382 **0.005 ***0.0000 1112.38 
C34-1-DG 0.1893 ± 0.0399 0.7559 ± 0.1571 **0.005 ***0.0000 399.29 
C34-2-DG 0.5271 ± 0.1165 0.1496 ± 0.0319 **0.005 ***0.0000 28.38 
C34-3-DG 0.0629 ± 0.0141 0.0208 ± 0.0040 **0.005 ***0.0000 33.00 
C34-4-DG 0.0033 ± 0.0011 0.0010 ± 0.0005 *0.031 **0.0011 31.82 
C36-0-DG 0.0040 ± 0.0010 0.0633 ± 0.0145 **0.005 ***0.0000 1583.64 
C36-1-DG 0.0497 ± 0.0103 0.4046 ± 0.0805 **0.005 ***0.0000 814.80 
C36-2-DG 0.2500 ± 0.0528 0.4861 ± 0.0953 **0.005 ***0.0003 194.39 
C36-3-DG 0.4775 ± 0.1103 0.0787 ± 0.0166 **0.005 ***0.0000 16.48 
C36-4-DG 0.8439 ± 0.1776 0.0214 ± 0.0039 **0.005 ***0.0000 2.54 
C36-5-DG 0.1508 ± 0.0312 0.0039 ± 0.0003 **0.005 ***0.0000 2.60 
C38-1-DG 0.0186 ± 0.0048 0.0045 ± 0.0012 **0.005 ***0.0000 24.08 
C38-2-DG 0.0279 ± 0.0059 0.0080 ± 0.0019 **0.005 ***0.0000 28.71 
C30-0-PC 0.0142 ± 0.0030 0.0369 ± 0.0019 **0.005 ***0.0000 259.62 
C32-0-PC 0.0455 ± 0.0097 0.0440 ± 0.0032 0.441 0.7369 96.82 
C32-1-PC 0.0472 ± 0.0109 0.0169 ± 0.0011 **0.005 ***0.0001 35.86 
C34-0-PC 0.0122 ± 0.0027 0.0165 ± 0.0008 *0.031 **0.0033 135.95 

 
ANNEX 1. (continued) 

 

Compound 
Control-Chow 
(Mean ± SD) 

High-Fat  
(Mean ± SD) 

Kolmogorov 
- Smirnov P-value  Change in % 

C34-1-PC 0.3595 ± 0.0740 0.0822 ± 0.0040 **0.005 ***0.0000 22.86 
C34-2-PC 0.9184 ± 0.1830 0.0312 ± 0.0017 **0.005 ***0.0000 3.40 
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C34-3-PC 0.1012 ± 0.0205 0.0051 ± 0.0005 **0.005 ***0.0000 5.09 
C36-1-PC 0.0753 ± 0.0156 0.0245 ± 0.0027 **0.005 ***0.0000 32.59 
C36-2-PC 0.2727 ± 0.0554 0.0401 ± 0.0023 **0.005 ***0.0000 14.70 
C36-3-PC 0.5573 ± 0.1129 0.0213 ± 0.0012 **0.005 ***0.0000 3.82 
C36-4-PC 1.2069 ± 0.2388 0.0119 ± 0.0015 **0.005 ***0.0000 0.99 
C38-4-PC 0.0057 ± 0.0020 0.0012 ± 0.0005 **0.005 ***0.0004 21.96 
C38-6-PC 0.1981 ± 0.0445 0.0022 ± 0.0010 **0.005 ***0.0000 1.11 
C38-7-PC 0.1599 ± 0.0308 0.0022 ± 0.0006 **0.005 ***0.0000 1.38 
C40-6-PC 0.0192 ± 0.0069 0.0027 ± 0.0014 **0.005 ***0.0002 14.18 
C40-7-PC 0.0250 ± 0.0057 0.0001 ± 0.0001 **0.005 ***0.0000 0.34 
C32-0-PE 0.0078 ± 0.0024 0.0010 ± 0.0003 **0.005 ***0.0000 13.35 
C32-1-PE 0.0256 ± 0.0068 0.0030 ± 0.0014 **0.005 ***0.0000 11.78 
C34-0-PE 0.0150 ± 0.0054 0.0008 ± 0.0005 **0.005 ***0.0001 5.52 
C34-1-PE 0.0379 ± 0.0098 0.0126 ± 0.0010 **0.005 ***0.0001 33.31 
C34-2-PE 0.0856 ± 0.0198 0.0091 ± 0.0009 **0.005 ***0.0000 10.62 
C36-1-PE 0.0159 ± 0.0027 0.0137 ± 0.0008 0.139 0.0877 86.44 
C36-2-PE 0.0178 ± 0.0032 0.0389 ± 0.0027 **0.005 ***0.0000 218.30 
C36-3-PE 0.0257 ± 0.0059 0.0148 ± 0.0007 *0.031 **0.0011 57.63 
C16-0-SPM 0.0077 ± 0.0029 0.0237 ± 0.0010 **0.005 ***0.0000 308.92 
C18-0-SPM 0.0018 ± 0.0008 0.0024 ± 0.0007 0.441 0.1534 138.35 
C18-3-SPM 0.0008 ± 0.0006 0.0025 ± 0.0007 **0.005 ***0.0008 317.06 
C22-0-SPM 0.0012 ± 0.0013 0.0285 ± 0.0026 **0.005 ***0.0000 2335.37 
C23-0-SPM 0.0064 ± 0.0022 0.0224 ± 0.0015 **0.005 ***0.0000 346.76 
C24-0-SPM 0.0025 ± 0.0010 0.0174 ± 0.0008 **0.005 ***0.0000 683.78 
C24-1-SPM 0.0326 ± 0.0093 0.0042 ± 0.0012 **0.005 ***0.0000 12.95 
C14-0-ChE 0.0003 ± 0.0002 0.0010 ± 0.0007 0.139 *0.0461 318.74 
C16-0-ChE 0.0050 ± 0.0013  0.0011 ± 0.0008 *0.031 ***0.0001 22.21 
C16-1-ChE 0.0052 ± 0.0008  0.0033 ± 0.0011 0.139 **0.0072 63.52 
C18-0-ChE 0.0383 ± 0.0045 0.0163 ± 0.0013 **0.005 ***0.0000 42.50 
C18-1-ChE 0.0422 ± 0.0026 0.0109 ± 0.0020 **0.005 ***0.0000 25.89 
C18-2-ChE 0.0058 ± 0.0008 0.0071± 0.0018 0.893 0.1475 121.34 
C18-3-ChE 0.0003 ± 0.0002 0.0021 ± 0.0009 **0.005 **0.0011 678.61 
C20-3-ChE 0.0264 ± 0.0037 0.0002 ± 0.0002 **0.005 ***0.0000 0.94 
C20-4-ChE 0.0073 ± 0.0009 0.0000 ± 0.0000 **0.005 ***0.0000 0.00 
C20-5-ChE 0.0227 ± 0.0041 0.0004 ± 0.0002 **0.005 ***0.0000 1.61 
C22-6-ChE 0.0397 ± 0.0050 0.0009 ± 0.0003 **0.005 ***0.0000 2.36 
C44-0-TG 0.0134 ± 0.0028 2.0585 ± 0.8189 **0.005 ***0.0001 15358.24 
C44-1-TG 0.0116 ± 0.0029 1.6876 ± 0.6332 **0.005 ***0.0001 14600.20 
C44-2-TG 0.0041 ± 0.0009 0.3983 ± 0.1504 **0.005 ***0.0001 9685.34 
C44-3-TG 0.0019 ± 0.0004 0.0576 ± 0.0210 **0.005 ***0.0001 3048.87 
C46-0-TG 0.0179 ± 0.0022 4.8980 ± 1.2063 **0.005 ***0.0000 27298.72 
C46-1-TG 0.0407 ± 0.0086 6.3782 ± 2.2866 **0.005 ***0.0000 15657.08 
C46-2-TG 0.0146 ± 0.0033 1.7957 ± 0.7049 **0.005 ***0.0001 12319.81 
C46-3-TG 0.0043 ± 0.0010 0.2715 ± 0.1086 **0.005 ***0.0001 6350.63 
C46-4-TG 0.0025 ± 0.0006 0.0304 ± 0.0107 **0.005 ***0.0001 1197.42 
C48-0-TG 0.0427 ± 0.0066 3.1081 ± 0.3775 **0.005 ***0.0000 7270.72 

 
ANNEX 1. (continued) 

 

Compound 
Control-Chow 
(Mean ± SD) 

High-Fat  
(Mean ± SD) 

Kolmogorov 
- Smirnov P-value  Change in % 

C48-1-TG 0.0977 ± 0.0119 13.3135 ± 2.5144 **0.005 ***0.0000 13621.56 
C48-2-TG 0.0826 ± 0.0129 10.3133 ± 3.3356 **0.005 ***0.0000 12492.30 
C48-3-TG 0.0267 ± 0.060 1.6247 ± 0.6402 **0.005 ***0.0001 6086.66 
C48-4-TG 0.0126 ± 0.0028 0.1928 ± 0.0800 **0.005 ***0.0003 1535.68 
C50-0-TG 0.0184 ± 0.0038 2.4463 ± 0.0393  **0.005 ***0.0000 13307.73 
C50-1-TG 0.5081 ± 0.0835 10.4197 ± 1.8209 **0.005  ***0.0000 2050.88 
C50-2-TG 1.2848 ± 0.1728 13.7411 ± 2.3466 **0.005 ***0.0000 1069.51 
C50-3-TG 0.2239 ± 0.0333 6.3849 ± 1.8181 **0.005 ***0.0000 2851.56 
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C50-4-TG 0.0813 ± 0.0167 1.0902 ± 0.4023 **0.005 ***0.0001 1341.52 
C50-5-TG 0.0416 ± 0.0101 0.1173 ± 0.0473 **0.005 **0.0033 281.62 
C50-6-TG 0.0180 ± 0.0041 0.1049 ± 0.0488 **0.005 **0.0015 582.76 
C52-0-TG 0.0110 ± 0.0032 3.9343 ± 0.7037 **0.005 ***0.0000 35678.23 
C52-1-TG 0.2344 ± 0.0462 15.7798 ± 3.1203 **0.005  ***0.0000 6730.91 
C52-2-TG 1.8014 ± 0.2984 16.6112 ± 2.5970 **0.005 ***0.0000 922.12 
C52-3-TG 2.7313 ± 0.3834 9.7095 ± 1.6801 **0.005 ***0.0000 355.49 
C52-4-TG 3.9193 ± 0.5070 3.7768 ± 0.8095 0.893 0.7225 96.37 
C52-5-TG 0.9671 ± 0.1554 0.8818 ± 0.2796 0.893 0.5286 91.18 
C52-6-TG 0.1499 ± 0.0332 0.3078 ± 0.1328 *0.031 *0.0180 205.34 
C54-1-TG 0.1105 ± 0.0271 27.9021 ± 7.4345 **0.005 ***0.0000 25261.50 
C54-2-TG 0.6759 ± 0.1267  15.6236 ± 3.0924 **0.005 ***0.0000 2311.36 
C54-3-TG 1.9100 ± 0.3247 5.8816 ± 0.9246 **0.005 ***0.0000 307.94 
C54-4-TG 3.0623 ± 0.4460 1.8426 ± 0.2935 **0.005 ***0.0002 60.17 
C54-5-TG 3.7421 ± 0.4576 1.0570 ± 0.1863 **0.005 ***0.0000 28.25 
C54-6-TG 4.8234 ± 0.7028 0.7781 ± 0.2591 **0.005 ***0.0000 16.13 
C54-7-TG 1.6223 ± 0.3455 0.8730 ± 0.3841 *0.031 **0.0052 53.81 
C56-1-TG 0.0252 ± 0.0062 1.8684 ± 0.8086 **0.005 ***0.0002 7409.93 
C56-2-TG 0.2112 ± 0.0506 1.6670 ± 0.4833 **0.005 ***0.0000 789.14 
C56-3-TG 0.2870 ± 0.0575 0.5210 ± 0.1086 **0.005 ***0.0009 181.53 
C56-4-TG 0.1975 ± 0.0362 0.1230 ± 0.0237 *0.031 **0.0018 62.28 
C56-5-TG 0.2153 ± 0.0337 0.0791 ± 0.0136 **0.005 ***0.0000 36.75 
C56-6-TG 0.1609 ± 0.0247  0.1591 ± 0.0230 0.893 0.8942 98.83 
C56-7-TG 0.1276 ± 0.0164 0.3963 ± 0.1423 **0.005 ***0.0010 310.52 
C56-8-TG 0.0646 ± 0.0120 0.3882 ± 0.1402 **0.005 ***0.0002 600.79 
C56-9-TG 0.0461 ± 0.0114 0.5353 ± 0.2024 **0.005  ***0.0001 1160.83 
C58-10-TG 0.0480 ± 0.0094 0.0189 ± 0.0059 **0.005 ***0.0001 39.25 
C58-2-TG 0.0802 ± 0.0191 0.3990 ± 0.1693 **0.005 ***0.0010 497.15 
C58-3-TG 0.1580 ± 0.0379 0.1637 ± 0.0584 0.893 0.8431 103.66 
C58-4-TG 0.1388 ± 0.0315 0.0262 ± 0.0070 **0.005 ***0.0000 18.87 
C58-5-TG 0.0795 ± 0.0148 0.0127 ± 0.0030 **0.005 ***0.0000 16.02 
C58-9-TG 0.0308 ± 0.0039 0.0285 ± 0.0111 0.893 0.6405 92.48 
C60-2-TG 0.0198 ± 0.0040 0.0673 ± 0.0331 **0.005 **0.0058 339.73 
C60-3-TG 0.0602 ± 0.0144 0.0496 ± 0.0219 0.441 0.3456 82.41 
C60-4-TG 0.0388 ± 0.0094  0.0179 ± 0.0068 *0.031 **0.0013 46.06 

 



 

 

ANNEX 2. Measured compounds in whole brain of mice with LC-MS techniques like Lysophosphatidyl-cholines (LPC), Phosphatidylcholine (PC), 
Spingomyelin (SPM), Triacylglycerols (TG) and Phosphatidyl-Ethanolamine- or Plasmenyl-Ethanolamine Plasmogens. 

Compound  Control (A) 
(Mean ± SD) 

48h Starvation (B) 
(Mean ± SD) 

High-Fat (C) 
(Mean ± SD) 

Kruskal – 
Wallis  

P-value  Change in % 
A vs. B A vs. C  B vs. C  A vs. B A vs. C  B vs. C  

C16_0_LPC 0.4876 ± 0.1272 0.6967 ± 0.0686 0.5191 ± 0.0612 ***0.001 **0.0018 0.5719 ***0.0002 142.88 106.44 74.50 
C16_1_LPC 0.0095 ± 0.0022 0.0098 ± 0.0015 0.0114 ± 0.0009 0.091 0.7078 0.0579 *0.0335 104.01 120.42 115.78 
C18_0_LPC 0.2551 ± 0.0715 0.4587 ± 0.0722 0.2735 ± 0.0328 ***0.001 ***0.0002 0.5535 ***0.0000 179.79 107.19 59.62 
C18_1_LPC 0.1727 ± 0.0465 0.2016 ± 0.0319 0.2056 ± 0.0194 0.335 0.1908 0.1141 0.7788 116.76 119.07 101.98 
C20_1_LPC 0.0150 ± 0.0036 0.0275 ± 0.0107 0.0173 ± 0.0011 ***0.001 *0.0184 0.1386 *0.0261 183.04 115.00 62.83 
 C16_0_SPM 0.0576 ± 0.0161 0.0582 ± 0.0277 0.0654 ± 0.0040 0.372 0.9626 0.2429 0.5139 101.06 113.42 112.23 
C18_0_SPM 0.7943 ± 0.1578 0.5870 ± 0.1367  0.9427 ± 0.1032 **0.004 *0.0219 0.0664 ***0.0001 73.90 118.67 160.59 
C34_0_DG 0.0665 ± 0.0174  0.0594 ± 0.0143 0.0878 ± 0.0096 **0.004 0.4151 *0.0174 ***0.0006 89.26 132.08 147.97 
C34_1_DG 0.1942 ± 0.0331 0.1727 ± 0.0470 0.2466 ± 0.0733 0.056 0.3595 0.1362 *0.0348 88.93 126.96 142.77 
C36_0_DG 0.0089 ± 0.0026 0.0173 ± 0.0086  0.0104 ± 0.0020 **0.005 *0.0395 0.2550 0.0580 195.54 117.18 59.92 
C36_1_DG 0.2644 ± 0.0776 0.2063 ± 0.0796 0.3184 ± 0.0382 *0.022 0.1967 0.1308 **0.0048 78.00 120.43 154.40 
C36_2_DG 0.0456 ± 0.0077 0.0491 ± 0.0224 0.1000 ± 0.0908 *0.018 0.7213 0.1737 0.1472 107.70 219.48 203.80 
C30_0_PC 0.3384 ± 0.1010 0.2734 ± 0.0432  0.4280 ± 0.0615 **0.002 0.1256 0.0748 ***0.0001 80.79 126.48 156.55 
C32_0_PC 6.8224 ± 1.1420 5.8046 ± 0.6325 7.0666 ± 0.5407 *0.017 0.0538 0.6228 **0.0012 85.08 103.58 121.74 
C32_1_PC 1.0255 ± 0.2553 0.8733 ± 0.1486 1.2632 ± 0.1528 **0.003 0.1846 0.0621 ***0.0002 85.16 123.18 144.64 
C34_0_PC 2.6822 ± 0.4523 2.3096 ± 0.1914 2.6095 ± 0.1814 *0.013 0.0562 0.7022 **0.0084 86.11 97.29 112.98 
C34_1_PC 9.4605 ± 1.1296 9.1603 ± 0.5799 9.9656 ± 0.1738 **0.007 0.5271 0.2646 **0.0037 96.83 105.34 108.79 
C34_2_PC 0.5900 ± 0.1082 0.9793 ± 0.1994 0.5197 ± 0.0574 ***0.000 ***0.0010 0.1628 ***0.0001 165.99 88.09 53.07 
C36_1_PC 6.0130 ± 0.9461 5.9592 ± 0.4859 6.1931 ± 0.5978 0.425 0.8915 0.6844 0.4181 99.11 103.00 103.93 
C36_2_PC 1.2090 ± 0.1844 1.4349 ± 0.1420 1.3701 ± 0.0448 *0.024 *0.0234 *0.0458 0.2700 118.68 113.33 95.49 
C36_4_PC 2.0928 ± 0.4973 1.7801 ± 0.2713 2.2758 ± 0.3200 *0.044 0.1555 0.4395 **0.0063 85.06 108.75 127.85 
C38_1_PC 0.4641 ± 0.1312 0.5646 ± 0.1668 0.4872 ± 0.0767 0.534 0.2472 0.7005 0.2811 121.66 104.97 86.29 
C38_2_PC 1.1745 ± 0.2235 1.3548 ± 0.2524 1.4519 ± 0.0823 0.109 0.1907 *0.0107 0.3498 115.35 123.62 107.17 
C38_4_PC 1.8154 ± 0.4715 1.5843 ± 0.2348 2.0648 ± 0.2869 *0.038 0.2491 0.2654 **0.0034 87.27 113.74 130.33 
C40_1_PC 0.1020 ± 0.0332 0.1458 ± 0.0629 0.0906 ± 0.0188 0.095 0.1486 0.4539 *0.0442 143.00 88.85 62.13 
C40_2_PC 0.1851 ± 0.0647 0.2631 ± 0.1142 0.2166 ± 0.0405 0.212 0.1615 0.3079 0.3273 142.10 117.00 82.34 
 C40_3_PC 0.0164 ± 0.0028 0.0183 ± 0.0032 0.0163 ± 0.0019 0.291 0.2706 0.9604 0.1806 111.64 99.60 89.22 
C42_1_PC 0.0828 ± 0.0272 0.1403 ± 0.0692 0.0713 ± 0.0183 *0.035 0.0800 0.3851 *0.0242 169.48 86.15 50.83 
C42_2_PC 0.0614 ± 0.0191 0.0938 ± 0.0418 0.0589 ± 0.0153 0.051 0.1054 0.7938 0.0574 152.73 95.84 62.75 
C32_1_PE 0.0140 ± 0.0028 0.0146 ± 0.0040 0.0168 ± 0.0018 0.220 0.7448 0.0536 0.2226 104.60 119.74 114.48 



 

 

ANNEX 2. (continued) 
Compound  Control (A) 

(Mean ± SD) 
48h Starvation (B) 
(Mean ± SD) 

High-Fat (C) 
(Mean ± SD) 

Kruskal – 
Wallis  

P-value  Change in % 
A vs. B A vs. C  B vs. C  A vs. B A vs. C  B vs. C  

C34_0_PE 0.1430 ± 0.0330 0.1144 ± 0.0181 0.1616 ± 0.0225 **0.007 0.0590 0.2530 ***0.0006 80.00 113.03 141.28 
C34_1_PE 0.3585 ± 0.0517 0.3712 ± 0.0560 0.3954 ± 0.0301 0.447 0.6721 0.1368 0.3268 103.55 110.30 106.52 
C34_2_PE 0.0407 ± 0.0088 0.0518 ± 0.0100 0.0386 ± 0.0039 *0.016 0.0509 0.5844 **0.0062 127.46 94.93 74.48 
C36_2_PE 0.4029 ± 0.0410 0.5356 ± 0.0726 0.4419 ± 0.0532 **0.004 **0.0018 0.1725 *0.0147 132.94 109.68 82.50 
C36_3_PE 0.0858 ± 0.0163 0.1284 ± 0.0196 0.0927 ± 0.0044 ***0.001 ***0.0010 0.2994 ***0.0004 149.65 108.07 72.21 
C38_1_PE 0.1330 ± 0.0347 0.1763 ± 0.0571 0.1486 ± 0.0243 0.166 0.1279 0.3630 0.2552 132.54 111.69 84.27 
C34_1_PCplas 0.1661 ± 0.0573  0.2031 ± 0.0604 0.2061 ± 0.0216 0.414 0.2686 0.1132 0.9029 122.30 124.11 101.48 
C36_1_PCplas 0.1344 ± 0.0191  0.1998 ± 0.0485 0.1811 ± 0.0175 **0.007 **0.0092 ***0.0008 0.3533 148.66 134.74 90.64 
C38_1_PCplas 1.6800 ± 0.2165 1.9111 ± 0.2385 1.8189 ± 0.1573 0.188 0.0870 0.2079 0.4006 113.76 108.27 95.17 
C40_1_PCplas 2.3260 ± 0.6000 2.8174 ± 0.5561 2.6419 ± 0.3146 0.325 0.1394 0.2491 0.4748 121.12 113.58 93.77 
C42_1_PCplas 0.0370 ± 0.0149 0.0562 ± 0.0267 0.0441 ± 0.0078 0.200 0.1405 0.2928 0.2710 151.94 119.31 78.52 
C34_1_PEplas 0.4456 ± 0.0749 0.5608 ± 0.1280 0.4942 ± 0.0551 0.130 0.0744 0.2057 0.2257 125.83 110.89 88.13 
C34_2_PEplas 0.0190 ± 0.0040 0.0256 ± 0.0043 0.0222 ± 0.0015 *0.016 *0.0126 0.0704 0.0696 134.74 116.87 86.74 
C36_1_PEplas 0.8454 ± 0.1440 0.9826 ± 0.1646 0.8939 ± 0.0807 0.265 0.1300 0.4600 0.2186 116.23 105.74 90.97 
C36_2_PEplas 0.8109 ± 0.1437 1.0224 ± 0.2181 0.9693 ± 0.0980 0.124 0.0625 *0.0382 0.5643 126.08 119.53 94.81 
C38_1_PEplas 0.3690 ± 0.1242 0.5301 ± 0.2650 0.4298 ± 0.1007 0.297 0.1956 0.3501 0.3641 143.69 116.48 81.07 
C38_2_PEplas 0.4747 ± 0.1131 0.5901 ± 0.1807 0.5741 ± 0.0767 0.393 0.1964 0.0868 0.8319 124.30 120.93 97.29 
C40_2_Peplas 0.0498 ± 0.0196 0.0806 ± 0.0490 0.0609 ± 0.0146 0.141 0.1741 0.2661 0.3259 161.82 122.28 75.57 
C48_0_TG 0.0102 ± 0.0037 0.0048 ± 0.0031 0.0192 ±0.0163 **0.002 *0.0114 0.2159 *0.0287 46.91 187.89 400.51 
C48_1_TG 0.0037 ± 0.0019 0.0041 ± 0.0050 0.0308 ± 0.0550 **0.010 0.8341 0.2558 0.1935 112.58 839.82 745.96 
C48_2_TG 0.0020 ± 0.0013 0.0036 ± 0.0057 0.0189 ± 0.0346 *0.021 0.5224 0.2606 0.2380 178.68 937.68 524.79 
C50_1_TG 0.0113 ± 0.0053 0.0123 ± 0.0164 0.0994 ± 0.1805 **0.006 0.8940 0.2603 0.1952 108.44 877.50 809.18 
C50_2_TG 0.0104 ± 0.0088 0.0159 ± 0.0242 0.1267 ± 0.2440 *0.026 0.6079 0.2708 0.2215 153.13 1222.80 798.55 
C50_3_TG 0.0041 ± 0.0043 0.0060 ± 0.0102 0.0379 ± 0.0743 *0.033 0.6739 0.2922 0.2488 147.09 925.75 629.39 
C52_1_TG 0.0058 ± 0.0019 0.0055 ± 0.0062 0.0274 ± 0.0405 **0.005 0.9104 0.2211 0.1529 94.72 474.33 500.76 
C52_2_TG 0.0104 ± 0.0065 0.0202 ± 0.0331 0.2643 ± 0.5121 **0.006 0.4923 0.2529 0.1993 194.17 2540.04 1308.18 
C52_3_TG 0.0124 ± 0.0132 0.0224 ± 0.0372 0.1732 ± 0.3496 *0.024 0.5432 0.2871 0.2447 180.52 1392.86 771.60 
C52_4_TG 0.0068 ± 0.0082 0.0073 ± 0.0115 0.0374 ± 0.0753 0.094 0.9198 0.3460 0.2832 108.40 551.81 509.03 
C54_2_TG 0.0024 ± 0.0011 0.0060 ± 0.0098 0.0444 ± 0.0858 **0.008 0.3940 0.2590 0.2290 250.69 1859.78 741.87 
C54_3_TG 0.0046 ± 0.0031 0.0130 ± 0.0216 0.1851 ± 0.3856 **0.007 0.3654 0.2787 0.2273 284.92 4052.40 1422.32 
C54_4_TG 0.0062 ± 0.0059 0.0134 ± 0.0226 0.0737 ± 0.1538 *0.039 0.4654 0.3086 0.2908 216.06 1186.81 549.30 
C56_3_TG 0.0006 ± 0.0003 0.0020 ± 0.0032 0.0078 ± 0.0137 *0.012 0.2951 0.2278 0.2686 349.79 1338.59 382.68 



 

 

ANNEX 3. Measured compounds in liver of mice with LC-MS techniques like Lysophosphatidyl-cholines (LPC), Phosphatidylcholine (PC), 
Spingomyelin (SPM), Triacylglycerols (TG). 

Compound  Control (A) 
(Mean±SD) 

24h Starvation (B) 
(Mean±SD) 

High-Fat (C) 
(Mean±SD) 

Kruskal –
Wallis  

P-value  Change (%)  
A vs. B A vs. C  B vs. C  A vs. B A vs. C  B vs. C  

16:0-LPC 0.181 ± 0.078 0.798 ± 0.138 0.359 ± 0.080 0.001 *** 0.000 *** 0.002 **  0.000 *** 440.88 198.34 44.99 
16:1-LPC 0.018 ± 0.005 - 0.049 ± 0.009 0.003 ** -  0.000 *** -  - 272.22  - 
18:0-LPC 0.089 ± 0.034 0.399 ± 0.054 0.207 ± 0.046 0.001 *** 0.000 *** 0.000 *** 0.001 ** 448.31 232.58 51.88 
18:1-LPC 0.060 ± 0.022 0.108 ± 0.027 0.273 ± 0.073 0.001 *** 0.010 * 0.000*** 0.001 *** 180.00 455.00 252.78 
18:2-LPC 0.096 ± 0.037 0.736 ± 0.193 0.107 ± 0.025 0.005 ** 0.000 *** 0.5127 0.000 *** 766.67 111.46 14.54 
20:3-LPC 0.161 ± 0.007 0.023 ± 0.006 0.202 ± 0.017 0.001 *** 0.000 *** 0.000 *** 0.000 *** 14.29 125.47 878.26 
22:6-LPC 0.085 ± 0.031 0.311 ± 0.051 0.149 ± 0.038 0.001 *** 0.000 *** 0.007 ** 0.000 *** 365.88 175.29 47.91 
32:0-PC 0.190 ± 0.026 0.305 ± 0.036 0.100 ± 0.015 0.001 *** 0.000 *** 0.000 *** 0.000 *** 160.53 52.63 32.79 
34:0-PC 0.032 ± 0.004 - 0.034 ± 0.005 0.005 ** - 0.3942 -  - 106.25  - 
34:1-PC 2.724 ± 0.574 1.972 ± 0.104 4.030 ± 0.584 0.002 ** 0.019 * 0.002 ** 0.000 *** 72.39 147.94 204.36 
34:2-PC 5.064 ± 0.740 4.067 ± 0.258 1.997 ± 0.349 0.001 *** 0.019 * 0.000 *** 0.000 *** 80.31 39.44 49.10 
34:3-PC 0.499 ± 0.078 0.397 ± 0.061 0.197 ± 0.028 0.001 *** 0.040 ** 0.000 *** 0.000 *** 79.56 39.48 49.62 
36:1-PC 0.269 ± 0.062 0.253 ± 0.027 1.014 ± 0.193 0.002 ** 0.6096 0.000 *** 0.000 *** 94.05 376.95 400.79 
36:2-PC 2.096 ± 0.405 2.000 ± 0.145 2.112 ± 0.407 0.878 0.626 0.9459 0.5712 95.42 100.76 105.60 
36:3-PC 1.566 ± 0.317 0.957 ± 0.080 2.026 ± 0.276 0.005 ** 0.002 ** 0.017 * 0.000 *** 61.11 129.37 211.70 
36:4-PC 1.499 ± 0.312 0.978 ± 0.105 1.284 ± 0.217 0.001 *** 0.006 ** 0.171 0.016 * 65.24 85.66 131.29 
36:5-PC 0.491 ± 0.086 0.241 ± 0.017 0.194 ± 0.021 0.001 *** 0.000 *** 0.000 *** 0.002 ** 49.08 39.51 80.50 
38:2-PC 0.093 ± 0.018 - 0.163 ± 0.025 0.003 ** - 0.000 *** -  - 175.27  - 
38:3-PC 0.261 ± 0.059 0.133 ± 0.018 0.358 ± 0.106 0.001 *** 0.001 *** 0.0725 0.001 *** 50.96 137.16 269.17 
38:4-PC 0.710 ± 0.167 0.803 ± 0.061 1.004 ± 0.178 0.001 *** 0.27 0.011* 0.037 * 113.10 141.41 125.03 
38:5-PC 0.630 ± 0.114 0.339 ± 0.028 0.707 ± 0.098 0.001 *** 0.000 *** 0.218 0.000 *** 53.81 112.22 208.55 
38:6-PC 2.773 ± 0.488 1.510 ± 0.068 1.914 ± 0.245 0.001 *** 0.000 *** 0.002 ** 0.005 ** 54.45 69.02 126.75 
40:6-PC 0.693 ± 0.145 0.633 ± 0.031 0.606 ± 0.090 0.003 ** 0.39 0.211 0.535 91.34 87.45 95.73 
40:7-PC 0.364 ± 0.071 0.172 ± 0.013 0.548 ± 0.063 0.001 *** 0.000 *** 0.000 *** 0.000 *** 47.25 150.55 318.60 
16:1-ChE 0.009 ± 0.004 - 0.070 ± 0.024 0.003 ** - 0.000 *** -  - 777.78  - 
18:1-ChE 0.036 ± 0.005 0.595 ± 0.130 0.263 ± 0.085 0.001 *** 0.000 *** 0.000 *** 0.000 *** 1652.78 730.56 44.20 
18:2-ChE 0.049 ± 0.008 0.578 ± 0.135 0.078 ± 0.019 0.001 *** 0.000 *** 0.006 ** 0.000 *** 1179.59 159.18 13.49 

Formatted Table



 

 

ANNEX 3. (continued) 
Compound  Control (A) 

(Mean±SD) 
24h Starvation (B) 
(Mean±SD) 

High-Fat (C) 
(Mean±SD) 

Kruskal –
Wallis  

P-value  Change (%)  
A vs. B A vs. C  B vs. C  A vs. B A vs. C  B vs. C  

20:4-ChE 0.017 ± 0.004 0.072 ± 0.030 0.045 ± 0.008 0.002 ** 0.001 ** 0.000 *** 0.040 * 423.53 264.71 62.50 
22:6-ChE 0.015 ± 0.003 0.158 ± 0.053 0.028 ± 0.008 0.001 *** 0.000 *** 0.0040 ** 0.000 *** 1053.33 186.67 17.72 
46:0-TG 0.014 ± 0.003 0.009 ± 0.004 0.019 ± 0.004 0.030 * 0.054 0.001 ** 0.001 ** 64.29 135.71 211.11 
46:1-TG 0.010 ± 0.003 0.120 ± 0.042 0.021 ± 0.007 0.010 ** 0.000 *** 0.003 ** 0.000 *** 1200.00 210.00 17.50 
46:2-TG 0.006 ± 0.002 0.542 ± 0.259 0.010 ± 0.002 0.010 ** 0.001 ** 0.001 ** 0.000 *** 9033.33 166.67 1.85 
48:0-TG 0.026 ± 0.014 0.060 ± 0.013 0.051 ± 0.014 0.016 * 0.002 ** 0.009 ** 0.245 230.77 196.15 85.00 
48:1-TG 0.055 ± 0.025 0.191 ± 0.076 0.246 ± 0.091 0.004 ** 0.002 ** 0.000 *** 0.295 347.27 447.27 128.80 
48:2-TG 0.054 ± 0.017 0.564 ± 0.219 0.162 ± 0.052 0.001 *** 0.000 *** 0.000 *** 0.000 *** 1044.44 300.00 28.72 
48:3-TG 0.017 ± 0.004 0.748 ± 0.327 0.026 ± 0.006 0.001 *** 0.000 *** 0.011 * 0.000 *** 4400.00 152.94 3.48 
50:1-TG 0.169 ± 0.068 1.296 ± 0.376 1.296 ± 0.382 0.003 ** 0.000 *** 0.000 *** 0.997 766.86 766.86 100.00 
50:2-TG 0.379 ± 0.123 2.095 ± 0.663 2.175 ± 0.616 0.003 ** 0.000 *** 0.000 *** 0.835 552.77 573.88 103.82 
50:3-TG 0.228 ± 0.062 1.670 ± 0.692 0.473 ± 0.135 0.001 *** 0.000 *** 0.002 ** 0.001 ** 732.46 207.46 28.32 
50:4-TG 0.044 ± 0.011 1.171 ± 0.481 0.045 ± 0.013 0.006 ** 0.000 *** 0.9673 0.000 *** 2661.36 102.27 3.84 
52:1-TG 0.083 ± 0.026 - 0.515 ± 0.197 0.003 ** - 0.000 *** -  - 620.48  - 
52:2-TG 0.702 ± 0.244 5.964 ± 1.590 7.979 ± 1.809 0.002 ** 0.000 *** 0.000 *** 0.0739 849.57 1136.61 133.79 
52:3-TG 0.887 ± 0.250 8.092 ± 1.762 3.346 ± 0.726 0.001 *** 0.000 *** 0.000 *** 0.000 *** 912.29 377.23 41.35 
52:4-TG 0.409 ± 0.090 6.253 ± 1.449 0.422 ± 0.108 0.006 ** 0.000 *** 0.8161 0.000 *** 1528.85 103.18 6.75 
52:5-TG 0.097 ± 0.021 2.803 ± 0.964 0.049 ± 0.010 0.001 *** 0.000 *** 0.000 *** 0.000 *** 2889.69 50.52 1.75 
54:2-TG 0.123 ± 0.033 1.326 ± 0.373 1.477 ± 0.477 0.003 ** 0.000 *** 0.000 *** 0.57 1078.05 1200.81 111.39 
54:3-TG 0.251 ± 0.083 2.991 ± 0.776 3.956 ± 0.708 0.002 ** 0.000 *** 0.000 *** 0.049 * 1191.63 1576.10 132.26 
54:4-TG 0.249 ± 0.079 3.078 ± 0.665 0.983 ± 0.200 0.001 *** 0.000 *** 0.000 *** 0.000 *** 1236.14 394.78 31.94 
54:5-TG 0.208 ± 0.053 2.846 ± 0.534 0. 248 ± 0.055 0.004 ** 0.000 *** 0.203 0.000 *** 1368.27 119.23 8.71 
56:2-TG 0.018 ± 0.005 0.164 ± 0.060 0.178 ± 0.070 0.003 ** 0.000 *** 0.000 *** 0.722 911.11 988.89 108.54 
56:3-TG 0.050 ± 0.015 0.499 ± 0.157 0.783 ± 0.215 0.001 *** 0.000 *** 0.000 *** 0.031 * 998.00 1566.00 156.91 
56:4-TG 0.057 ± 0.016 0.542 ± 0.134 0.354 ± 0.091 0.001 *** 0.000 *** 0.000 *** 0.016 * 950.88 621.05 65.31 
56:5-TG 0.061 ± 0.017 0.457 ± 0.061 0.252 ± 0.061 0.001 *** 0.000 *** 0.000 *** 0.000 *** 749.18 413.11 55.14 
56:6-TG 0.147 ± 0.046 0.620 ± 0.049 0.165 ± 0.027 0.003 ** 0.000 *** 0.396 0.000 *** 421.77 112.24 26.61 
58:3-TG 0.007 ± 0.001 0.063 ± 0.024 0.066 ± 0.024 0.003 ** 0.000 *** 0.000 *** 0.828 900.00 942.86 104.76 

Formatted Table



 

 

 


