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Abstract

Objectives: This study was designed to give more insight in the lipid profile of brain and blood plasma for post mortem type 2 diabetic (T2DM) elderly patients in
comparison to a Control group (Co) to give a descriptive approach of diabetic encephalopathy.

Methods: Reversed phase liquid chromatography coupled to mass spectrometry (LC-MS) was used to quantify and qualify the rearrangement and repartitioning
of fat stores in the brain of male post mortem subjects (Co n=8; 73.5 + 10.5 years; T2DM, n=8; 77.3 + 7.2 years) which were obtained from the ‘Netherlands Brain
Bank’. Differences were calculated by a Principal Component Analysis (PCA).

Results: We observed that the saturation index of the Cholesterylester for 16:0 was significantly higher in white matter of T2DM patients in comparison to white
matter of the control group (P<0.05) which was earlier observed in schizophrenic postmortem brain subjects [1]. Furthermore we can conclude there are no significant
difference between summarized relative concentrations of the different lipid compounds in human brain homogenate (white vs. grey) of two patients groups: one
Control-group (N=8) and one Diabetes-2 (T2DM) group (N=8). For three Monoglycerides the values were significantly higher in the T2DM group. For 18:2 MG
(P<0.048, increase with 193.4%); for 20:3 MG (P<0.048, increase with 270.0%) and for 24:3 MG (P<0.036, increase with 222.5%). No other significant differences in
brain lipid composition were observed between the control and T2DM group. In T2DM patients plasma lipid profiles (109 components) were more scattered. Few
differences in plasma fat composition (triacylglycerols, free fatty acids (NEFA), cholesterol, (HDL)-cholesterol) were observed between the Co and T2DM group.
Plasma fructosamine was significantly higher in T2DM patients which was a reliable indicator for type 2 diabetes.

Conclusion: Diabetic encephalopathy which often occurs in T2DM patients can probably more described to microvasculair complications and/or changes in the
saturation degree of the several lipid compounds especially for C16:0. Saturation degree issues will be worked out in another manuscript. Our major conclusion is that

diabetic encephalopathy in T2DM patients is not the result of an aberrant lipid metabolism.

Introduction

For the elderly, world-wide there is an increase in life expectancy.
New indicators of ageing were used by [2] and all their measures
indicate a continuous ageing of the world’s population throughout
the century. The median age of the world’s population increases from
26.6 years in 2000 to 37.3 years in 2050 and then to 45.6 years in 2100.
Because the prevalence of type 2 diabetes T2DM increases with age [3],
partly due to sarcopenic obesity [4] and a more sedentary lifestyle [5].
The prevalence of diabetes (type 2 diabetes and type 1 diabetes) will
increase by 54% to more than 54.9 million Americans between 2015
and 2030; annual deaths attributed to diabetes will climb by 38% to
385,800; and total annual medical and societal costs related to diabetes
will increase 53% to more than $622 billion by 2030 [6]. Macrovascular
disease, such as cardiovascular diseases, peripheral diabetic neuropathy
(DN) [7], and stroke are common complications of the pathogenesis of
T2DM [8] and the leading cause of death among people with T2DM [9].

But also IR/T2DM can affect the function of the brain and result
in mental deterioration as a result of physical changes in the brain. It
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may be due to degenerative change, circulatory disease, senile dementia
which results in a progressive loss of mental faculties such as memory
and orientation, by lowered performance on several cognitive domains,
depression and Alzheimer disease [10].

Some of the “brain-diseases” as a consequence of T2DM are
associated with the occurrence of well-described microvascular
complications and can be associated with slowly progressive
brain damage often referred as “diabetic encephalopathy” and
are characterized by mild to moderate impairments in cognitive
functioning [11]. The magnitude of these cognitive deficits appears
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mild to moderate, but can significantly hamper daily functioning
in processes as attention and executive functioning, information
processing, speed and memory, in this way adversely affecting quality
of life [12].

A worse scenario is that these “brain-diseases” as a consequence
of IR/T2DM are also associated with an increased risk of dementia
[13] and depression [14-16]. Patients with T2DM also show changes
on brain MRI, such as cortical and hippocampal atrophy and changed
blood brain barrier permeability [17,18].

These “brain-diseases” as a consequence of IR/T2DM have also an
impact on our medical system and e.g. the healthcare costs for people
with T2DM and coexisting depression are estimated approximately 2.5
times higher: (USD3,3264) in comparison to patients with T2DM alone
(USD 1,297) [19].

Therefore, not only considering “the quality of life” but also from
economical considerations it is important to elucidate the mechanisms
behind “brain-diseases”, further in this manuscript called with the term
“diabetic encephalopathy” as a consequence of IR/T2DM pathogenesis.

Membrane phospholipid fatty acids are derived from dietary fatty
acids as well as de novo synthesis [20]. With regard to dietary fatty acids,
alterations in the proportion of poly-unsaturates to saturates have been
shown to affect membrane phospholipid fatty acids and could have
contributed to the fatty acid composition and IR in general. Increasing
the content of polyunsaturated fatty acids within cell membranes
would increase the membrane fluidity, the number of insulin receptors
and the action of insulin for muscle tissue. A converse effect occurs
when the concentration of saturated fatty acids in the membranes is
increased [21, 22]. But also for brain tissue it can be expected that lipids
play a key role in determining membrane fluidity, saturation degree
and changes in lipid and fatty acids composition have been reported to
alter important cellular functions [1,22,23]. However it is not known

whether diabetic encephalopathy develops as a result of aberrant lipid
metabolism [24]. Membrane phospholipid abnormalities have been
observed in brain tissue of schizophrenic patients when compared to
a control group [1]. Studies on brain tissue of diabetic patients have so
far not been reported.

We hypothesize that there are structural changes in lipid brain
composition of a T2DM patient group which can explain all earlier
mentioned characteristics of diabetic encephalopathy [25, 26]. In
order to test whether the blood-brain barrier was changed we also
determined leptin and insulin in plasma and brain homogenate of
the two groups. In addition we measured elongation activity based
on the 16:0-to-18:0 ratio. Decreased 16:0-to-18:0 ratio (decreased
elongation) was associated with decreased insulin sensitivity in a
cross-sectional study with humans [20]. The major aim of this study
is to compare the biochemical lipid composition in brain and blood
between T2DM patients with controls. With LC-MS techniques we
measured cholesterylesters (ChE), lysophosphatidylcholines (LPC),
phosphatidylcholine (PC), sphingomyelin (SPM), diacylglycerols (DG)
and triacylglycerols (TG) in the cortex and blood plasma.

Material and methods

Brain-tissue

Human Brain tissue was obtained from the “Netherlands Brain
Bank”. Causes of death causes are presented in Table 1. Of the 16
patients apolipoprotein E genotype was assessed in 15, the Alzheimer
risk allele ApoE 4 was present in one control patient and one T2DM
patient.

Time of post mortem dissection varied between 4.4 and 24.5 hours
(Table 1). The region of post mortem collection of the tissue material
was mainly the cortex (Table 1).

Table 1. Autopsy report of eight Control subjects and eight Diabetes-2 subjects including sex, age, diagnosis, ‘Braak’-stage ('BS') ([27]Braak et al. 1993 ), pH-csf: pH of liquor post mortem
dissection (PM-dis.), brain-weight (BW), ApoE genotype alleles, and cause of death. Material derived from "the Netherlands Brain bank".

No. Autop-sy Sex Age Region Diagnosis
Co-1 00/097 M 78 Superior parietal gyrus | Non-demented
Co-2 01/054 M |77 Cingulated gyrus Non-demented
Co-3 01/055 M 79 Superior parietal gyrus  Non-demented
Co-4 01/115 M 83 Cingulated gyrus Non-demented
Co-5 03/009 M |51 Cingulated gyrus Non-demented
Co-6 06/117 M 66 Cingulated gyrus Non-demented
Co-7 98/326 M 81 Medial temporalis gyrus | Non-demented
Co-8 00/142 M |73 Superior parietal gyrus | Non-demented
Mean + SD 73.5

+

10.5
DM-1 01/194 |M |88 Cingulated gyrus Non-demented
T2DM 02/081 M 79 Cingulated gyrus Contr. With Non-Hodgkin

lymphomona

DM-3 02/258 M |71 Cingulated gyrus Non-demented
DM-4 04/024 M (82 Inferior temporalis gyrus | Multiple sclerosis
DM-5 04/233 M |70 Cingulated gyrus Vascular dementia
DM-6 05/298 M |73 Cingulated gyrus Parkinson disease
DM-7 98/280 M |85 Medial frontal gyrus Non-demented
DM-8 00/256 M |70 Cingulated gyrus Park.dis. with dementia
Mean + SD 713+72
T-test P<0.42
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‘BS’ pH-csf BW ApoE Time PM  Cause of death
Dis. (h)

1 6.42 1332 33 6.55 Cardiac failure, sudden death

1 7.19 1138 32 8.25 Perforation of the bladder wall
during a transurethral resection of
the bladder

1 6.02 1334 43 7.40 Bronchopneumonia and sepsis

1 6.49 1422 33 4.35 Heart attack

1 6.2 1190 33 7.44 Ventricle fibrillation

0 6.7 1590 - 7.45 Ruptured abdominal aneurysm aorta

3 6.64 1276 33 5.20 Unspecified respiratory problems

0 - 1267 33 24.45 Not given

6.52+0.38 1319+ 8.89
140 +
6.42

1 6.84 1398 32 7.00 Heart failure

1 6.53 1382 43 6.15 Acute dyspnea and dehydration,
perhaps as a result of colon carcinoma

1 6.2 1190 33 7.40 Sepsis

1 6.42 1391 33 535 Pneumonia

1 6.15 1110 33 10.15 Respiratory failure caused by lung
embolus or aspiration pneumonia

1 6.28 1572 - 6.35 Aspiration pneumonia

2 6.23 1394 32 5.13 Cardiac tamponade

1 6.33 1258 33 9.05 Pneumonia, septic shock (erysipelas)

6.37+0.22 1337+ 145 7.07+1.76
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Visually, a clear separation could be made between grey and white
matter in the cortex. A tissue homogenate of the brain tissue (grey or
white; ~10% wet weight/ volume) in phosphate-buffered saline (PBS)
was made with the Mini-beat Beater.

For Alzheimer stage 1 there is no accumulation of abnormally
phosphorylated tau protein. For stage 5 abnormally accumulation of
this protein can be observed, a hallmark of Alzheimer disease [27]. All
patients were in stages varying between 0-2 with exception of patient
Co-7 which was at stage 3.

Blood plasma

Blood was centrifuged at 8000 x g for 5 min. The plasma was
aliquoted and stored at -80°C at the “Netherlands Brain Bank” pending
analysis

Measurement of blood parameters

Alanine aminotransferase (ALT), aspartate aminotransferase
(AST), triglycerides, non-esterified fatty acids (NEFA), cholesterol,
(HDL)-cholesterol, glucose and fructosamine were measured on a
Roche Modular P800 chemistry analyzer using Roche reagents (Roche
Diagnostics, Mannheim, Germany) or reagent of WAKO Chemicals,
Japan, for NEFA.

Measurement of insulin and leptin

Insulin was measured using an ImmunoRadioMetric Assay of
Biosource Europe (Nivelles, Belgium). Leptin was measured using a
Radioimmunoassay of Linco Research (St Charles, MI, USA, part of
Millipore Company).

LC-MS of lipids and fatty acids in blood plasma

Lipidsand freefatty acids (FFA) were analyzed with electrospray LC-
MS as earlier performed [28-32]. Samples, 10 ul plasma, were extracted
with 300 pl of isopropanol (IPA) containing several internal standards
(IS: C17:0 lysophosphatidylcholine, di-C12:0 phosphatidylcholine,
tri-C17:0 glycerol ester, C17:0 cholesterol ester and heptadecanoic
acid (C17:0)). After mixing and centrifugation the supernatant was
transferred to an 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
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.

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 ul), once for the LC-MS
FFA platform and two times for the LC-MSlipid platform. Furthermore,
a quality control (QC) sample was prepared by pooling the samples.
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The pool was divided into 10 pl 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.

In plasma samples, 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), cholesterylesters (IS used: C17:0 cholesteryl-
ester), triacylglycerols (IS used: tri-C17:0 glycerol ester), and free fatty
acids (IS used: C17:0 FFA) (Figure 1A & B, Annex 1). 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 diacylglycerols, DG) or they were not
included in data processing with exception of the DG. The LC-MS lipid

Phospholipids
A Plasmalogen
PC  phosphatidyl cholines
SPM sphingomyelins
PE  phosphatidyl ethanolamines
14.25

1004
90
804
70
@
51 i
S
< 60 “)
= 7 - .
< 504 TG triacylglycerols &
o i e ChE cholesterol-esters
= 20 IS di-lauroyl- A
% T phosphatidylcholine i
= 304 LPC lyso-phosphatidyl
cholines (EES
20 N IS 13.67
| a 11.53
Phospholipids
Plasmalogen
B PC  phosphatidyl cholines
SPM sphingomyelins
PE  phosphatidyl ethanolamines
100 i)
90 4
80
704
w
31 i
=
£ 60
E 1 14.93 . .
< 350 o I‘(J. triacylglycerols &
o i ChE cholesterol-esters
= .
= 404 IS dl-luumyi.— . D
o ] phosphatidylcholine
=1
309 LPC lyso-phosphatidyl
b cholines 1391
204 10.27 IS e

15 16 17 18 19
Time (min)
Figure 1. Using reversed phase liquid chromatography coupled to mass-spectrometry (LC-

MS) a chromatogram was obtained of the brain-homogenate of a Co-patient no.1 (Figure
1A) and a type-2 (T2DM) patient.
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and LC-MS FFA data were processed using the LC-Quan software
(Thermo).

Mass spectrometry brain tissue

Fifty puL of the brain homogenate was mixed with 1000 pL IPA
containing 4 internal standards. Samples were placed in an ultrasonic
bath for 5 minutes. Thereafter, samples were centrifuged at 10,000 rpm
for 3 minutes followed by injection of 10 uL 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, USA). Internal
standard C24:0 PC was used to correct the data for small variations in
analysis, such as sensitivity and injection volume.

In brain homogenate, the 8 dominant lipid classes observed with
these two methods are the lyso-phosphatidylcholines (IS used: C17:0
lyso-phosphatidylcholine), plasmalogens, phosphatidylcholines (IS
used: di-C12:0 phosphatidylcholine), sphingomyelines (IS used: di-
C12:0 phosphatidylcholine), ethanolamines, cholesterylesters (IS used:
C17:0 cholesteryl ester), triacylglycerols (IS used: tri-C17:0 glycerol
ester), and free fatty acids (IS used: C17:0 FFA) (Figure 1A & B &
Figure 3A & B, Annex 1,2).

Analysis of plasmalogens

Analysis of cholesterylesters (ChE), lysophosphatidyl-cholines
(LPC), phosphatidylcholine (PC), sphingomyelin (SPM) and
triacylglycerols (TG) were based on molecular mass and retention time
using internal standards. Because no standards for the plasmalogens
exist, mass lists determined by using atmospheric pressure chemical
ionization (APCI) and electrospray ionization (ESI) mass spectrometry
(MS) techniques were used [33]. These mass lists were published on
internet www.byrdwell.com/plasmogens and www.byrdwell.com/-

PhosphatidylEthanolamine.
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Figure 2. PCDA, Difference between grey and white matter (brain) of a Control (Co) and
a Type-2 diabetes group (T2DM) in lipid composition. G=grey matter cortex, W=white
matter cortex. On the left part of the figure grey matter is located, on the right part is white
matter located. No significant difference between Co and T2DM group in lipid composition
(109 lipid compounds).

Integr Mol Med, 2017 doi: 10.15761/IMM.1000278

A TG trnacylglycerols &
ChE cholesterol-esters

1004
1 18.17)
904 Phospholipids
1 PC  phosphatidyl cholines -
80+ SPM sphingomyelins .
g PE  phosphatidyl ethanolamines
704

13.88

| LPC lyso-phosphatidyl
cholines

Relative abundance
n
(=]

40 4 18.56
] IS di-lauroyl- 186
304 phosphatidylcholine
204 IS
b n48 11.56 13.48
104
] 18.96
0 T
10 11 12 13 14 15 16 17 18 19
B TG  triacylglycerols &
ChE cholesterol-esters
18.23
1004 17.98
901 17.70
804
704 Phospholipids
8 ] PC pholsphnndyl .cholmcs
g 60 SPM sphmgonjye]ms 7 17.59
'§ | PE  phosphatidyl ethanolamines
= 504 138742
L 4
2
5 40
é E IS di-lauroyl-
30 phosphatidylcholine o
JLPC lyso-phosphatidyl 14.52
204 cholines B
1 999 1S 1 -
i 10.30 1.4 £
10 156 % 15 a0 1721
0 T T T T g T T
10 11 12 13 14 15 16 17 18 19
Time (min)

Figure 3. Using reversed phase liquid chromatography coupled to mass-spectrometry (LC-
MS) a chromatogram was obtained of blood plasma of a Co-patient no.1 (Figure 3A) and
a type-2 diabetes (T2DM) patient (Figure 3B).

Statistics

For all measured parameters the mean value of the control post-
mortem human group was compared to the mean value of the post-
mortem T2DM human group. Statistics were performed via SPSS using
one-way ANOVA for differences between control and T2DM groups.
P<0.05 was considered as statistically significant. Normality of the data
and homogeneity of variances were checked by Kolmogorov-Smirnov
and F__tests, respectively [34].

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 [35,36], using TNO IMPRESS,
EQUEST and WINLIN software.

Principal component analysis (PCA) is a classic statistical technique
used to reduce multidimensional data sets to lower dimensions for
analysis [37]. The applications include exploratory data analysis and
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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 [38]. 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 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.

Because no differences were observed between the control and
T2DM groups for both grey and white matter, a Principal Component
Discriminant Analysis (PCDA) was performed. This is a supervised
method forcing group separation based on the principle that PCDA is
prone to overfitting (false positive models). PCDA is a powerful tool to
identify and maximize differences between pre-defined groups in data
sets with a large number of variables [39].

In lipidomics or proteomics the number of objects/subjects is often
small and therefore a statistical method often used is classification: the
assignment of subjects to discrete categories [38]. In our case healthy
or Diabetic 2 (T2DM).

Results

With regard to patient selection from the “Netherlands Brain
Bank”, we aimed to obtain a representative sample of post mortem
patients with T2DM which were comparable with the Co-group for
sex (all male), age, Braak-stage [27,40], brain weight, ApoE genotype,
and cause of death. Our groups were comparable for most criteria.
The causes of death varied and were characteristic to elderly people
(and not related to T2DM, Table 1). All patients were in Braak-stages
varying between 0-2 with exception of patient Co-7 which was at stage
3 (Table 1).

Autopsy was rapid (8.9 £ 6.4 h for the control group and 7.1 + 1.8
h for the T2DM group) (Table 1). The pH of the liquor (pH-csf) was

comparable between the control and T2DM groups (control: 6.52 +
0.38; T2DM: 6.37 + 0.22; Table 1). The brain weight of both patient
groups was also comparable (control: 1319 + 140 g vs. T2DM: 1337 +
145 g; Table 1).

Our initial hypothesis that T2DM patients had more mental
disorders was confirmed by our patient material. All control patients
were non-demented. In the T2DM group patients had Non-Hodgkin
lymphoma, multiple sclerosis, vascular dementia, Parkinson's disease
or Parkinson's disease with dementia. These are diseased or mental
disorders not related to lipid metabolism of the brain [10].

Using reversed phase liquid chromatography coupled to mass-
spectrometry (LC-MS) a chromatogram was obtained of the brain-
homogenate of a Co-patient no.l (Figure 1A). Clearly visible are
three groups of chemical compounds: A). 9-11 minutes retention
time lyso-phosphatidylcholines (LPC) with at 11.5 minutes the
Internal Standard di-lauroyl-phoshatidylcholine ; B). 13-16 minutes:
Plasmalogens, Phosphatidylcholines (PC), Sphingomyelins (SPM) and
phosphatidylethanolamines (PE); C). 17-19 minutes Triacylglycerols
(TG) and Cholesteryl-esters (ChE). The chromatogram of a T2DM
patient no.1 shows a similar pattern (Figure 1B).

In Figure 2 the results of a PCDA analysis presented indicating
the difference between grey and white matter (brain) of a Control
(Co) and a Type-2 diabetes group (T2DM) in lipid composition. On
the left part of the figure grey matter is located, white matter is on
the right part. From Table 2 we can conclude there are no significant
difference between summarized relative concentrations of the different
lipid compounds in human brain homogenate (white vs. grey) of two
patients groups: one Control-group (N=_8) and one Diabetes-2 group
(N=8).

In Table 4, hormones, enzymes and substrates in blood plasma of
eight Control subjects and eight Diabetes-2 subjects are given.

Alanine aminotransferase (ALT), aspartate aminotransferase
(AST), triacylglycerols, free fatty acids (NEFA), cholesterol, (HDL)-
cholesterol, were predictors for hypertriglyceridemia in liver whereas
insulin, glucose, fructosamine were predictors for hyperglycemia in
blood plasma.

Table 2. Summarized relative concentrations determined with LC-MS techniques of the different lipid compounds in human brain homogenate (white vs. grey) of two patients groups: one

Control-group (N=8) and one Diabetes-2 group (N=8).

Compound Control-white brain Diabetes-2-white brain AT2DM/Co P-value
Mean = SD (n=8) Mean + SD (n=8) (in %)
>-LPC 0.4118 £0.1022 0.3377 + 0.0868 82.01 % P<0.1413
>-SPM 9.6031 + 1.4745 8.9776 £ 2.5746 93.49 % P<0.5629
>-DG 0.4568 +0.1472 0.4404 +0.21419 96.41 % P<0.8612
>-PC 25.773 £ 1.355 24.568 + 0.906 95.32% P<0.058
>-PE 1.6798 +£0.1719 1.6915 + 0.3036 100.70 % P<0.926
> -PE-plasmalogens 6.5867 + 0.5215 6.5586 £ 1.7045 99.57 % P<0.9656
>-ChE 0.0690 + 0.0053 0.0779 £0.013 112.89 % P<0.097
> -Total white 44.580 + 1.871 42.652 +5.368 95.68 % P<0.3632
Compound Control-grey brain Diabetes-2-grey brain AT2DM/Co P-value
Mean = SD (n=8) Mean + SD (n=8) (in %)

>-LPC 0.2502 + 0.0489 0.2221 + 0.0434 88.78 % P<0.2449
>-SPM 3.1015 +£ 0.6571 3.2462 £ 0.4956 104.67 % P<0.6273
>-DG 0.0739 + 0.02373 0.0775 + 0.0376 104.94 % P <0.8204
>-PC 23.385+2.126 23.393 £0.971 100.03 % P <0.9925
>-PE 1.028 £0.1018 1.018 £ 0.0839 98.98 % P<0.8254
> -PE-plasmalogens 1.902 + 1.0552 1.786 + 1.1403 93.88 % P<0.8353
>-ChE 0.0631 + 0.0053 0.0685 + 0.0097 108.45 % P<0.1993
> -Total grey 29.804 + 3.730 29.811 £+ 2.414 113.56 % P<0.9965
> (white + grey) 74.384 £ 5.167 72.463 + 6.294 97.42 % P<0.5157
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Table 3. Ratio of 16:0 to 18:0 fatty acids of brain homogenate (grey and white) of a Control Human patient-group (N=8) vs. a Type-2 diabetes Human patient-group (N=8). Data measured
with LC-MS techniques and given (mean + SD) in Annex 1 for Lysophosphatidylcholines (LPC), Sphingomyelines (SPM) and Cholesterylesters (ChE).

Compound Control-Grey Diabetes-2 Grey A Co/T2DM P-value
Mean * SD (n=8) Mean + SD (n=8) Grey (in %)
16:0 LPC 0.13072 £ 0.02826 0.11386 + 0.02668 87.10 % P <0.240
18:0 LPC 0.07993 +0.01198 0.07559 +£0.01053 94.57 % P<0.454
16:0 LPC/18:0 LPC 162.412 + 16.541 149.057 + 16.203 91.78 % P<0.125
16:0 SPM 0.13134 £ 0.02434 0.15123 +£0.01845 115.14 % P<0.088
18:0 SPM 1.14428 £ 0.15877 1.27275 £ 0.09557 111.23 % P<0.075
16:0 SPM/18:0 SPM 11.473 £1.342 11.901 + 1.389 103.73 % P<0.541
16:0 ChE 0.00328 £ 0.00027 0.00395 = 0.00058 120.33 % P<0.014 * 1
18:0 ChE 0.012136 + 0.00729 0.011913 £ 0.00150 98.16 % P<0.713
16:0 ChE/18:0 ChE 27.126 +2.834 33.343 +4.316 122.92 % P<0.0052%* 1
*16:0(LPC+SPM+ChE) 0.26534 £ 0.04253 0.26903 + 0.03023 101.39 % P<0.845
X18:0(LPC+SPM+ChE) 1.23635 +0.15973 1.36025 +0.09132 110.02 % P<0.083
X(sum 16:0)/X(sum 18:0) 21.6238 +3.33633 19.8470 + 2.53670 91.78 % P<0.252
Compound Control-White Diabetes-2 White A Co/T2DM P-value
Mean £ SD (n=8) Mean = SD (n=8) White (in %)

16:0 LPC 0.20295 + 0.04947 0.16393 £ 0.03655 80.77 % P <0.096
18:0 LPC 0.09714 + 0.02322 0.08956 +0.01967 92.20 % P<0.493
16:0 LPC/18:0 LPC 209.750 +22.111 183.288 = 17.764 87.77 % P<0.020 * |
16:0 SPM 0.51162 + 0.15007 0.47324 +0.14329 92.50 % P <0.609
18:0 SPM 2.20663 + 0.30216 2.19495 + 0.44360 99.47 % P<0.952
16:0 SPM/18:0 SPM 22.922 +4.536 21.172 +2.761 92.37% P<0.370
16:0 ChE 0.00340 + 0.000483 0.00416 + 0.000612 122.11 % P<0.0169 **1
18:0 ChE 0.01181 £ 0.002248 0.01386 = 0.00206 117.36 % P<0.078
16:0 ChE/18:0 ChE 30.0618 + 8.1593 30.3588 +5.0503 100.99 % P<0.932
¥16:0(LPC+SPM+ChE) 0.71798 £ 0.16172 0.64133 £0.16991 89.32 % P<0.371
X18:0(LPC+SPM+ChE) 2.31557 +0.30759 2.29837 + 0.45653 99.26 % P<0.931
X(sum 16:0)/X(sum 18:0) 30.848 +4.380 27.557+2.516 89.33 % P<0.092

Table 4. Measured parameters in eight Control subjects and eight Diabetes-2 subjects. Hormones, enzymes and substrates in blood plasma, Material derived from "the Netherlands Brain

bank".
No. Autopsy Insulin Glucose Fructo- Leptin AST ALT HDL-Choles-terol Triacyl- HDLC NEFA
(mU/1) (mmol/l) samine Plasma (GOT) (GPT) (mmol/l) Glycerols (ng/ml) (FFA)
(nmol/l) (ng/ml) (U/L) (U/L) (mmol/l) (mmol/l)
Co-1 00/097 29 19 2715 3.9 h. 2622.5 2.62 2.79 0.59 0.70
Co-2 01/054 7 0.11 177.0 1.4 139.7 26.9 1.55 2.64 0.09 0.63
Co-3 01/055 15 15.6 305.4 13.7 151.1 39.8 1.88 2.73 0.74 0.15
Co-4 01/115 6 1.5 214.8 1.2 116.4 43.7 4.75 248 0.79 0.43
Co-5 03/009 5 21.5 235.0 44 4173 410.3 4.68 3.54 0.89 0.30
Co-6 06/117 5 2.5 151.9 27.6 h. 2734.0 0.74 3.14 0.20 0.58
Co-7 98/326 15 ns. ns. 1.6 ns. ns. ns. ns. ns. ns.
Co-8 00/142 <4 7.0 251.4 6.3 884.4 721.3 4.05 2.92 0.55 1.8
Mean = SD 10.75+8.60 9.6+89 229.6+53.3 | 7.51+9.09 @ 341.8+327.2 942.6+1212.8 2.90 £1.60 290 £0.35 | 0.55 £0.30  0.66+0.54
DM-1 01/194 <4 1.7 342.6 1.7 351.8 42.8 3.26 1.98 0.85 0.97
T2DM 02/081 <4 0.9 257.6 1.7 h. h. 2.13 426 0.08 12
DM-3 02/258 43 9.0 199.7 233 103.0 48.0 3.67 2.75 0.53 0.18
DM-4 04/024 26 0.11 287.6 3.8 h. h. h. h. 0.85 0.59
DM-5 04/233 <4 59 310.7 4.6 h. h. 2.88 3.83 0.72 0.62
DM-6 05/298 6 27.6 366.3 6.5 42.1 124 4.79 2.34 0.86 0.28
DM-7 98/280 345 11.4 255.7 574 6510.4 24223 2.08 1.43 0.64 0.57
DM-8 00/256 <4 6.1 311.5 254 1448.9 1114.8 4.72 4.74 0.50 0.69
Mean + SD 54.50 = 7.8 £8.9 291.4+53.2 1555+ 1691.2 728.1 +1056.4 3.36 +1.11 3.05 £1.24 | 0.63 £0.26  0.64 £0.33
118.25 19.39 2753.1
T-test P=<0.33 P<0.71 P<0.04* P<0.31 P<0.31 P<0.76 P<0.54 P<0.76 P<0.60 P<0.94

Abbreviation: AST: Aspartate aminotransferase; ALT: Alanine aminotransferase;
HDLC=High-Density-Lipoprotein Cholesterol; NEFA (FFA).
n.s.: no sample; h.: interference by in vitro hemolysis; *: denotes significant difference between Control and Diabetes-2 group P < 0.05.

Both control and T2DM group had three characteristics for
the metabolic syndrome, that is, triacylglycerols > 1.7 mmol/l; HDL
cholesterol < 0.9 and fasting plasma glucose > 6.1 mmol/l (28). In our

study the triacylglycerols, HDL cholesterol and glucose were 2.89 +

Integr Mol Med, 2017 doi: 10.15761/IMM.1000278

0.35 mmol/l, 0.55 + 0.30 and 9.6 + 8.93 mmol/l, respectively, for the
control group and 3.05 + 1.24 mmol/l, 0.63 * 0.26 and 7.84 * 8.92
mmol/l, respectively, for the T2DM group (Table 4).
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Of all selected blood plasma predictors for diabetes 2 only
fructosamine was significantly (P<0.04) increased in the T2DM group
(Table 4). This is a reflection of the glycated plasma proteins, the most
important of which is albumin (27). Because the half-life albumin is
19 days, fructosamine gives an estimation of average glycemic control
over the previous 2-3 weeks.

Using reversed phase liquid chromatography coupled to mass-
spectrometry (LC-MS) a chromatogram was obtained of the blood-
plasma of a Co-patient no.l (Figure 3A). Clearly visible are three
groups of chemical compounds: A). 9-11 minutes retention time lyso-
phosphatidylcholines (LPC) with at 11.5 minutes the Internal Standard
di-lauroyl-phoshatidylcholine; B). 13-16 minutes: Phosphatidyl-
cholines (PC), Sphingomyelins (SPM) and phosphatidylethanolamines
(PE); C). 17-19 minutes Triacylglycerols (TG) and Cholesteryl-esters
(ChE). The chromatogram of a T2DM patient no.1 shows a similar
pattern (Figure 3B).

In Figure 4 the results of the PCA analysis of the plasma samples
are presented. No significant difference between Co and T2DM group
in lipid composition (109 lipid compounds) are found. Note that the
T2DM patients are more scattered. This can possibly be explained by
differences in the monoglycerides (see Figure 5 and Table 5).

In Figure 5 we see in a 3-Dimensional graph the differences for
mainly Monoglycerides for a Human Control Group (n=8, mean
depicted) and a Human Diabetes-2 (T2DM) group (n=8, mean
depicted). From Table 5 we can see that for three Monoglycerides the
values are significantly higher in the T2DM group. For 18:2 MG (P <
0.048, increase with 193.4%); for 20:3 MG (P < 0.048, increase with
270.0%) and for 24:3 MG (P < 0.036, increase with 222.5%).

Discussion

Numerous studies have reported lower levels of n-3 and n-6
PUFAs in membrane phospholipids of people suffering depression
and schizophrenia. These deficiencies in PUFAs have been primarily
observed in erythrocyte membranes [41], adipose tissue of depressed
subjects [42] as well as phospholipids of post mortem brain samples of
schizophrenics [1].
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Figure 4. PCA: Difference in lipid composition of Control (Co, N=8) and Type-2 diabetes
group (T2DM, N=8) in lipid composition of blood plasma. No significant difference
between Co and T2DM group in lipid composition (109 lipid compounds). Note that the
T2DM patients are more scattered.
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Figure 5. Differences in Monoglycerides between plasma of a Control and a Diabetes-2
(T2DM) group (mean value depicted).

To our awareness no extensive studies have been performed
studying "diabetic encephalopathy” in relation to a brain aberrant lipid
metabolism using cortex material from a brain bank in combination
with LCMS techniques [24]. Some researchers concluded that further
studies are required to explore the significance of mental disorders
and establish if lipid levels could serve as markers for diagnostic
and therapeutic purposes [43]. Therefore we performed this study
using LCMS techniques in combination with brain (cortex) and
blood material of male post mortem subjects (Control; n=8; 73.5 +
10.5 years; Diabetes-2 (T2DM); n=8; 77.3 + 7.2 years, Table 1) from
the ‘Netherlands Brain Bank’. We quantified 109 lipid compounds,
including cholesterylesters (ChE), lysophosphatidyl-cholines (LPC),
phosphatidyl-choline (PC), sphingomyelin (SPM), triacylglycerols
(TG), diacylglycerols (DG) and plasmalogens (PG). In general, for
the lipid compounds in brain tissue no significant differences were
observed between the Control and T2DM group for white as well as
grey matter.

The only lipid fraction with significant differences in brain lipid
composition between the Control and Type-2 diabetes group were
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Table 5. Significant differences for Monoglycerides between a Human Control group
(n=8) and a Diabetes-2 (T2DM) group (n=38).

Control Diabetes Change in
Compound (Mean + SD) (Mean + SD) P-value (%)
14:1-MG 0.018 +0.007 0.027 +£0.017 0.202 148.69
16:2-MG 0.011 = 0.006 0.022 +0.017 0.106 199.58
16:3-MG 0.009 + 0.007 0.018 +£0.019 0.217 197.00
18:2-MG 0.009 + 0.004 0.018 +0.011 0.048 * 1 193.34
18:3-MG 0.013+0.011 0.025 +0.022 0.195 191.90
18:4-MG 0.007 + 0.007 0.011+0.014 0.433 169.36
20:2-MG 0.026 +0.014 0.042 +0.034 0.234 161.34
20:3-MG 0.011 £ 0.006 0.030 +0.024 0.048 * 1 270.03
20:4-MG 0.005 + 0.004 0.010 + 0.009 0.148 217.61
22:2-MG 0.008 + 0.004 0.015 +0.007 0.052 171.26
22:3-MG 0.050 +0.016 0.111 +0.088 0.073 223.60
24:3-MG 0.004 + 0.002 0.009 % 0.006 0.036%* 1 222.45

the Monoglycerides (Figure 5 although the T2DM patients were more
scattered for lipid composition (109 compounds) in blood plasma
(Figure 4).

A review study [22] with healthy Control patients, in comparison
with schizophrenic patients; observed major differences of
phospholipids fatty acids of phospholipids in the cingulate cortex
brain region. Schizophrenic patients had significant lower C16:0-FA in
grey matter in comparison to control patients. For white matter there
were no significant differences [1]. To investigate this for T2DM, we
compared the lipid biochemical composition of the cortex between a
control group and a T2DM patient group. Our data corroborate the
observations of this study [1] that the fatty acid C16:0 may be important
in mental disorders. In our study we observed that the saturation index
of the ChE for 16:0 was significantly higher in white matter of T2DM
patients in comparison to white matter of the control group (P < 0.05).
So the C16:0 compound was significantly higher in comparison to the
unsaturated 16:1 compound (Annex 1). Another positive result was
the observed difference between grey and white matter of the brain (all
over the groups) (Figure 2).

The mean brain weight of a (younger) Control group of male
patients reported in literature was 1449 + 152 g (n=87). But these
patients were younger and had a mean age of 38.5 years [44]. So our
patient groups, although older, were in the range of this study [44].

In a study [45] it was demonstrated in a murine animal model that
T2DM can contribute to mild neurodegeneration resulting in a lower
brain weight due to brain shrinking and global atrophy in the brain.
These findings suggest that strategies to reduce obesity and prevent
or control T2DM -which could modify the clinical course of mild
cognitive impairment- are clearly warranted. In our T2DM patient
group this phenomena was not observed.

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 [1,22,23]. A decreased membrane
polysaturation may act to decrease the activity of the major energy-
consuming processes of the cell such as reducing the flux of ions
and protons and subsequently the energy needed to maintain ionic
homeostasis.

Membrane fatty acid composition influences insulin action via
alteration of membrane proteins specifically associated with the action
of insulin. Such mechanism would include modulation both of receptor
affinities and translocation to the membrane of nutrient transporters [22].
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In this study we measured also hormones like insulin and leptin in
plasma and brain homogenate and we hoped to find different ratio’s
between Co and T2DM groups that could be indicative for a changed
blood-brain barrier [45,46].

In our study leptin and insulin were below the detection limit
in cortex homogenate in Co as well as T2DM groups. So we could
make no conclusions about an altered blood barrier in the brain. In
contrast, by gadolinium Magnetic Resonance Imaging (MRI) it was
demonstrated that the blood-brain barrier permeability increased in
patients with T2DM [17].

Recent studies indicate that glycaemic control is implicated in
the development of cognitive dysfunction. Insulin dysregulation and
hyperglycaemia may play an important role in neurodegeneration [47].
Exaggerated postprandial glucose (PPG) excursions are associated with
a derangement of both global, executive, and attention function. In
addition, it was concluded by [47] that a tighter control of PPG may
prevent cognitive decline in older diabetic individuals.

To date, its pathogenic mechanism are largely unclear. Cognitive
impairments in patients with T2DM have been associated with vascular
risk factors, such as hypertension and dyslipidemia, and with diabetes-
related factors, such as glycemic control, duration of the disease and
treatment modality [48].

This is confirmed by our observation that fructosamine was
significantly (P<0.04) increased in the T2DM group (Table 3).
Fructosamine gives an estimation of average glycemic control over the
previous 2-3 weeks [49]. Hyperglycemia may directly affect neuronal
viability [36].

This is the first descriptive study in which we examined with LCMS
techniques > 100 lipid compounds of T2DM versus Co in the brain
cortex and blood plasma. We have to acknowledge that other brain
area's like the hippocampus [50] are also very interesting to investigate
but this material is very scarce for post-mortem Co and T2DM patients.

Via our descriptive approach we can conclude that for biochemical
lipid composition for T2DM patients the brain is very stable and that
mental disorders more have to be found in the neural functioning
(conduction and/or transmission) resulting in slowing down brain
functioning (38, 39) and glycaemic control than in the biochemical
lipid composition.

Our major conclusion is that diabetes and its treatment are more
associated with glycaemic control than structural disturbances (lipid
composition) in the brain. So probably "Diabetic encephalopathy”, is
a term that encompasses functional impairment of cognition, cerebral
cognition, cerebral signal conduction, neurotransmission and synaptic
plasticity, and underlying structural pathology associated with type2-
diabetes. In order to make a complete picture in another manuscript the
saturation degree [22] of white as well as grey matter of the presented
material is presently under investigation.
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