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glucose, impaired glucose tolerance, or manifest
type 2 diabetes mellitus
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Abstract

Background Type 2 diabetes mellitus (T2D) and corresponding borderline states, impaired fasting glucose (IFG) and/
or glucose tolerance (IGT), are associated with dyslipoproteinemia. It is important to distinguish between factors that
cause T2D and that are the direct result of T2D.

Methods The lipoprotein subclass patterns of blood donors with IFG, IGT, with IFG combined with IGT, and T2D are
analyzed by nuclear magnetic resonance (NMR) spectroscopy. The development of lipoprotein patterns with time is
investigated by using samples retained for an average period of 6 years. In total 595 blood donors are classified by
oral glucose tolerance test (0GTT) and their glycosylated hemoglobin (HbA1c) concentrations. Concentrations of
lipoprotein particles of 15 different subclasses are analyzed in the 10,921 NMR spectra recorded under fasting and
non-fasting conditions. The subjects are assumed healthy according to the strict regulations for blood donors before
performing the oGTT.

Results Under fasting conditions manifest T2D exhibits a significant concentration increase of the smallest HDL parti-
cles (HDL A) combined with a decrease in all other HDL subclasses. In contrast to other studies reviewed in this paper,
a general concentration decrease of all LDL particles is observed that is most prominent for the smallest LDL particles
(LDL A). Under normal nutritional conditions a large, significant increase of the concentrations of VLDL and chylomi-
crons is observed for all groups with IFG and/or IGT and most prominently for manifest T2D. As we show it is possible
to obtain an estimate of the concentrations of the apolipoproteins Apo-A1, Apo-B100, and Apo-B48 from the NMR
data. In the actual study cohort, under fasting conditions the concentrations of the lipoproteins are not increased
significantly in T2D, under non-fasting conditions only Apo-B48 increases significantly.

Conclusion In contrast to other studies, in our cohort of "healthy” blood donors the T2D associated dyslipoproteine-
mia does not change the total concentrations of the lipoprotein particles produced in the liver under fasting and
non-fasting conditions significantly but only their subclass distributions. Compared to the control group, under non-
fasting conditions participants with IGT and IFG or T2D show a substantial increase of plasma concentrations of those
lipoproteins that are produced in the intestinal tract. The intestinal insulin resistance becomes strongly observable.
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Background
Metabolic syndrome, insulin resistance, and type-2 dia-
betes are associated with a typical dyslipoproteinemia.
Dyslipoproteinemia can be studied elegantly by high res-
olution 'H-NMR spectroscopy as shown initially by the
groups of Otvos [1, 2] and Ala-Korpela [3] in this field.
An important feature of NMR spectroscopy is the pos-
sibility of classifying subgroups of lipoproteins by their
size under high-throughput conditions, giving additional
information on the size distribution and corresponding
particle numbers. Whereas initially NMR analytics was
based solely on a chemical shift analysis of the lipopro-
tein spectra, later the method was improved by addition-
ally using diffusion effects measured by pulsed magnetic
field gradients [4, 5]. Since the NMR visibility of differ-
ent lipoproteins varies strongly in different lipoprotein
classes [6], the data evaluation procedure has to be cali-
brated carefully by the gold standard method analytical
ultracentrifugation. However, the latter method is not
suitable for large scale studies, therefore, NMR spec-
troscopy was mainly used in the past for characterizing
changes in lipoprotein particle patterns caused by differ-
ent forms of prediabetes (defined by NIDKK as impaired
fasting glucose (IFG) and/or impaired glucose tolerance
(IGT)) and manifest type-2 diabetes (T2D) itself [7-14].
In a prospective study by Festa et al. [7] the lipopro-
tein particle sizes and concentrations were determined
by NMR spectroscopy with an average follow-up time
of 5.2 years. Increased concentrations of small HDL and
large VLDL were positively associated with an increased
risk for the development of type-2 diabetes. Another fol-
low-up study of 13 years by Mora et al. [9] showed that
increased concentrations of small HDL, small LDL, and
large VLDL particles were predictive for a higher risk to
develop type-2 diabetes. In a multi-ethnic study of ath-
erosclerosis by Mackey et al. [11], besides changes in lipid
concentrations, increased concentrations of VLDL were
found to be associated with the development of diabetes
mellitus. Wang et al. [10] analyzed the lipoprotein con-
centrations from male Finnish individuals in native blood
serum. It is the only NMR based study where an accu-
rate metabolic classification by oral glucose tolerance
test (0GTT) has been performed. The participants were
assigned to five classes, non-diabetic participants, par-
ticipants with impaired fasting glucose (IFG), impaired
glucose tolerance (IGT), IFG combined with IGT, and
with newly diagnosed type-2 diabetes (T2D). Increased
VLDL concentrations were associated with abnormal

glucose tolerance as found in IGT and T2D. Decrease
of large HDL and increase of small HDL concentrations
were consistently observed for individuals with abnormal
fasting glucose (IFG and T2D). Sokooti et al. [12] com-
pared the HDL-particle distribution of the post trans-
plantation diabetes mellitus with type-2 diabetes mellitus
from other sources. They found the risk to develop type-2
diabetes is decreased, when larger HDL particles pre-
vail. The same was found for the risk to develop T2D for
non-transplanted subjects [13]. Tranes et al. [14] studied
a small group of lean Chinese with and without insulin
resistance and found no differences of the lipoprotein
subclass distributions in the two groups. They concluded
that mechanistically there is a dissociation between the
insulin resistance at the level of glucose metabolism
(impaired glucose tolerance) and the dyslipoproteinemia
usually described in type 2 diabetes mellitus.

In the present study we focus on a different popula-
tion, German long time blood donors that are assumed
to be healthy according to the rules applying for blood
donors. IFG, IGT or manifest T2D were not known
for this group before including them in this study. The
metabolic state was determined by the “gold standard”
oGTT. Based on the oGTT the participants were divided
in five metabolic groups, the healthy control group and
the four groups with different disorders of the glucose
metabolism (impaired fasting glucose, impaired glu-
cose tolerance, umpaired fasting glucose combined with
impaired glucose tolerance, manifest type 2 diabetes mel-
litus). The differences in the lipoprotein particle numbers
and concentrations in five different groups were analysed.
In addition, we could retrospectively follow the changes
in the lipoprotein parameters in retained samples taken
at different times in an average period of 6 years before
testing.

Methods

Study design

The participants of this study were preselected from the
pool of blood donors of the Bavarian Red Cross (BRK)
by sending the FindRisk questionnaires [15] to 60,000
individuals of this group. 51,021 correctly filled out Fin-
dRisk forms were returned. The FindRisk score question-
naire predicts the risk to develop type-2 diabetes within
the next 10 years. The concentration of glycosylated
hemoglobin HbAlc was determined for 12,773 of these
blood donors. On the basis of their FindRisk score and
their HbAlc concentration, 4017 persons were invited



Kalbitzer et al. Lipids in Health and Disease (2023) 22:42 Page 3 of 19
Table 1 Description of the study cohort®

oGTT group All (N=595) Control (N=251) IFG (N=193) IGT (N=26) IFG+IGT (N=68) T2D (N=57)
Male 380 140 130 18 45 47

Female 215 11 63 8 23 10

Age [years] 543489 528+10.1 546479 572477 56481 564470

BMI [kg/mz] 288+4.1 279140 29.0+38 294435 303443 304443
HbA1c [%] 59+04 58+£0.2 59403 59+04 6+03 63£0.7
FindRisk Score [a.u] 125+£36 114+38 129+£33 127+£28 14+30 13.7+£34

¢ (t=0)*[mg/dL] 1034+£134 938447 106.7£56 952439 1099+6.6 1303+£18.8
c(t=120)° [mg/dL] 12214436 101.2£206 106.24+20.3 15534146 163.8+17.2 2109+614

@ Concentration of glucose in the oGTT at t=0 min

b Concentration of glucose in the oGTT at t= 120 min

to the oGTT. Six hundred seventy-one persons accepted
the invitation to perform an oral glucose tolerance test
(oGTT). Finally, 595 persons fulfilled all criteria for the
inclusion in the present diabetes NMR study (Table 1).
In addition to the general, quite strict exclusion criteria
for blood donors, the following criteria led to an exclu-
sion from the study: (1) previously known perturba-
tions of the glucose metabolism (treated and untreated),
(2) medication known to influence the lipid metabo-
lism, (3) failures in the preparation phase of the oGTT.
The participants had to adhere to a normal diet rich in
carbohydrates (>150 g/day) at least 3 days prior to test-
ing, a fasting period of 8—11 h prior to testing, and (4)
the capillary glucose concentration immediately before
oGTT had to be less than 150 mg/mL. The participants
were distributed into 5 classes, a control group, groups
of individuals with impaired fasting glucose (IFG), with
impaired glucose tolerance (IGT), with impaired fast-
ing glucose combined with impaired glucose tolerance
(IFG+I1IGT), and with newly diagnosed type-2 diabe-
tes (T2D). As control group served blood donors with
no signs of diabetes. They were selected on the basis of
their normal HbAlc concentrations and their normal
oGTT values. Fasting EDTA plasma samples before the
start of the oGGT test and 120 min after oral admin-
istration of 75 g glucose were immediately frozen at
-80 C. For most of these candidates, reserve EDTA
plasma samples stored at -80 C were available for NMR-
spectroscopy from the BIOBANK of the BRK (www.
biobank.de). According to the American Diabetes Asso-
ciation (ADA) we define IFG by venous plasma glucose
concentrations ¢(¢=0)>100 mg/dL and <125 mg/
dL and c¢(t=120)>140 mg/dL and<200 mg/dL,
IGT by c¢(t=0)<100 mg/dL and c(t=120)>140 mg/
dL and<200 mg/dL, T2D by c¢(t=0)>125 mg/dL or
c(t=120)>200 mg/dL, healthy by c(t=0)<100 mg/dL
and ¢( t=120)<140 mg/dL. The majority of Bavarian
blood donors have Caucasian ethnicity.

NMR-spectroscopy and primary data evaluation

After thawing the frozen samples, 400 puL of EDTA-
plasma were used for the NMR experiments performed
at 600.2 MHz 'H-frequency with a Bruker Avance II
NMR spectrometer. The samples were used without any
addition of reagents. Three spectra were recorded for
every sample at 310 K, one 1D NOESY spectrum (pulse
program noesygpprlD) with a mixing time of 10 ms and
a repetition time of 5.4 s, and two stimulated spin echo
spectra (LED, pulse program ledbpgppr2sld) using dif-
ferent gradient strengths. The total measuring time per
sample was 6 min. The NMR spectra were evaluated
using an adapted proprietary software (version 2011)
from LipoFit GmbH, Regensburg, Germany, as disclosed
in our published patents [4, 5]. Fifteen different sub-
classes of lipoproteins with varying mean diameters d
were defined in the evaluation program: HDL A, 7.75 nm,
HDL B, 9.25 nm, HDL C, 11.5 nm, HDL D, 14.5 nm, LDL
A, 17.5 nm, LDL B, 20 nm, LDL C, 21.5 nm, LDL D,
23.5 nm, LDL E, 27.5 nm, IDL, 35 nm, VLDL A, 50 nm,
VLDL B, 70 nm, chylomicron remnants (CM Re), 90 nm,
small chylomicrons (CM A), 125 nm, and large chy-
lomicrons (CM B) 375 nm. For additional information
see Table 3. The intensities were corrected according to
Baumstark et al. [6] for visibility effects at 310 K by mul-
tiplying the lipoprotein concentrations obtained from
the direct integration by 1.00, 1.30, 1.11, 1.19, 1.27, and
1.36, VLDL (including IDL), LDL, HDL A, HDL B, HDL
C, and HDL D, respectively. For chylomicrons correction
factors have not been published and thus the correction
factor was set to 1.0.

The concentrations of Apo-Al, Apo-B100, and Apo-
B48 were calculated from the particle concentrations of
the corresponding particles determined by NMR. The
Apo-Al concentration was calculated from the total
concentrations of the HDL particles, the Apo-B100 con-
centration from the total concentrations of the LDL and
VLDL particles, and the Apo-B48 concentration from the
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Fig. 1 The study cohort. (Top) Distribution of the different oGTT groups in the study. (Bottom) Distribution of the frequency n of whole set of
donors that gave the first sample —t years before the final oGTT. (Blue) absolute frequency, (orange) cumulative frequency in %

total concentrations of chylomicron particles, assuming
a stoichiometry of 2:1, 1:1, and 1:1, respectively. Since
the apolipoprotein concentrations are indirectly derived
from the NMR particle numbers, the suffix NMR is used
for these concentrations in the following.

Statistical evaluation

Date were evaluated with the SPSS-software package,
version 25.0 for windows (IBM) and the R-program,
version 3.6.1 (R Core Team, 2019). The Kolmogorov—
Smirnov test together with the Lilifors correction was
used to test the normal distribution of data. The ¢-test
was used to determine the significance of differences
between classes when they were sufficiently well normally
distributed. Otherwise the non-parametric Kruskal—
Wallis H-test and the Mann—Whitney U-test were used.
Particle concentrations at different times were fitted to a
linear function of time. Time t=0 is the extrapolation to
the time of the oGTT test. The result of the o0GGT was
not included into the fit since it was recorded under fast-
ing conditions.

Ethical aspects
The ethical aspects of the study were positively
reviewed by the ethics commission of the Bayerische

Landesérztekammer (#08,055) at July 29, 2008. They
abide the Declaration of Helsinki.

Results

Description of the study cohort

Table 1 summarizes the features of the study cohort,
Fig. 1 represents the distribution of the participants to
the different groups. The majority of Bavarian blood
donors have Caucasian ethnicity. Overall, 215 females
and 380 males were accepted in the study. The ratio of
0.56 approximates also the ratio of the two sexes in the
cohort of blood donors. The BMIs in all groups are quite
similar with an average of 28.8 kg m™~2, compared to the
control group of healthy participants (nonIGT + non-
IFG+non2TD), the average value of diabetics is only
higher by 9% (Table 1).

All participants were healthy according to the Ger-
man strict rules for blood donors, diabetes was not
known before performing the oGTT tests of the study.
Especially, the subjects did not obtain treatment of pos-
sible perturbations of their glucose or lipid metabo-
lism. Only persons of age 18 to 68 are accepted as blood
donors and thus to the present study. The age distribu-
tion was also quite similar in all groups with an average
age of 54.3 years and the mean values between the group
of heathy subjects and subjects with T2D differ only by
3.5 years. Only small differences between the groups are
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observed for HbAcl concentrations and the FindRisk
score. Note that subjects with previously known impair-
ment of the glucose metabolism were excluded from the
study. In summary, the five groups of the study cohort
are quite well matched with respect to age, BMI, and the
general risk to develop T2D as predicted by the FindRisk
score.

Only for a part of the study participants (all of them
were subjected to an oGTT under fasting conditions)
suitable NMR samples directly frozen at -80 C at the
oGTT were provided for this study (Table 1). That means
that for some participants only reserve samples for the
lipoprotein analytics by NMR were available. The cohort
studied here is part of a larger cohort used to find out the
correlation between the FindRisk score and the HbAcl
concentrations [16].

Estimation of apolipoprotein concentrations by NMR
Generally, it is to be expected that the apolipoproteins
directly involved in the recognition of their specific
receptor have a fixed stoichiometry for a given type of
lipoprotein. There is a good evidence that Apo-Al is the
characteristic apolipoprotein for HDL-particles, Apo-
B100 for the non-HDL particles that is LDL and VLDL,
and Apo-B48 for the chylomicrons and chylomicron
remnants. As consequence, their concentrations should
be proportional to the concentrations of their corre-
spondent particles. The proportionality between the
NMR derived particle numbers and the apolipoprotein
concentrations has already shown experimentally for
HDL and non-HDL particles in the serum [17, 18]. How-
ever, the exact stoichiometry is still under discussion. We
assumed the most likely stoichiometry of 2:1, 1:1, and 1:1
for calculating the apolipoprotein concentrations of Apo-
A1, Apo-B100, and Apo-B48 determined by NMR and
accordingly call this value Apo-Alyyr Apo-B100yy\ks
and Apo-B48,,r (see also Discussion).

Lipoprotein particle concentrations related to fasting

and normal nutritional conditions

From all individuals of the study cohort oGGT test
results were available (Table 1). However, not for all of
them plasma samples for NMR analysis were taken dur-
ing the oGTT test (time t=0) that would reflect the
NMR derived lipoprotein state under fasting conditions.
For most of the participants reserve samples were taken
before t=0, when they donated blood, and were stored
in the BioBank at -80 C. For more than 80% of the par-
ticipants of this study reserve samples older than 6 years
were available, with some samples taken at £=-10 years
(Fig. 1). From all samples NMR spectra were recorded, in
total 10,921 sets of plasma NMR spectra were analyzed.
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The time dependence of most of the lipoprotein par-
ticle concentrations can be fitted sufficiently well with a
linear relation. An example of a blood donor with freshly
diagnosed T2D is shown in Fig. 2. The blood donors
are asked to eat as every day before blood donation. Of
course, their actual NMR lipoprotein profile determined
will also depend on the time, when the plasma is taken
after food ingestion and the food content itself. There-
fore, larger fluctuation of the lipoprotein particles con-
centrations around the line of best fit are to be expected.
The mean changes of particle concentrations (the slopes
of the straight lines) are summarized in Table 2. For the
control group, for the group with combined IFG and
IGT, and for the T2D-group the slope is always posi-
tive, meaning that all concentrations increase with time.
Only in the groups of participants diagnosed with IFG or
IGT, a decrease of concentrations of some lipoproteins
with time is observed. Especially, impaired glucose tol-
erance leads to a decrease of lipoprotein concentrations
of almost all particle classes. The relative concentration
increases per year are moderate (of the order of 1%). The
spread between individuals is significantly larger (data
not shown). However, always clear trends are observed
with time, allowing to calculate the values expected at
time t=0. They represent the average particle concentra-
tions under “normal” nutritional conditions. The values
for non-fasting conditions determined by the long-term
fit of the data extrapolated to time £=0 are probably
more representative of the “normal” non-fasting state of
the individuals, since this method decreases variations
caused by isolated cases of extensive food consumption.

Table 3 summarizes the particle concentrations in the
five groups under fasting and average nutritional con-
ditions. Fasting has only a small influence on the mean
lipoprotein concentrations of the main lipoprotein
classes for the control group of healthy volunteers. Even
the concentrations of particles related directly to food
intake (chylomicrons and chylomicron remnants) are not
changed much by fasting in this group. This confirms that
the food intake happened usually several hours before
blood donation. Only the average volume of these parti-
cles is increased after food intake in the healthy control
group indicating that more lipids are transported from
the guts (Table 4). We observed somewhat larger changes
in the subclass patterns of the control group by fasting
with the largest relative decrease by -2.2% for the aver-
age values of the smallest HDL particles (HDL A) com-
pensated by an increase of larger HDL particles (HDL C
and HDL D). Much larger particle concentration changes
induced by fasting are clearly observed for subjects with
impaired glucose metabolism with the largest effects
observed for manifest type 2 diabetes mellitus. It strongly
reduces the general concentrations of lipoprotein



Kalbitzer et al. Lipids in Health and Disease (2023) 22:42
16
A p i o
=
129
¢ E
B =
08 8
s
06 &
04 &
s
0O / ]
0.2
() Py ]
ch&w‘%‘}% AP
3000 -2500 -2000 -1500 -1000 -500 O
At [d]
450
& 400
350 <
[<]
300 E
£
250
S
200 §
150 §
100 §
8
50
0
3000 -2500 -2000 -1500 -1000 -500 O
At [d]
<
g B

-3000 -2500 -2000 -1500
At [d]

B 120 =
>
L 100 E
A 2 A 80 g
=y ) S
A @ 60 ®
B o B.bo E
cE',.%r—aaﬁ?’ﬁE;E w0 §
Ooper o S
o Mo o, 20 S

Page 6 of 19

S tRz 00K .

-3000 -2500 -2000 -1500 -1000 -500 0

At [d]
D 7000
o 6000 —
o R Oo o 3
o O 40 o 5000 E
o< < =
3 &0 4000 ¢
o 3000 §
-
o 2000 ¢
] 8
L aEAS AR A ANy 1000
0
3000 -2500 -2000 -1500 -1000 -500 O
At [d]
25000
o zoooo%
<
2 £
= 15000 s
10000 8
£
8
5000 £
8

0

-1000 -500 0

Fig. 2 Time dependence of the lipoprotein particle concentrations of an individual with newly diagnosed T2D. Time t=0 is the time of the oGGT.

A Concentrations of ¢ CM B, [[JCM A, A CMRe, Bof ¢ VLDLB, [[JVLDLA, A IDL, Cof & LDLE, [ LDLD,

HDLB, [JHDLC, A HDLD (E) of &HDL A

particles of all classes. The largest changes are observed
for the large particles (chylomicrons and VLDL) with
a maximum effect found for large chylomicrons (CM
B) with an increase by 22.7%. The average volumes and
particle concentrations of chylomicrons increase by 6.8%
and 19.2% under average nutritional conditions, respec-
tively (Table 3).

Compared to fasting conditions, on average, normal
nutritional conditions do not lead to a larger change of
plasma apolipoprotein concentrations determined by
NMR in the control group, the group without disorders
of the glucose metabolism. Here, the concentrations of
Apo-Alypr Apo-B100 yr, and Apo.B48 i increase
by only 0.9, 0.2, and 0%, respectively (Table 3). In con-
trast, in T2D the Apo-Al Apo-B100, and Apo-B48
concentrations are significantly increased under non-
fasting conditions by 3.6, 7.1, and 20.2%, respectively
(Tables 3 and 5). This probably indicates an increased
additional fatty acid synthesis in the liver when the

LDLC, » LDLB, % LDLA, Dof &

plasma glucose concentration is strongly increased by
food intake in T2D. The strongest effect of food intake
is again observed in the LDL, VLDL, and chylomicron
main classes for components with larger size that can
carry larger amounts of lipids. The average volume
(related to the absolute concentration of lipids trans-
ported) is largely increased (Table 4). The concentration
of VLDL of the largest subclass VLDL B is increased by
more than 19% during normal food intake compared to
the situation observed after fasting (Table 3). Even the
number and average size of HDL particles is influenced
by fasting in persons with T2D.

A pattern of diet dependent lipoprotein changes
similar to T2D is observed for all groups with impaired
fasting glucose or impaired glucose tolerance. The only
difference is that the lipoprotein concentration changes
are smaller. Interestingly, impaired fasting glucose is
more similar to T2D concerning the concentration
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Control IFG IGT IFG+IGT T2D
<Ac/At>
[nM/y] [%/y] [nM/y] [%/y] [nM/y] [%l/y] [nM/y] [%/y] [nM/y] [%/y]
HDLA 103.66 061 -17.89 -0.10 178.85 1.06 23.00 0.13 83.22 0.46
HDLB 68.26 148 8833 196 -98.19 219 13834 2.89 11133 254
HDLC 35.04 146 4271 188 -38.69 -1.68 68.26 3.02 46.36 222
HDLD 1241 108 11.68 101 037 -0.03 23.00 1.97 15.70 137
Apo-Alyur 109.68 0.22 6242 0.12 2081 0.04 12629 0.25 12830 0.25
LDLA 5.11 1.10 584 130 438 -0.95 913 202 475 113
LDLB 365 0.99 2.56 0.70 256 -0.68 6.21 167 3.29 092
LDLC 438 133 183 0.57 -1.83 -0.56 511 157 183 0.59
LDLD 146 0.65 0.00 0.00 -146 -0.64 146 0.65 037 0.17
LDLE 1.83 1.03 0.00 0.00 -2.92 -1.56 2.56 133 1.10 0.58
IDL 037 043 037 043 -1.46 -1.69 037 041 0.00 0.00
VLDLA 0.00 0.00 037 -0.79 -1.10 -2.28 0.73 148 0.37 0.75
VLDLB 0.00 0.00 0.00 0.00 -0.37 -3.40 0.00 0.00 0.00 0.00
Apo-B100yz 2.10 0.12 119 007 201 012 3.19 0.19 146 0.09
CMRe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CMA 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CMB 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Apo-B48y s 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

2 Data are taken from the reserve samples. Note that disorders of the glucose metabolism were newly diagnosed for all participants of this study and that values
correspond to normal nutritional conditions. The particle concentrations ¢ were linearly fitted as function of the time t before the oGTT. <Ac/At > is the mean slope
of the line of best fit, either expressed in nM/year or %/year. The percents are related to the particle concentrations extrapolated to t=0. Number of participants 595.
The Apo-ATyyr concentrations were calculated from the HDL concentrations assuming 2 Apo-A1 molecules /HDL-particle, the Apo-B100ys concentrations were
calculated as the sum of VLDL, IDL and LDL particle concentrations assuming 1 Apo-B100 molecule/particle, the Apo-B48 concentrations were calculated as the sum
of all chylomicron particle concentrations assuming 1 Apo-B48 molecule/particle (see Discussion)

changes of lipoproteins that carry lipids synthesized
in the liver (HDL, LDL, IDL, VLDL). In contrast, sub-
jects with impaired glucose tolerance mainly show an
increase of lipoproteins synthesized in the intestinal
system (chylomicrons). This may indicate differences
in the pathophysiology of the two forms of prediabe-
tes (IFG, IGT). Surprisingly, the group characterized
by IFG 4+ IGT shows a very different response to fasting
than the other groups. Here, fasting leads to a statisti-
cally significant increase (not decrease!) of LDL/VLDL
type as well as chylomicron particles, in contrast to the
changes observed in IFG, IGT, and T2D but particles
with some similarities to the control group of healthy
subjects.

Differences in lipoprotein particle concentrations

in subjects with and without disorder of glucose
metabolism

The differences of lipoprotein particle concentrations
between healthy people and people with isolated IFG,
isolated IGT, IFG combined with IGT, or manifest T2D

are summarized in Tables 3 and 5. These differences
can be a consequence of the perturbation of the glucose
metabolism but can also represent the consequence of a
risk factor associated with a general dyslipoproteinemia.
However, a reasonable hypothesis is that they represent
lipoprotein concentration changes that mainly are the
consequence of the actual metabolic state.

People with impaired fasting glucose (IFG) have an
increased number of chylomicrons and VLDL particles
compared to the control group under fasting and normal
nutritional conditions. The increase of concentrations is
about twice as large under non-fasting conditions and
becomes statistically significant for all chylomicron sub-
classes (CM B, CM A, CM Re). The highest increase by
more than 12% is observed for the largest chylomicrons.
A smaller increase is also observed for VLDL that is with
6.1% significant for VLDL A under non-fasting condi-
tions. IDL concentrations are barely influenced. The total
LDL particle number is decreasing relative to the control
group with a stronger decrease observable under fasting
conditions. The strongest decrease is observed for the
smallest LDL particles (LDL A) with -9.1%. However, the
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Table 3 Comparison of lipoproteins concentrations obtained under fasting and non-fasting conditions?

Control IFG IGT IFG +IGT T2D

N¢ 196 167 21 29 19

N 251 193 26 68 57

Lipoprotein Fasting state ¢ [nM] ¢ [nM] c[nM] c[nM] c[nM]

HDLA Fasting 16,628 + 2839 16,885 42939 16,725 42658 17,107 £ 2445 17,408 +2776

(7-85nm) Non-fasting 16,963 +3320 17,3624+2777 16,799 42420 17,2854 2251 18,014 42454
ACi¢ [%] 2 28 04 1 35

HDLB Fasting 4688 £ 1451 4247 £1331 458641692 472441530 421841123

(85-10nm) Non-fasting 4623 +1442 4501 +£1267 447941778 477941493 439041156
AC, ¢ 1%] 14 6 23 12 41

HDL C Fasting 24454903 2106 £ 695 230941086 2259 £612 2004 £593

(10-13nm) Non-fasting 2407 £827 2270£749 2300+ 1049 2263+614 2085 £565
ACy £ [%] 16 7.8 04 02 41

HDL D Fasting 11594206 1111£170 1184+£228 1174+£183 1125+147

(13-16nm) Non-fasting 11544193 1158+176 11934235 11704155 11494162
AC 5 [%] -0.5 4.2 0.7 -0.3 2.1

HDL total Fasting 24,921 43488 24,349 43423 24,805£3272 25,265 42840 24,754 43003

(7-16 nm) Non-fasting 25,147 £3874 25,290+£3234 24,771 4+£3104 25498 42947 25,6384+3128
ACi¢ [%] 09 39 -0.1 09 36

Apo-A1 NMRb Fasting 49,842 +6976 48,698 £ 6845 49,611 +£6543 50,5294+5679 49,508 + 6006
Non-fasting 50,294 +7749 50,581+ 6468 49,543 £6207 50,996 + 5893 51,276 £6255
AC, ¢ 1%] 09 39 0.1 09 36

LDLA Fasting 469.24+127.2 42644976 469.6+172.6 45514812 3951£976

(16 =19 nm) Non-fasting 465.54+1185 44994105.7 461441748 45204879 420.7+86.3
ACy £ [%] 08 55 1.7 0.7 6.5

LDLB Fasting 3700+743 3543+61.0 37524856 3745+59.8 339.1+£590

(19-21nm) Non-fasting 3694+£722 367.3+£66.0 3742+£8938 37114574 358.8+£59.1
AC 5 [%] -0.2 37 -0.3 -09 58

LDLC Fasting 3285+£665 3149+564 331.2+785 32864545 296.2+634

(21 =22 nm) Non-fasting 32994701 323.0+64.7 326.7£829 32464539 311.5£559
Acyi5 (%] 04 26 14 1.2 5.1

LDLD Fasting 221.3+48.7 21694451 2250+£54.2 229.0+£51.1 205.1+£53.7

(22 -25nm) Non-fasting 2236+£57.1 223.1+£47.1 22754591 2240£47.1 219.2£470
AC, ¢ [%] 1 28 11 22 6.9

LDLE Fasting 1756+419 180.3+41.0 1854+£357 196.6£580 169.8£44.1

(25-30nm) Non-fasting 177.6+532 183.2+£46.1 187.6+£382 191.5+£453 188.8+47.8
ACy £ [%] 11 16 12 26 112

LDL total Fasting 1564.7 £328.1 1492942734 1586.4 £406.0 1583.7 £266.8 1405.2 £ 286.3

(16 =30 nm) Non-fasting 1566.0 +336.1 1546.54+301.0 1577244239 1563.1 2624 1498.8+271.7
AC 5 [%] 0.1 36 -0.6 -13 6.7

IDL Fasting 83.41+£2095 84434+20.27 8341£19.31 91.8+£2837 78.71+£23.38

(30-40nm) Non-fasting 84.87+£27.24 85.67£2148 86.58+194 88.13£21.97 86.57+£22.98
Acye %] 1.8 1.5 38 -4 10

VLDLA Fasting 4293£13.76 45.08413.79 452241218 51.88+£23.09 43.17£1554

(40 - 60 nm) Non-fasting 4333£17.74 45981442 48.034+11.93 494+£157 48954+16.87
AC, ¢ 1%] 09 2 6.2 48 134

VLDLB Fasting 9924322 10.32£3.26 10.1£3.03 12.28+£6.02 935+323

(60 -80nm) Non-fasting 10.06+4.34 10.5+£342 10.74+2.68 11.35£3.61 11.19£4.1
ACy £ [%] 14 17 63 76 19.7

IDL and VLDL Fasting 136.26+£37.08 139.83+36.48 138.724+3332 155.954+56.55 131.224+40.77
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Table 3 (continued)
Control IFG IGT IFG+IGT T2D

(30-80nm) Non-fasting 138.27+£4851 1421543865 1453543275 148.88 £40.54 146.71£43.34
Acyi5 (%] 15 17 48 45 118

Apo-B100NMRb Fasting 1700.94+352.0 1632.74+300.9 1725144313 1739.64+310.7 1536443183
Non-fasting 1704.2+£3720 1688.6+3294 1722.6 £449.1 17120£2943 1645.5+£306.3
AC, ¢ [%)] 02 34 0.1 16 7.1

CMRe Fasting 0.66+0.28 0.7+0.28 0.7+£0.25 086+0.52 068+033

(80100 nm) Non-fasting 0.66+0.35 0.73+£0.28 0.77+£0.23 084033 0.78+0.34
ACye £ [%] 0 43 10 7 147

CMA Fasting 042+0.17 044+0.18 043+0.16 0.56+0.35 04+0.17

(100 = 150 nm) Non-fasting 04240.23 0454018 0474014 051402 05+£0.23
AC 5 [%] 0 23 93 -89 25

CMB Fasting 0.075+£0.039 0.07940.04 0.076 £0.041 0.109£0.083 0.066£0.041

(>150 nm) Non-fasting 0.073£0.051 0.082+£0.038 0.0810+0.030 0.095+0.046 0.088+0.048
Acyi5 (%] 27 38 6.6 128 333

CM total Fasting 1.15+048 1224049 1.214+£045 1534094 1.1440.54

(80 -430 nm) Non-fasting 1.154+0.62 1264049 1324038 1414£057 1374061
AC, ¢ [%)] 0 33 9.1 7.8 202

Apo-B48yy5° Fasting 1154048 1224049 1214045 1534094 1144054
Non-fasting 1.15+£062 1.26£049 132+£0.38 141+£0.57 1.37+061
Ay [9%) 0 33 9.1 7.8 202

2 For lipoprotein nomenclature see Methods. The values given are the mean = the standard deviation. The fasting values are from the spectra taken before the oGTT,
the non-fasting values were extrapolated to time t=0 from the spectra of reserve samples of the blood donors. Ac, . [%], relative particle concentrations c under non-
fasting conditions minus those under fasting conditions. Number of participants analysed under fasting conditions (N;) and non-fasting conditions (N,¢) 432 and 595,
respectively. First column, values in bracket represent the diameters assumed for different subclasses

®The NMR derived apolipoprotein concentrations were calculated as described in Table 2

decrease of particle numbers is not uniform in all LDL
subclasses, in fact, the particle concentration of the larg-
est LDL particles (LDL E) has the tendency to increase
(not statistical significant). For HDL, in total a small
decrease of particle numbers relatively to the control
group is observed with a stronger effect under fasting
conditions. Again, the magnitude and sign of these effects
vary from subclass to subclass. Statistically significant are
the decrease of particle numbers in the HDL B subclass
under fasting conditions and the HDL C subclass for fast-
ing and non-fasting conditions (Table 5).

Qualitatively, the same lipoprotein subclass patterns
are observable for IFG and T2D. Quantitatively, in cases,
that are significant in both groups, the increase relative to
the control group is also much stronger (approximately
twice) in T2D compared to IFG. This would suggest that
the insulin resistance and/or concomitant increased
blood glucose are the common factor influencing the
lipoprotein profile.

As in IFG and T2D, impaired glucose tolerance leads to
strong concentration increases of large lipoprotein parti-
cles (chylomicrons and VLDL) compared with the control
groups under fasting and normal nutrition conditions. In
general, the concentration increase of these particles is

larger than in IFG but smaller than in T2D. Under non-
fasting conditions the Apo-48y,,z concentration is sig-
nificantly increased by almost 15% (Table 5). Again IGT
shows quite small effects on the HDL and LDL subclass
concentrations. The only differences concern HDL B and
HDL C concentrations under fasting conditions that are
strongly reduced in IFG but not in IGT.

Under non-fasting conditions the IFG+IGT group
with impaired fasting glucose combined with impaired
glucose tolerance shows much larger increases of par-
ticles concentrations of most of the subclasses larger
particles (VLDL including IDL and chylomicrons)
than the groups with isolated IFG or IGT. The particle
number changes in the different subgroups in IFG and
IGT do not simply sum up to the values found in the
IFG+IGT group. Only for the largest particles (VLDL
and chylomicrons) this seems to be the case under fast-
ing and non-fasting conditions. Under non-fasting con-
ditions, the increase of large particle concentrations in
the IFG+IGT group corresponds rather well to that
observed in the T2D-group. Under fasting conditions,
the concentration changes observed differ clearly from
those observed for T2D. For large chylomicrons (CM
B), an increase by +45.3% is calculated for IFG+1GT,
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Table 4 Change of lipoprotein particle diameters and volumes after fasting®
Fasting state Control IFG IGT IFG+I1GT T2D
N¢ 196 167 21 29 19
N, 251 193 26 68 57
Lipoprotein
HDL total Fasting
(7-16 nm) <d>[nm] 8.62 855 8.61 859 8.52
<V>[nm? 721 701 717 711 693
Non-Fasting
<d>[nm] 8.60 8.57 8.60 858 853
<V>[nm? 715 707 716 709 694
Ad, s (%] -0.26 0.23 -0.05 -0.06 0.06
AV [9%)] -0.87 075 -0.10 025 0.18
ACy ¢ [%] 0.9 3.9 0.1 09 3.6
LDL total Fasting
(16 =30 nm) <d>[nm] 20.0 20.2 20.1 20.2 20.2
<V>[nm?] 9.07E+3 9.27E+3 9.14E+3 9.29E+3 9.28E+3
Non-Fasting
<d>[nm] 20.0 20.1 20.1 20.1 20.2
<V>[nm? 9.10E+3 9.20E+3 9.19E+3 9.25E+3 9.35E+3
Ad. ¢ [%] 0.16 027 020 013 0.20
AV %] 0.31 -0.72 0.57 -0.39 0.74
AC, ¢ [%] 0.1 3.6 06 -1.30 6.7
IDL and VLDL Fasting
(30 -80 nm) <d>[nm] 423 424 424 42.7 424
<V>[nm?] 9.06E +4 9.15E+4 9.15E+4 9.38E+4 9.12E+4
Non-Fasting
<d>[nm] 422 424 425 426 42.7
<V>[nm? 9.05E+4 9.16E+4 9.22E+4 9.30E+4 032E+4
Ad £ [9%)] -0.06 0.04 025 023 062
AV, ¢ [%] -0.14 0.11 0.76 -0.87 2.18
Acye ¢ [9%] 15 1.7 43 -4.5 1.8
CM total Fasting
(80 —430 nm) <d>[nm] 121 121 120 123 119
<V>[nm? 4.55E4+6 454E4+6 444E46 4.88E+6 4.24E4+6
Non-Fasting
<d>[nm] 121 121 120 122 121
<V>[nm?] 447E+6 454E4-6 435E46 4.69E+6 452E+6
Ade [%] -0.36 -0.09 -0.42 -0.94 1.72
AV, [%] -1.84 0.08 -2.01 -3.99 6.75
Ace (%] 0.0 33 9.1 -7.8 20.2

2The fasting values are from the spectra taken before the oGTT, the non-fasting vales were extrapolated to time t=0 from the spectra of reserve samples of the blood
donors.<d>, average particle diameter and < V>average volume calculated with the diameters given in Methods assuming a spherical shape.. Ad, ¢, AV, ¢, and Ac s
relative differences (in %) of particle diameters, volumes, and concentrations under non-fasting conditions minus those under fasting conditions. N;and N, ¢, number
of participants analysed under fasting or non-fasting conditions, respectively. Differences of mean values between fasting and non-fasting subjects with an error
probability <0.05 are presented in bold letters

whereas for T2D a decrease by -9.3% is observed
(Table 5). Unfortunately, the number of test persons
of the IFG+IGT group was too low to reach an error
probability P<0.05, meaning that this may also be a sta-

tistical error.

It would also be interesting to see, if people with-
out disorders of the glucose metabolism shows dif-
ferences in their lipoprotein patterns compared to
the whole cohort of subjects with IFG, IGT, or T2D.
If this cohort behaves like a homogeneous group, the
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Table 5 Significance of lipoproteins concentration differences between healthy and (pre)diabetic participants under fasting and non-
fasting conditions®

Lipoprotein Fasting state IFG IGT IFG+I1GT T2D
HDLA Fasting Ac, i [%] +15 +06 +29 +4.7
(7-85nm) Non-fasting Ac, 4 [%] +24 -1.0 +19 +6.2
Fasting Pin 0.253 0.851 0.264 0.008
Non-fasting Pt 0.081 0.890 0.100 0.002
HDL B Fasting Ac,y [%] 9.4 -2.2 +08 -10.0
(8.5-10nm) Non-fasting Ac, 1 [%] -2.7 3.1 +34 -50
Fasting P 0.005 0.647 0.713 0.146
Non-fasting Py 0494 0514 0.364 0.258
HDL C Fasting Ac, 4 [%)] -13.9 56 76 -18.0
(10-13 nm) Non-fasting Ac, 1 [%] -5.7 -4.5 -6.0 -13.4
Fasting Py <0.005 0.231 0432 0.005
Non-fasting Py 0.041 0.343 0.344 0.005
HDLD Fasting Ac, i [%] -4.1 +22 +13 -3.0
(13-16nm) Non-fasting Ac, 4 [%] +03 +34 +15 -04
Fasting Pin 0.022 0972 0.876 0.460
Non-fasting Py 0615 0.249 0.205 0.827
HDL total Fasting Ac, 4 [%] -23 -0.5 +14 -0.7
(7-16nm) Non-fasting Ac, 4 [%] +06 -15 +14 20
Apo-Alyyg° Fasting P 0.100 0782 0683 0.861
Non-fasting Pin 0.528 0813 0.279 0.154
LDLA Fasting Ac, 4 [%] -9.1 +0.1 -3.0 -15.8
(16 =19 nm) Non-fasting Ac, 1 [%] -34 -0.9 -29 -9.6
Fasting Py 0.001 0.496 0.702 0.008
Non-fasting Py 0.163 0437 0.653 0.015
LDLB Fasting Ac, 4 [%] -4.2 +14 +12 -84
(19-21nm) Non-fasting Ac, 4 [%] -06 +1.3 +04 -2.9
Fasting Pin 0.051 0.846 0.820 0.081
Non-fasting Pin 0.997 0.771 0.520 0437
LDLC Fasting Ac,y [%] -4.1 +0.8 0.0 -9.8
(21 =22 nm) Non-fasting Ac, (%] =21 -10 -16 -56
Fasting P 0.051 0.729 0.805 0.031
Non-fasting Py 0442 0.694 0.800 0.081
LDLD Fasting Ac, 4 [%] -20 +1.7 +34 -74
(22 -25nm) Non-fasting Ac, 1 [%] -0.2 +18 +0.2 -2.0
Fasting Py 0.495 0.922 0.709 0.176
Non-fasting Py 0.752 0.655 0.555 0.696
LDLE Fasting Ac, 1 [%] +27 +56 +11.9 -33
(25 -30nm) Non-fasting Ac, 4 [%] +3.1 +56 +7.8 +63
Fasting Pin 0217 0.220 0.0132 0.653
Non-fasting Py 0.074 0.156 0.012 0.083
LDL total Fasting Ac, 4 [%] -4.6 +14 +12 -10.2
(16 =30 nm) Non-fasting Ac, 4 [%] -1.2 +0.7 -0.2 -43
Fasting P 0.041 0.776 0.854 0.032
Non-fasting Py 0.803 0.994 0.694 0.230
IDL Fasting Ac, 4 [%] +12 0.0 +10.1 -56
(30 -40 nm) Non-fasting Ac, 1 [%] +09 +20 +38 +20
Fasting Py 0.545 0916 0.202 0.309

Non-fasting P 0.395 0.556 0.136 0.546
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Table 5 (continued)
Lipoprotein Fasting state IFG IGT IFG+I1GT T2D
VLDLA Fasting Ac,y [%] +50 +53 +20.38 +06
(40 - 60 nm) Non-fasting Ac, 4 [%] +6.1 +10.8 +14.0 +13.0
Fasting P 0.099 0.364 0.053 0.852
Non-fasting Py 0.026 0.049 0.003 0.020
VLDLB Fasting Ac, y [%)] +4.0 +138 +23.8 -5.7
(60 -80 nm) Non-fasting Ac, 1 [%] +44 +6.8 +12.8 +11.2
Fasting Pin 0.205 0819 0.032 0417
Non-fasting Py 0.096 0.156 0.006 0.055
IDL and VLDL Fasting Ac, 4 [%] +26 +138 +145 -3.7
(30 -80nm) Non-fasting Ac, 4 [%] +28 +5.1 +7.7 +6.1
Fasting Pin 0.248 0.734 0.103 0.629
Non-fasting Py 0.160 0.240 0.029 0.180
Apo-B100ys° Fasting AC, y, [%] 40 +14 +23 9.7
Non-fasting Ac, 4 [9%] -09 +1.1 +05 -34
Fasting Py 0.127 0.849 0.667 0.071
Non-fasting Pt 0.954 0.881 0.554 0.360
CMRe Fasting Ac, 4 [%)] +6.1 +6.1 +30.3 +3.0
(80— 100 nm) Non-fasting Ac, 1 [%] +10.6 +16.7 +21.2 +18.2
Fasting Pin 0.062 0443 0.034 0.927
Non-fasting Py 0.004 0.016 <0.001 0.011
CMA Fasting Ac, 4 [%] +48 +24 +33.3 -4.8
(100 = 150 nm) Non-fasting Ac, 4 [%] +7.1 +11.9 +21.4 +19.0
Fasting Py 0.122 0.564 0.011 0.588
Non-fasting Py 0.016 0.041 <0.001 0.016
CMB Fasting Ac,y [%] +53 +13 +453 -12.0
(>150 nm) Non-fasting Ac, 4 [%] +12.3 +11.0 +30.1 +20.5
Fasting P 0.205 0.936 0.012 0.284
Non-fasting Py 0.011 0.154 <0.001 0.048
CM total Fasting Ac, y [%)] +6.1 +52 +33.0 -0.9
(80 —430 nm) Non-fasting Ac, 1 [%] +9.6 +14.8 +22.6 +19.1
Apo-B48y5° Fasting Pin 0.083 0.546 0.020 0.804
Non-fasting Pen 0.006 0.022 <0.001 0.012

2 Ac,., represents the relative particle concentrations c in the groups of (pre)diabetic participants (x) minus those in the control group of healthy participants (H). The
error probabilities P are obtained by using the non-parametric Mann-Whitney U-test. They compare the particle concentrations of the healthy control group with
the different (pre)diabetic cohorts. Ac values with an error probability P, ;; < 0.05 are presented in bold letters. First column, values in bracket represent the diameter

ranges assumed for different subclasses. For more details see Table 3

®The NMR derived apolipoprotein concentrations were calculated as described in Table 2

statistical significance should also increase because of
the larger number of participants. Under fasting con-
ditions, the changes found to be significant for T2D
alone (decrease of the particle numbers of HDL C and
LDL A) remain significant for the whole group. The
strong increase of HDL A particle numbers is found
to be specific for T2D. In addition, an increase of the
particle numbers of chylomicron remnants (P <0.004),
and a decrease of the particle numbers of HDL B
(P=0.007), HDL C (P=0.001), LDL A (P=0.001),
LDL B (P=0.04), and LDL C (P=0.03) get significant

for the whole group. Under non-fasting conditions, the
increase of VLDL A, and of all chylomicron particles
numbers becomes even more significant (P<0.003).
The decrease of HDL C and the increase of LDL E
and VLDL B observed also for T2D gets now signifi-
cant with the data of the whole group (P=0.027, 0.006,
0.006, respectively).

Discussion

The study cohort

It is a general problem that the results of studies primar-
ily reflect statistical properties of the specific cohort of
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individuals studied. As already mentioned above, the
ratio of 0.58 of the two sexes in our study approximates
also the ratio of the two sexes in the complete cohort of
blood donors of the BRK. The five groups of the study
cohort including the control group were matched with
respect to age, BMI, and the general risk to develop T2D
as shown by the FindRisk score.

Our study cohort consists of long-term blood donors
that are healthy according to the strict rules defined for
blood donors by the Bavarian Red Cross. A disorder of
the glucose metabolism was unknown to the individuals,
before they became recruited to the study. It also means
that they did not have severe metabolic symptoms lead-
ing to a consultation of a medical doctor and thus lead-
ing to a specific treatment with antidiabetics. IFG, IGT,
or T2D were newly diagnosed by oGTT. In line with this,
the mean HbAcl-value of the control group was with
5.8 not much lower than 6.3 of the T2D group. For most
subjects with T2D the relative HbAcl-concentration was
below the limit of 6.5%, traditionally used for diagnos-
ing T2D. This indicates that in these subjects T2D with
increased glucose concentrations had probably prevailed
for a relatively short period of time, in agreement with
the accession criteria to the study. They were chosen with
the aim to identify persons that just developed their dis-
order of glucose metabolism.

This apparently short history of impaired glucose
metabolism may also influence the actually observed
apolipoprotein concentrations in T2D. Therefore, the
metabolic changes described in this study may bet-
ter characterize the effect of “pure” insulin resistance of
diabetes on the lipoprotein profile and not other con-
comitant metabolic changes that are known to be partly
causative for the development of T2D as the metabolic
syndrome. Such a dissociation of the insulin resistance
per se and the usually observed dyslipoproteinemia was
also described for a cohort of lean Chinese subjects
recently [14].

The lipoprotein concentrations determined from
the reserve samples change only moderately with time
(Table 2). The particle concentrations in all particle
classes increased with time for the healthy control group,
the group with combined IFG and IGT, and the T2D
group. This is to be expected since the BMI and the cou-
pled plasma lipid concentrations usually increase with
time (age). However, the mean increase of particle num-
bers and of apolipoprotein concentrations derived by
NMR increased only by 0.25 and 0.12%/year for Apo-Al
and Apo-B100, respectively. Surprisingly, the group with
isolated IGT showed a different trend. The particle con-
centrations of almost all particle groups decreased with
time. The only exception were small HDL particles (HDL
A) whose concentration increased with time. The reason
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for this difference is not clear for us but may give infor-
mation about the pathomechanism of IGT. It would be
interesting to study that in more detail.

Determination of lipoprotein particle and apolipoprotein
concentrations by NMR

Initially, only the intensities of NMR lines separated by
size dependent chemical shifts and sometimes (as in our
case) the size dependent diffusion constants could be
used to count the number of lipid protons in the different
lipoprotein subclasses. Together with the approximate
lipid composition from these line intensities, the particle
concentrations were derived. Baumstark et al. [6] showed
that a substantial part of the lipid signals are NMR invis-
ible and thus may introduce large errors in the particle
concentration determination. With the data from [6] we
corrected our concentrations dependent on the specific
subclass under consideration and the experimental tem-
perature during data recording (see Methods). Actually,
more and more groups realize that apolipoprotein con-
centrations determined by alternative methods such
as immunoassays can be used as independent check
of the lipoprotein particle numbers obtained by NMR
spectroscopy.

An easily conceivable idea is that vice versa correct
particle numbers determined e. g. by NMR can be used
to estimate the corresponding apolipoprotein. It is now
established in the lipidomics community that the apoli-
poprotein stoichiometry is fixed in the different main
classes of proteins. Chylomicrons and chylomicron rem-
nants contain just one Apo-B48 [19, 20], LDL, IDL, and
VLDL on Apo-B100 [17, 21]. Molecular evidence shows
that most probably 2 Apo-Al-molecules [22-27] are
arranged in an antiparallel manner for stabilizing ordered
phospholipid membranes. Based on this fact, recombi-
nant Apo-Al is used routinely since more than a dec-
ade to produce artificial nanodiscs for x-ray and NMR
structural studies. These nanodiscs form spontaneously
in the presence of lipids and Apo-A1l. In some older pub-
lications, also more than two ApoA-I are assumed to be
bound to large HDL particles [25]. The most likely stoi-
chiometry for Apo-Al is 2 apolipoproteins per particles.
The proportionality of the Apo-Al and Apo-B100 con-
centration to the corresponding particle concentrations
is experimentally well-established [17, 18]. Accepting
this stoichiometry, the concentrations of these apolipo-
proteins can be approximated by summing up the par-
ticle concentrations in the different classes. Since a final
verification of the exact stoichiometry is still missing, we
annotate the apolipoprotein concentrations determined
by NMR with the suffix “NMR” in the tables.

Under fasting conditions we obtain for the con-
trol group of subjects without disorders of glucose
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metabolism using the above stoichiometry Apo-Al and
Apo-B100, concentrations of 49.9 pM and 1.74 pM,
respectively. These values obtained from our visibility
corrected particle numbers for Apo-Al and Apo-B100
are quite close to the average values of 51.9 uM and
1.70 uM reported for their control group by Monsoni-
Centelles [18] by apolipoprotein specific immunoassays.
This consistency check strongly supports the quantita-
tive validity of our NMR analysis. The concentrations of
Apo-B48 determined here for the control group are with
1.16 nM substantially smaller than 8.4 nM and 18.5 nM
determined by immunoassays and reported by Masuda
et al. [19] and Tian et al. [28], respectively.

The determination of the chylomicron particle con-
centrations by NMR is more tricky, since NMR can
distinguish particles on the basis of their size only.
Because of the overlap in size of very large VLDL par-
ticles with small chylomicrons and chylomicron rem-
nants (see e. g. [29, 30]) these groups can only be partly
separated by NMR. This means that the particle num-
bers of large VLDL B and smaller chylomicrons can
only be approximated by using a suitable size cutoff. In
addition, weighting factors for the visibility of chylomi-
crons are not published yet. Because of lack of informa-
tion we set the weighting factor to 1 in the calculations
of chylomicron particle concentrations.

Another factor possibly reducing the measured frac-
tion of chylomicrons may be the freezing of samples
before NMR analysis. More generally, freezing and
(long-term) storage may influence the outcome of the
actual measurements under fasting conditions as well as
the spectroscopy of the reserve samples. Storage of fro-
zen biological samples at -80 C is assumed to preserve
very well their integrity. This is the basis of all biologi-
cal data bases that intend to provide long-term samples.
The only typical effects are sometimes very slow oxida-
tion processes depending on details of the composition
of the samples. In general, the critical point is freezing
and thawing for complex samples (see e.g. [6]). Figure 3
(top) shows an example for the increase of the chylomi-
cron specific NMR signals (maybe partly superposed by
signals of large VLDL) of the corresponding methyl and
methylene groups after an intake of a fat rich diet. Fig-
ure 3 (bottom) shows the effect of freezing and thawing
cycles of this sample. After two cycles the chylomicron
NMR signal is only slightly reduced. However, our sam-
ples are only frozen once and a signal reduction less
than 5% is to be expected (Fig. 3). After several freezing
and thawing cycles a stronger reduction of the signal is
observed meaning that the chylomicron particle struc-
ture is partly destroyed. Note that the NMR signal of LDL
and HDL is still unchanged after 6 cycles. There is ample
evidence that long-term storage at -80 C or only -20 C

Page 14 of 19

does not have an effect on the lipoprotein analysis by
NMR (see e. g. [31-34]).

Taking as comparison the particle numbers from pub-
lished NMR based diabetes studies presented in Fig. 4,
one obtains Apo-Al concentrations in the control groups
of 14.6 uM [10], 68.2 uM [9], and 41.4 uM [12]. The vari-
ation of Apo-Al concentrations in the control groups of
the different studies are quite large. The Apo-B100 con-
centrations calculated from the particle concentrations
for the control groups are 0.66 pM [10] and 1.28 pM [9].
Compared with 51.9 pM (Apo-Al) and 1.70 uM (Apo-
B100) [18] mentioned above it suggests that these values
have to be considered with care, even when taking into
account that the apolipoprotein concentration determi-
nation by immunoassays has an error of about 15% and
the control groups are not identical. This means, that one
has to be very careful when absolute values of particle
concentrations determined by NMR by different pro-
grams are essential. However, more important in medical
diagnosis are the concentration changes relative to a ref-
erence value given by the provider of a test. Indeed, when
analyzing the effects of T2D on the lipoprotein subclass
concentration changes consistent results are obtained in
all studies (see below).

Variations of apolipoprotein concentrations in impaired
glucose tolerance, impaired fasting glucose.

and in manifest type 2 diabetes mellitus

Recently, variations of apolipoprotein concentrations in
diseases linked to dyslipoproteinemia such as athero-
sclerosis and coronary heart disease have invoked new
interests. The American Societies of Cardiology [36] and
the European Society of Cardiology [37] recommend the
preferential determination of Apo-B100 concentrations
as basic risk assessment for atherosclerosis and coronary
heart disease. Mainly the number of apo-B100 particles is
predictive for the CHD risk, not the classical cholesterol
linked values [38]. The Apo-B100 concentration is also
recommended as more suited for therapy control with
statins.

In our study, we find a decrease of Apo-B100y,;x by
-9.8 and -3.2% for fasting and non-fasting conditions
when participants with newly detected T2D are com-
pared to the healthy control group. Unfortunately, this
decrease is not statistically significant at P<0.05 but for
fasting it is significant at an error probability P < 0.07.
In contrast, in the other studies represented in Fig. 4 an
increase of Apo-B100y, is observed when calculated
from the particle concentrations. The simplest explana-
tion for these differences is that this mainly is an effect
of the cohort studied. Our data set is compared with data
sets containing long-term diabetics together with pos-
sible other health problems. For Apo-B48 under normal



Kalbitzer et al. Lipids in Health and Disease (2023) 22:42 Page 15 of 19
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S [ppm]
Fig. 3 'H spectra showing effects of food intake and sample freezing on the methyl and methylene signals of chylomicrons. (Top) Changes of the
CH, (CM- CH,) and CH; (CM- CH;) signals of chylomicrons recorded at different times after food intake. (Bottom) Changes of the CH, (CM- CH,) and
CH; (CM- CH;) signals of chylomicrons recorded after repeated freezing and thawing of the samples (0-times, 2-times, 5-times, 6-times and stored at
253 K). Note that the signals of smaller chylomicrons may overlap with signals of very large VLDLs
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Kalbitzer | Festa Mora | Hodge | Mackey | Wang | Sokooti
f nf f f f f f f

Particle | d [nm]

CMB > 150 + +

CMA 100-150 + +

CM Re 80-100 + + +

VLDLB | 60-80 + + + + +

VLDLA | 40-60 + + + + + + +

IDL 30-40 + + +

LDLE 25-30 + +

LDLD 22-25 + +

LDLC 21-22 +

LDLB 19-21 +

LDLA 16-19 +

HDL D 13-16

HDLC 10-13

HDLB 8.5-10

HDL A 7- 8.5

Fig. 4 Changes of lipoprotein particle concentrations by impairment of glucose metabolism as described in literature. Concentration increase (+)
or decrease (-) in with IFG, IGT, and T2D, green, significant increase, blue significant decrease. Note that. f, fasting, nf, non-fasting. The nomenclature
of the lipoprotein subclasses and the correspondent particle diameters d were similar to those given by Huber et al. [4] and Kaess et al. [35]. The
definitions of subclasses and particle diameters d vary from study to study. The results of these studies were assigned as good as possible by the
diameters to the subclasses given here. Data are taken from Kalbitzer (this study); Festa et al,, [7]: Mora et al. [9]; Hodge et al. [8]); Mackey et al. [11];

Wang et al. [10]; Sokooti et al. [13]

nutritional conditions a statistically significant increase
can be observed for IGT, IGT +IFG, and T2D itself.

Comparison of the present study with results of similar
studies of diabetes related lipoprotein changes

As mentioned in Background there are a number of stud-
ies that relate lipoprotein particle concentrations deter-
mined by NMR with type 2 diabetes mellitus [7—13]. They
differ from each other and from our study as well in many
aspects, the number of lipoprotein subclasses and parti-
cle sizes defined, the composition of the study cohorts,
the fasting state and the method of diagnosis of type 2
diabetes mellitus. Concerning the diagnosis of T2D only
Wang et al. [10] used the gold standard for diabetes diag-
nosis, 0GGT, a method that also was used in the present
paper. In the other studies the metabolic state of the par-
ticipants was not unambiguously defined, the diagno-
sis T2D was not clearly verified and their cohorts may
include also subjects with IFG and/or IGT only. The defi-
nitions of lipoprotein subclass particle sizes used in our
study are given in Table 3. Although the exact definitions
differ considerably from study to study, it is possible to
find a kind of consensus pattern for the different studies.
These definitions are used in Fig. 4 to represent schemati-
cally the changes of lipoprotein particle concentrations in
T2D described in the present paper and the cited pub-
lications. Under standard fasting conditions in all stud-
ies the concentration of the smallest HDL particles (HDL
A) is significantly increased in T2D, in our case by 5.9%.

Under non-fasting condition in our study its increase is
even higher, but only statistical significant when people
with IFG and/or IGT are included. The particle concen-
trations of the other HDL subclasses are decreased in
most studies. Including the present study (decrease by
-18%), the HDL C subclass particle concentrations are
significantly decreased in all studies. In our study, the
total concentration of HDL particles of all subclasses
together (and thus of Apo-Al) is only weakly increased
in T2D, it is almost not influenced in our cohort of blood
donors (Fig. 4, Table 5). Similar results are also obtained
in other studies where Apo-Al is increased by 0.6% [10]
or decreased by -3 or -8% [12, 13].

The concentrations of small LDL particles (LDL A and
LDL B) are significantly increased in the five published
studies by diabetes (Fig. 4), whereas they are signifi-
cantly decreased in our study under non-fasting condi-
tions when also the participants with IFG and/or IGT are
included. The main difference may be that in our cohort
all participants were “healthy” according to the standards
defined for blood donors just before diabetes had been
detected by oGGT. In our group the average BMI of peo-
ple with T2D is less than 10% higher than for the con-
trol group of healthy volunteers and quite moderate for a
group with an average age of 53 and 57 years, respectively
(Table 1). This probably means that obesity related dysli-
poproteinemia effects are quite small. The concentration
of larger LDL particles (LDL C, D, and E) is significantly
reduced in three of the five studies and also in our study.
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VLDL particle concentrations are increased in T2D in
all published studies relative to the control group. In our
case, only under non-fasting conditions, significance for
an increase is reached. The Apo-B100y,z concentration
change in subjects with T2D calculated from the parti-
cle concentrations varies from +2.4% [10] to + 26.6% [9].
However, in our case, we find a (not significant) decrease
of the Apo-B100 concentration in T2D under fasting and
non-fasting conditions (Tables 2 and 4).

Except of our present study, only Wang et al. [10] stud-
ied the changes of the chylomicron concentrations in
T2D under fasting conditions. They showed a remark-
able increase of chylomicron concentrations in diabetic
people by 107%. In our case for all three subclasses of
chylomicron particles also a significant concentration
increase is observed (Fig. 4). Under non-fasting con-
ditions only for large chylomicrons (CM B) a signifi-
cant concentration increase is observed for people with
impaired glucose metabolism. Note that in [10] the
nutritional state of the participants was mixed including
postprandial data. As discussed above, it is impossible to
separate very large VLDLs from small chylomicrons or
chylomicron remnants by NMR only, that is the chylomi-
cron fraction may contain a significant contribution of
very large VLDL particles in both studies.

Concentrations of chylomicrons and very large VLDLs,
respectively, under non-fasting conditions may be the
most sensitive marker for T2D in the lipoprofile. This
has also proposed by Mora et al. [9] for T2D. Postpran-
dial VLDL and chylomicron concentrations seem also be
the most sensitive marker for the risk for cardiovascular
diseases [39, 40]. What exactly is happening in type 2 dia-
betes mellitus pathophysiologically is an open question,
is it the lipid resorption, the fatty acid resynthesis, the
chylomicron synthesis and clearance or (most likely) all
factors together that cause this increase of chylomicrons
in blood serum [41, 42]. In T2D insulin does not down-
regulate the chylomicron synthesis as it does in healthy
individuals according to Nogueira et al. [43]. This leads to
increased intestinal chylomicron synthesis and secretion
in insulin resistance and T2D [44] as also being observed
in this study.

Conclusions

As we have shown the absolute, NMR derived, parti-
cle concentrations in many publications cited here vary
substantially and the quantifications are probably partly
incorrect. Using the temperature dependent visibility/
invisibility values from Baumstark et al. [6] as done in
the present study gives quite reliable absolute concentra-
tions. In the long-term, a standardization of the method
would be required that is based on well-defined size
distributions and apolipoprotein concentrations in the

Page 17 of 19

different subclasses. The definition of sizes and apoli-
poprotein stoichiometry should be a future task for the
regulatory bodies. However, for the effects of impaired
glucose metabolism (IFG, IGT, T2D) on the lipoprotein
profile relative concentration changes are mainly impor-
tant. Here, all studies observe a concentration increase
of small HDL particles and a decrease of large HDL par-
ticles in T2D (Fig. 4). In addition, an increase of VLDL
particle concentrations, and, where data are available, of
chylomicrons and chylomicron remnants is observed.
Our study is different to most other studies that the dia-
betic state of our subjects was not known before, our
study subjects were healthy according to the criteria set
for blood donors (that is also seen in the quite low HbAc1
values) and the diagnosis was based on the gold stand-
ard method oGGT. In addition, we can present data for
the same subjects under fasting and “normal” nutri-
tional conditions. Here, the diabetic metabolism is easier
to observe. Contrary to other studies, in our “healthy”
cohort of blood donors the T2D associated dyslipopro-
teinemia does not significantly change the total concen-
trations of the lipoproteins produced in the liver under
fasting and non-fasting conditions but selectively their
subclass distributions. In contrast, under normal nutri-
tional conditions persons with IFG, IGT or T2D show a
substantial increase of plasma concentrations of those
lipoproteins that are produced in the intestinal tract. An
important effect of the insulin resistance gets visible here.

Different to other studies, we observe a slight, signifi-
cant decrease of the average concentration of small LDL
particles (LDL A). This may be again an effect of our
cohort of blood donors but one has to be somewhat care-
ful since our cohort itself is not very large.

Abbreviations

IFG Impaired fasting glucose
IGT Impaired glucose tolerance
IFG+IGT  IFG combined with IGT
T2D Type 2 diabetes mellitus

Acknowledgements

We thank the Bavarian Research Foundation for funding of this work, Prof. Dr.
Jochen Seissler for conceptual and practical support in the initial states of
the project and Dr. Fritz Huber for help with software developments in the
primary data evaluation. We acknowledge a fruitful cooperation with Prof. Dr.
Hannelore Daniel in diet effects on plasma NMR spectra.

Duality of interests

This study has funded by an investigator-initiated research grant of the Bavar-
ian Research Foundation. Lipofit GmbH (now numares AG) had no control
over details of data evaluation but provided the environment for the primary
NMR data recording at their 600 MHz NMR spectrometer and their software
for the lipoprotein particle number estimation. All experiments as well as
primary and secondary data evaluations had performed by members of the
University of Regensburg. The Bavarian Red Cross (BRK) organized the acquisi-
tion of volunteers out of their pool of blood donors according to the rules
defined by the grant application. They organized the oGTT tests and provided
the corresponding retained samples out of their pool.



Kalbitzer et al. Lipids in Health and Disease (2023) 22:42

Prior presentation
Except for the PhD-examination of K. L. the data were not presented else-
where before.

Authors’ contributions

TK. performed the main part of the statistical analysis of the data. M.B.E.
programmed and calculated probability density distributions. K.L. recorded
most of the data and did the primary data evaluation. S.M. organized testing
and selection of donors and the production of plasma samples. WK, M. B. E,,
and HRK. supervised the students. S.M. and H.RK. planned the project for the
grant application, H.RK. and WK. conceived and wrote the first version of the
manuscript that was improved by discussion with all authors. The author(s)
read and approved the final manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. This study has
funded by an investigator-initiated research grant 773-707 of the Bavarian
Research Foundation applied for by the Bavarian Red Cross.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate

The ethical aspects of the study were positively reviewed by the ethics com-
mission of the Bayerische Landesarztekammer (#08055) at July 29, 2008. They
abide the Declaration of Helsinki.

Competing interests
The authors declare no competing interests.

Author details

'Institute of Biophysics and Physical Biochemistry and Centre of Magnetic
Resonance in Chemistry and Biomedicine, University of Regensburg,
Universitatsstr. 31, 93040 Regensburg, Germany. “Blutspendedienst des
Bayerischen Roten Kreuzes GemeinnUtzige GmbH, Herzog-Heinrich-Stral3e 2,
80336 Munich, Germany.

Received: 2 December 2022 Accepted: 6 March 2023
Published online: 24 March 2023

References

1. Otvos JD, Jeyarajah EJ, Bennett DW. Quantification of plasma lipopro-
teins by protein nuclear magnetic resonance spectroscopy. Clin Chem.
1991,37:377-86.

2. Otvos JD. Method and apparatus for measuring classes and subclasses of
lipoproteins," Patent US 5343389 A. 1994.

3. Ala-Korpela M, Korhonen A, Keisala J, Horkko S, Korpi P, Ingman LP, Jok-
isaari J, Savolainen MJ, Kesaniemi YA. TH NMR-based absolute quantita-
tion of human lipoproteins and their lipid contents directly from plasma.
J Lipid Res. 1994,;35:2292-304.

4. Huber F, Kalbitzer H R, Kremer W. Verfahren zur Bestimmung von Lipopro-
teinen in Korperflissigkeiten und Messanordnung daftr. DE 10 2004 026
903 B4 2006.05.18.

5. Kremer W, Kalbitzer HR, Huber F. Process for the determination of lipopro-
teins in body fluids. US 7,927,878 B2. 2011.

6. Baumstark D, Kremer W, Boettcher A, Schreier C, Sander P, Schmitz G,
Kirchhoefer R, Huber F, Kalbitzer HR. TH NMR spectroscopy quantifies
visibility of lipoproteins, subclasses, and lipids at varied temperatures and
pressures. J Lipid Res. 2019;60:1516-34.

7. Festa A, Williams K, Hanley AJG, Otvos JD, Goff DC, Wagenknecht LE, Haf-
fner SM. Nuclear magnetic resonance lipoprotein abnormalities in predia-
betic subjects in the insulin resistance atherosclerosis study. Circulation.
2005;111:3465-72.

8. Hodge AM, Jenkins AJ, English DR, O'Dea K-, Giles GG. NMR-determined
lipoprotein subclass profile predicts type 2 diabetes. Diabetes Res Clin
Pract. 2009;83:132-9.

20.

21

22.

23.

24.

25.

26.

27.

Page 18 of 19

Mora S, Otvos JD, Rosenson RS, Pradhan A, Buring JE, Ridker PM. Lipopro-
tein particle size and concentration by nuclear magnetic resonance and
incident type 2 diabetes in women. Diabetes. 2010;59:1153-60.

Wang J, Stan¢akova A, Soininen P, Kangas AJ, Paananen J, Kuusisto

J, Laakso M. Lipoprotein subclass profiles in individuals with varying
degrees of glucose tolerance: a population-based study of 9399 Finnish
men. J Intern Med. 2012,2012(272):562-72.

. Mackey RH, Mora S, Bertoni AG, Wassel CL, Carnethon MR, Sibley CT, Goff

DC. Lipoprotein particles and incident type 2 diabetes in the multi-ethnic
study of atherosclerosis. Diabet Care. 2015;38:628-36.

Sokooti S, Szili-Torok T, Flores-Guerrero JL, Osté MCC, Gomes-Neto AW,
Kootstra-Ros JE, Heerspink HJL, Connelly MA, Bakker SJL, Dullaart RPF.
High-density lipoprotein particles and their relationship to posttrans-
plantation diabetes mellitus in renal transplant recipients. Biomol.
2020;10:481.

Sokooti S, Flores-Guerrero JL, Kieneker LM, Heerspink HIL, Connelly MA,
Bakker SJL, Dullaart RPF. HDL particle subspecies and their associa-

tion with incident type 2 diabetes: the PREVEND study. J Clin Endocrin
Metabol. 2021;106:1761-72.

. Tranaes K, Ding C, Chooi YC, Chan Z, Choo J, Leow MK-S, Magkos F. Dis-

sociation between insulin resistance and abnormalities in lipoprotein
particle concentrations and sizes in normal-weight Chinese adults. Front
Nutr. 2021;8:651199.

Bergmann A, Li J, Wang L, Schulze J, Bornstein SR, Schwarz PEH. A simpli-
fied finnish diabetes risk score to predict type 2 diabetes risk and disease
evolution in a German population. Horm Metabol Res. 2007;39:677-82.
Martin E, Ruf E, Landgraf R, Hauner, Weinauer F, Martin S. FINDRISK Ques-
tionnaire combined with HbA1c testing as a potential screening strategy
for undiagnosed diabetes in a healthy population. Horm Metab Res.
2011,43:782-7.

DelatourV, Clouet-Foraison N, Gaie-Levrel F, Marcovina SM, Hoofnagle,
Kuklenyik Z, Caulfield MP, Otvos JD, Krauss RM, Kulkarni KR, Contois JH,
Remaley AT, Vesper HW, Cobbaert CM, Giller P. Comparability of Lipo-
protein Particle Number Concentrations Across ES-DMA, NMR, LC-MS/
MS, immunonephelometry, and VAP: In Search of a candidate reference
measurement procedure for apoB and non-HDL-P standardization. Clin
Chem. 2018;64:1485-95.

Monsonis-Centelles S, Hoefsloot HCJ, Engelsen SB, Smilde AK, Lind MV.
Repeatability and reproducibility of lipoprotein particle profile measure-
ments in plasma samples by ultracentrifugation. Clin Chem Lab Med.
2020;58:03-115.

Matsuda D, Nishida M, Arai T, Hanada H, Yoshida H, Yamauchi-Takihara

K, Moriyama T, Tad N, Yamashita S. Reference interval for apolipoprotein
B-48 concentration in healthy Japanese Individuals. J Atheroscler Thromb.
2014;21:618-27.

Phillips ML, Pullinger C, Kroes |, Kroes J, Hardman DA, Chen G, Curtiss

LK, Gutierrez MM, Kane JP, Schumaker VN. A single copy of apolipopro-
tein B-48 is present on the human chylomicron remnant. J Lipid Res
1997,38:1170-7.

Wiklund O, Dyer CA, Tsaoe BP, Curtiss LK. Stoichiometric binding of apoli-
poprotein specific monoclonal antibodies to low density lipoproteins. J
Biol Chem. 1985;20:10956-60.

Matera R, Horvath KV, Nair H, Schaefer EJ, Asztalos BF. HDL Particle meas-
urement: comparison of 5 methods. Clin Chem. 2018;64:492-50.0.

He Y, Song HD, Anantharamaiah GM, Palgunachari MN, Bornfeldt KE,
Segrest JP, Heinecke JW. Apolipoprotein A1 Forms 5/5 and 5/4 antiparal-
lel dimers in human high-density lipoprotein. Mol Cell Proteomics.
2019;18:854-64.

Fang Y, Gursky O, Atkinson D. Lipid-binding studies of human apoli-
poprotein A-l and its terminally truncated mutants. Biochemistry.
2003;42:13260-8.

Bibow S, Polyhach Y, Eichmann C, Chi CN, Kowal J, Albiez S, McLeod RA,
Stahlberg H, Jeschke G, Glnter P, Riek R. Solution structure of discoidal
high-density lipoprotein particles with a shortened apolipoprotein A-I.
Mature. Struct Mol Biol. 2017;24:187-93.

Brouillette CG, Anantharamaiah GM, Engler JA, Borhani DW. Structural
models of human apolipoprotein A-I: a critical analysis and review. Bio-
chim Biophys A. 2001;1531:4-46.

Hutchins PM, Ronsein GE, Monette JS, Pamir N, Wimberger J, He Y, Anan-
tharamaiah GM, Kim DS, Ranchalis JE, Jarvik GP, Vaisar T, Heinecke JW.



Kalbitzer et al. Lipids in Health and Disease (2023) 22:42 Page 19 of 19

Accurate quantification of high density lipoprotein particle concentration
by calibrated ion mobility analysis. Clin Chem. 2014;60:1393-401.

28. Tian J, Chen H, Liu P, Wang C, Chen Y. Fasting apolipoprotein B48 is associ-
ated with large artery atherosclerotic stroke: a case control study. Sci Rep.
2019,9:3729.

29. KonishiT, Fujiwara R, Saito T, Satou N, Hayashi Y, Crofts N, lwasaki |, Abe Y,
Kawata S, Shikawa T. Human lipoproteins comprise at least 12 different
classes that are lognormally distributed. PLoS ONE. 2022;17(11):e0275066.

30. Nakajima K, Nakano T, Tokita Y, Nagamine T, Inazu A, Kobayashi J, Mabuchi
H, Kimber L, Stanhope KL, Havel PJ, Okazaki M, Ai M, Tanaka A. Post-
prandial lipoprotein metabolism VLDL vs chylomicrons. Clin Chem A.
2011;412:1306-18.

31. Kronenberg F, Lobentam EV, Konig P, Utermann G, Dieplinger H. Effect of
sample storage on the measurement of lipoproteinla], apolipoproteins B
and A-1V, total and high density lipoprotein cholesterol and triglycerides.
J Lipid Res. 1994;35:1318-28.

32. Zivkovic AM, Wiest MM, Nguyen UT, Davis R, Watkins SM, German JB.
Effects of sample handling and storage on quantitative lipid analysis in
human serum. Metabolomics. 2009;5:507-16.

33, Cuhadar S, Koseoglu M, Atay A, Dirican A. The effect of storage time and
freeze-thaw cycles on the stability of serum samples. Biochem Med.
2013;23:70-7.

34, LooRL, Lodge S, Kimhofer T, Bong SH, Begum S, Whiley L, Gray NC, Lin-
don JC, Nitschke P, Lawler NG, Schafer H, Spraul M, Richards T, Nicholson
JK, Holmes E. Quantitative in-vitro diagnostic NMR spectroscopy for
lipoprotein and metabolite measurements in plasma and serum: recom-
mendations for analytical artifact minimization with special reference to
COVID-19/SARS-CoV-2 Samples. J Proteome Res. 2020;19:4428-41.

35. Kaess B, Fischer M, Baessler A, Stark K, Huber F, Kremer W, Kalbitzer HR,
Schunkert H, Riegger G, Hengstenberg C. (2008) The lipoprotein subfrac-
tion profile: heritability and identification of quantitative trait loci. J Lipid
Res. 2008;49:715-23.

36. Grundy SM, Stone NJ, Bailey AL, Beam C, Birtcher KK, Blumenthal RS,
Braun LT, de Ferranti S, Faiella-Tommasino J, Forman DE, Goldberg R,
Eidenreich PA, Hlatky MA, Jones DW, Lloyd-Jones D, Lopez-Pajares N,
Ndumele CF, Orringer CE, Peralta CA, Saseen JJ, Smith SC Jr, Sperling L,
Virani DS, Yeboah J. AHA/ACC/AACVPR/AAPA/ABC/ACPM/ADA/AGS/
APhA/ASPC/NLA/PCNA guideline on the management of blood choles-
terol: executive summary. J Am Coll Cardiol. 2019;73:3168-209.

37. Mach F, Baigent C, Catapano AL, Koskinas KC, Casula M, Badimon L,
Chapman MJ, De Backer GG, Delgado V, Ference BA, Graham IM (Ireland),
Halliday A, Landmesser U, Mihaylova B, Pedersen TR, Riccardi G, Richter
DJ, Sabatine MS, Taskinen MR, Tokgozoglu L, Wiklund O. 2019 ESC/EAS
Guidelines for the management of dyslipidaemias: lipid modification to
reduce cardiovascular risk. Eur Heart J. 2020;41:111-188.

38. Kohli-Lyncha CN, Thanassoulisc G, Morana AE, Sniderman AD. The clinical
utility of apoB versus LDL-C/non-HDL-C. Clin Chim A. 2020,508:103-8.

39. Mora S, Rifai N, Buring JE, Ridker PM. Fasting compared with nonfasting
lipids and apolipoproteins for predicting incident cardiovascular events.
Circulation. 2008;118:993-1001.

40. Bansal S, Buring JE, Rifai N, Mora S, Sacks FM, Ridker PM. Fasting com-
pared with nonfasting triglycerides and risk of cardiovascular events in
women. JAMA. 2007,298:309-16.

41. Haas ME, Attie AD, Biddinger SB. The regulation of ApoB metabolism by
insulin. Trends Endocrinol Metabol. 2013;24:391-7.

42. Giammanco A, Cefalli AB, Noto D, Averna MR. The pathophysiology of
intestinal lipoprotein production. Front Physiol. 2015;6:61.

43. Nogueira J-P Maraninchi M, Béliard S, Padilla N, Duvillard L, Mancini
J,Nicolay A, Xiao C, Vialettes B, Lewis GF, Valéro R. Absence of acute
inhibitory effect of insulin on chylomicron production in type 2 diabetes.
Arterioscler Thromb Vasc Biol. 2012;32:1039-44.

44. Stahel P, Xiao C, Nahmias A, Lewis GF. (2020) Role of the Gut in Diabetic
Dyslipidemia. Froniers Endocrinol. 2020;11:116.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations
Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	NMR derived changes of lipoprotein particle concentrations related to impaired fasting glucose, impaired glucose tolerance, or manifest type 2 diabetes mellitus
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Study design
	NMR-spectroscopy and primary data evaluation
	Statistical evaluation
	Ethical aspects

	Results
	Description of the study cohort
	Estimation of apolipoprotein concentrations by NMR
	Lipoprotein particle concentrations related to fasting and normal nutritional conditions
	Differences in lipoprotein particle concentrations in subjects with and without disorder of glucose metabolism

	Discussion
	The study cohort
	Determination of lipoprotein particle and apolipoprotein concentrations by NMR
	Variations of apolipoprotein concentrations in impaired glucose tolerance, impaired fasting glucose. and in manifest type 2 diabetes mellitus
	Comparison of the present study with results of similar studies of diabetes related lipoprotein changes

	Conclusions
	Acknowledgements
	References


