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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 (oGTT) 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 1H-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 (oGTT) 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 HbA1c was determined for 12,773 of these 
blood donors. On the basis of their FindRisk score and 
their HbA1c concentration, 4017 persons were invited 
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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 + IGT), 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 HbA1c 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 c(t = 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 c( 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 μL of EDTA-
plasma were used for the NMR experiments performed 
at 600.2  MHz 1H-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 noesygppr1D) with a mixing time of 10 ms and 
a repetition time of 5.4  s, and two stimulated spin echo 
spectra (LED, pulse program ledbpgppr2s1d) 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-A1, Apo-B100, and Apo-
B48 were calculated from the particle concentrations of 
the corresponding particles determined by NMR. The 
Apo-A1 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 

Table 1 Description of the study  cohorta

a Concentration of glucose in the oGTT at t = 0 min
b Concentration of glucose in the oGTT at t = 120 min

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 215 111 63 8 23 10

Age [years] 54.3 ± 8.9 52.8 ± 10.1 54.6 ± 7.9 57.2 ± 7.7 56 ± 8.1 56.4 ± 7.0

BMI [kg/m2] 28.8 ± 4.1 27.9 ± 4.0 29.0 ± 3.8 29.4 ± 3.5 30.3 ± 4.3 30.4 ± 4.3

HbA1c [%] 5.9 ± 0.4 5.8 ± 0.2 5.9 ± 0.3 5.9 ± 0.4 6 ± 0.3 6.3 ± 0.7

FindRisk Score [a.u] 12.5 ± 3.6 11.4 ± 3.8 12.9 ± 3.3 12.7 ± 2.8 14 ± 3.0 13.7 ± 3.4

c ( t = 0)a [mg/dL] 103.4 ± 13.4 93.8 ± 4.7 106.7 ± 5.6 95.2 ± 3.9 109.9 ± 6.6 130.3 ± 18.8

c (t = 120)b [mg/dL] 122.1 ± 43.6 101.2 ± 20.6 106.2 ± 20.3 155.3 ± 14.6 163.8 ± 17.2 210.9 ± 61.4
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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 t-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 oGGT 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 

Landesärztekammer (#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 

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 %
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observed for HbAc1 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 HbAc1 
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-A1 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-A1NMR, Apo-B100NMR, 
and Apo-B48NMR (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 t = -10 years 
(Fig. 1). From all samples NMR spectra were recorded, in 
total 10,921 sets of plasma NMR spectra were analyzed.

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 t = 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 
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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-A1NMR, Apo-B100 NMR, and Apo.B48 NMR increase 
by only 0.9, 0.2, and 0%, respectively (Table 3). In con-
trast, in T2D the Apo-A1 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 

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 

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,  CM A,  CM Re, B of  VLDL B,  VLDL A,  IDL, C of  LDL E,  LDL D,  LDL C,  LDL B,  LDL A, D of  
HDL B,  HDL C,  HDL D (E) of HDL A
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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 + 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 

Table 2 Time course of lipoprotein particle concentrations in the years before  testinga

a 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 c were linearly fitted as function of the time t before the oGTT. <Δc/Δt > 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-A1NMR concentrations were calculated from the HDL concentrations assuming 2 Apo-A1 molecules /HDL-particle, the Apo-B100NMR 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)

Control IFG IGT IFG + IGT T2D

<Δc/Δt >

[nM/y] [%/y] [nM/y] [%/y] [nM/y] [%/y] [nM/y] [%/y] [nM/y] [%/y]

HDL A 103.66 0.61 -17.89 -0.10 178.85 1.06 23.00 0.13 83.22 0.46

HDL B 68.26 1.48 88.33 1.96 -98.19 -2.19 138.34 2.89 111.33 2.54

HDL C 35.04 1.46 42.71 1.88 -38.69 -1.68 68.26 3.02 46.36 2.22

HDL D 12.41 1.08 11.68 1.01 -0.37 -0.03 23.00 1.97 15.70 1.37

Apo‑A1NMR 109.68 0.22 62.42 0.12 20.81 0.04 126.29 0.25 128.30 0.25

LDL A 5.11 1.10 5.84 1.30 -4.38 -0.95 9.13 2.02 4.75 1.13

LDL B 3.65 0.99 2.56 0.70 -2.56 -0.68 6.21 1.67 3.29 0.92

LDL C 4.38 1.33 1.83 0.57 -1.83 -0.56 5.11 1.57 1.83 0.59

LDL D 1.46 0.65 0.00 0.00 -1.46 -0.64 1.46 0.65 0.37 0.17

LDL E 1.83 1.03 0.00 0.00 -2.92 -1.56 2.56 1.33 1.10 0.58

IDL 0.37 0.43 -0.37 -0.43 -1.46 -1.69 0.37 0.41 0.00 0.00

VLDL A 0.00 0.00 -0.37 -0.79 -1.10 -2.28 0.73 1.48 0.37 0.75

VLDL B 0.00 0.00 0.00 0.00 -0.37 -3.40 0.00 0.00 0.00 0.00

Apo‑B100NMR 2.10 0.12 1.19 0.07 -2.01 -0.12 3.19 0.19 1.46 0.09

CM Re 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

CM A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

CM B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Apo‑B48NMR 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table 3 Comparison of lipoproteins concentrations obtained under fasting and non-fasting  conditionsa

Control IFG IGT IFG + IGT T2D

Nf 196 167 21 29 19
Nnf 251 193 26 68 57
Lipoprotein Fasting state c [nM] c [nM] c [nM] c [nM] c [nM]
HDL A Fasting 16,628 ± 2839 16,885 ± 2939 16,725 ± 2658 17,107 ± 2445 17,408 ± 2776

(7 – 8.5 nm) Non-fasting 16,963 ± 3320 17,362 ± 2777 16,799 ± 2420 17,285 ± 2251 18,014 ± 2454

Δcnf-f [%] 2 2.8 0.4 1 3.5

HDL B Fasting 4688 ± 1451 4247 ± 1331 4586 ± 1692 4724 ± 1530 4218 ± 1123

(8.5 – 10 nm) Non-fasting 4623 ± 1442 4501 ± 1267 4479 ± 1778 4779 ± 1493 4390 ± 1156

Δcnf-f [%] -1.4 6 -2.3 1.2 4.1

HDL C Fasting 2445 ± 903 2106 ± 695 2309 ± 1086  2259 ± 612 2004 ± 593

(10 – 13 nm) Non-fasting 2407 ± 827 2270 ± 749 2300 ± 1049 2263 ± 614 2085 ± 565

Δcnf-f [%] -1.6 7.8 -0.4 0.2 4.1

HDL D Fasting 1159 ± 206 1111 ± 170 1184 ± 228 1174 ± 183 1125 ± 147

(13 – 16 nm) Non-fasting 1154 ± 193 1158 ± 176 1193 ± 235 1170 ± 155 1149 ± 162

Δcnf-f [%] -0.5 4.2 0.7 -0.3 2.1

HDL total Fasting 24,921 ± 3488 24,349 ± 3423 24,805 ± 3272 25,265 ± 2840 24,754 ± 3003

(7 – 16 nm) Non-fasting 25,147 ± 3874 25,290 ± 3234 24,771 ± 3104 25,498 ± 2947 25,638 ± 3128

Δcnf-f [%] 0.9 3.9 -0.1 0.9 3.6

Apo‑A1NMR
b Fasting 49,842 ± 6976 48,698 ± 6845 49,611 ± 6543 50,529 ± 5679 49,508 ± 6006

Non-fasting 50,294 ± 7749 50,581 ± 6468 49,543 ± 6207 50,996 ± 5893 51,276 ± 6255

Δcnf-f [%] 0.9 3.9 -0.1 0.9 3.6

LDL A Fasting 469.2 ± 127.2 426.4 ± 97.6 469.6 ± 172.6 455.1 ± 81.2 395.1 ± 97.6

(16 – 19 nm) Non-fasting 465.5 ± 118.5 449.9 ± 105.7 461.4 ± 174.8 452.0 ± 87.9 420.7 ± 86.3

Δcnf-f [%] -0.8 5.5 -1.7 -0.7 6.5

LDL B Fasting 370.0 ± 74.3 354.3 ± 61.0 375.2 ± 85.6 374.5 ± 59.8 339.1 ± 59.0

(19 – 21 nm) Non-fasting 369.4 ± 72.2 367.3 ± 66.0 374.2 ± 89.8 371.1 ± 57.4 358.8 ± 59.1

Δcnf-f [%] -0.2 3.7 -0.3 -0.9 5.8

LDL C Fasting 328.5 ± 66.5 314.9 ± 56.4 331.2 ± 78.5 328.6 ± 54.5 296.2 ± 63.4

(21 – 22 nm) Non-fasting 329.9 ± 70.1 323.0 ± 64.7 326.7 ± 82.9 324.6 ± 53.9 311.5 ± 55.9

Δcnf-f [%] 0.4 2.6 -1.4 -1.2 5.1

LDL D Fasting 221.3 ± 48.7 216.9 ± 45.1 225.0 ± 54.2 229.0 ± 51.1 205.1 ± 53.7

(22 – 25 nm) Non-fasting 223.6 ± 57.1 223.1 ± 47.1 227.5 ± 59.1 224.0 ± 47.1 219.2 ± 47.0

Δcnf-f [%] 1 2.8 1.1 -2.2 6.9

LDL E Fasting 175.6 ± 41.9 180.3 ± 41.0 185.4 ± 35.7 196.6 ± 58.0 169.8 ± 44.1

(25 – 30 nm) Non-fasting 177.6 ± 53.2 183.2 ± 46.1 187.6 ± 38.2 191.5 ± 45.3 188.8 ± 47.8

Δcnf-f [%] 1.1 1.6 1.2 -2.6 11.2

LDL total Fasting 1564.7 ± 328.1 1492.9 ± 273.4 1586.4 ± 406.0 1583.7 ± 266.8 1405.2 ± 286.3

(16 – 30 nm) Non-fasting 1566.0 ± 336.1 1546.5 ± 301.0 1577.2 ± 423.9 1563.1 ± 262.4 1498.8 ± 271.7

Δcnf-f [%] 0.1 3.6 -0.6 -1.3 6.7

IDL Fasting 83.41 ± 20.95 84.43 ± 20.27 83.41 ± 19.31 91.8 ± 28.37 78.71 ± 23.38

(30 – 40 nm) Non-fasting 84.87 ± 27.24 85.67 ± 21.48 86.58 ± 19.4 88.13 ± 21.97 86.57 ± 22.98

Δcnf-f [%] 1.8 1.5 3.8 -4 10

VLDL A Fasting 42.93 ± 13.76 45.08 ± 13.79 45.22 ± 12.18 51.88 ± 23.09 43.17 ± 15.54

(40 – 60 nm) Non-fasting 43.33 ± 17.74 45.98 ± 14.42 48.03 ± 11.93 49.4 ± 15.7 48.95 ± 16.87

Δcnf-f [%] 0.9 2 6.2 -4.8 13.4

VLDL B Fasting 9.92 ± 3.22 10.32 ± 3.26 10.1 ± 3.03 12.28 ± 6.02 9.35 ± 3.23

(60 – 80 nm) Non-fasting 10.06 ± 4.34 10.5 ± 3.42 10.74 ± 2.68 11.35 ± 3.61 11.19 ± 4.11

Δcnf-f [%] 1.4 1.7 6.3 -7.6 19.7

IDL and VLDL Fasting 136.26 ± 37.08 139.83 ± 36.48 138.72 ± 33.32 155.95 ± 56.55 131.22 ± 40.77
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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-48NMR 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 + IGT, 

a 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. Δcnf-f [%], relative particle concentrations c under non-
fasting conditions minus those under fasting conditions. Number of participants analysed under fasting conditions (Nf) and non-fasting conditions (Nnf) 432 and 595, 
respectively. First column, values in bracket represent the diameters assumed for different subclasses
b The NMR derived apolipoprotein concentrations were calculated as described in Table 2

Table 3 (continued)

Control IFG IGT IFG + IGT T2D

(30 – 80 nm) Non-fasting 138.27 ± 48.51 142.15 ± 38.65 145.35 ± 32.75 148.88 ± 40.54 146.71 ± 43.34

Δcnf-f [%] 1.5 1.7 4.8 -4.5 11.8

Apo‑B100NMR
b Fasting 1700.9 ± 352.0 1632.7 ± 300.9 1725.1 ± 431.3 1739.6 ± 310.7 1536.4 ± 318.3

Non-fasting 1704.2 ± 372.0 1688.6 ± 329.4 1722.6 ± 449.1 1712.0 ± 294.3 1645.5 ± 306.3

Δcnf-f [%] 0.2 3.4 -0.1 -1.6 7.1

CM Re Fasting 0.66 ± 0.28 0.7 ± 0.28 0.7 ± 0.25 0.86 ± 0.52 0.68 ± 0.33

(80 – 100 nm) Non-fasting 0.66 ± 0.35 0.73 ± 0.28 0.77 ± 0.23 0.8 ± 0.33 0.78 ± 0.34

Δcnf-f [%] 0 4.3 10 -7 14.7

CM A Fasting 0.42 ± 0.17 0.44 ± 0.18 0.43 ± 0.16 0.56 ± 0.35 0.4 ± 0.17

(100 – 150 nm) Non-fasting 0.42 ± 0.23 0.45 ± 0.18 0.47 ± 0.14 0.51 ± 0.2 0.5 ± 0.23

Δcnf-f [%] 0 2.3 9.3 -8.9 25

CM B Fasting 0.075 ± 0.039 0.079 ± 0.04 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

Δcnf-f [%] -2.7 3.8 6.6 -12.8 33.3

CM total Fasting 1.15 ± 0.48 1.22 ± 0.49 1.21 ± 0.45 1.53 ± 0.94 1.14 ± 0.54

(80 – 430 nm) Non-fasting 1.15 ± 0.62 1.26 ± 0.49 1.32 ± 0.38 1.41 ± 0.57 1.37 ± 0.61

Δcnf-f [%] 0 3.3 9.1 -7.8 20.2

Apo‑B48NMR
b Fasting 1.15 ± 0.48 1.22 ± 0.49 1.21 ± 0.45 1.53 ± 0.94 1.14 ± 0.54

Non-fasting 1.15 ± 0.62 1.26 ± 0.49 1.32 ± 0.38 1.41 ± 0.57 1.37 ± 0.61

Δcnf-f [%] 0 3.3 9.1 -7.8 20.2
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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 

Table 4 Change of lipoprotein particle diameters and volumes after  fastinga

a The 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.. Δdnf-f, ΔVnf-f, and Δcnf-f, 
relative differences (in %) of particle diameters, volumes, and concentrations under non-fasting conditions minus those under fasting conditions. Nf and Nnf , 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

Fasting state Control IFG IGT IFG + IGT T2D

Nf 196 167 21 29 19
Nnf 251 193 26 68 57
Lipoprotein
 HDL total Fasting

  (7 – 16 nm)  < d > [nm] 8.62 8.55 8.61 8.59 8.52

 < V >  [nm3] 721 701 717 711 693

Non-Fasting

 < d > [nm] 8.60 8.57 8.60 8.58 8.53

 < V >  [nm3] 715 707 716 709 694

Δdnf-f [%] -0.26 0.23 -0.05 -0.06 0.06

ΔVnf-f [%] -0.87 0.75 -0.10 -0.25 0.18

Δcnf-f [%] 0.9 3.9 -0.1 0.9 3.6
 LDL total Fasting

  (16 – 30 nm)  < d > [nm] 20.0 20.2 20.1 20.2 20.2

 < V >  [nm3] 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 >  [nm3] 9.10E + 3 9.20E + 3 9.19E + 3 9.25E + 3 9.35E + 3

Δdnf-f [%] 0.16 -0.27 0.20 -0.13 0.20

ΔVnf-f [%] 0.31 -0.72 0.57 -0.39 0.74

Δcnf-f [%] 0.1 3.6 -0.6 ‑1.30 6.7
 IDL and VLDL Fasting

  (30 – 80 nm)  < d > [nm] 42.3 42.4 42.4 42.7 42.4

 < V >  [nm3] 9.06E + 4 9.15E + 4 9.15E + 4 9.38E + 4 9.12E + 4

Non-Fasting

 < d > [nm] 42.2 42.4 42.5 42.6 42.7

 < V >  [nm3] 9.05E + 4 9.16E + 4 9.22E + 4 9.30E + 4 9.32E + 4

Δdnf-f [%] -0.06 0.04 0.25 -0.23 0.62

ΔVnf-f [%] -0.14 0.11 0.76 -0.87 2.18
Δcnf-f [%] 1.5 1.7 4.8 ‑4.5 11.8

 CM total Fasting

  (80 – 430 nm)  < d > [nm] 121 121 120 123 119

 < V >  [nm3] 4.55E + 6 4.54E + 6 4.44E + 6 4.88E + 6 4.24E + 6

Non-Fasting

 < d > [nm] 121 121 120 122 121

 < V >  [nm3] 4.47E + 6 4.54E + 6 4.35E + 6 4.69E + 6 4.52E + 6

Δdnf-f [%] -0.36 -0.09 -0.42 -0.94 1.72
ΔVnf-f [%] ‑1.84 0.08 ‑2.01 ‑3.99 6.75
Δcnf-f [%] 0.0 3.3 9.1 ‑7.8 20.2
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Table 5 Significance of lipoproteins concentration differences between healthy and (pre)diabetic participants under fasting and non-
fasting  conditionsa

Lipoprotein Fasting state IFG IGT IFG + IGT T2D

HDL A Fasting Δcx-H [%]  + 1.5  + 0.6  + 2.9  + 4.7
(7 – 8.5 nm) Non-fasting Δcx-H [%]  + 2.4 -1.0  + 1.9  + 6.2

Fasting Px-H 0.253 0.851 0.264 0.008
Non-fasting Px-H 0.081 0.890 0.100 0.002

HDL B Fasting Δcx-H [%] ‑9.4 -2.2  + 0.8 -10.0

(8.5 – 10 nm) Non-fasting Δcx-H [%] -2.7 -3.1  + 3.4 -5.0

Fasting Px-H 0.005 0.647 0.713 0.146

Non-fasting Px-H 0.494 0.514 0.364 0.258

HDL C Fasting Δcx-H [%] ‑13.9 -5.6 -7.6 ‑18.0
(10 – 13 nm) Non-fasting Δcx-H [%] ‑5.7 -4.5 -6.0 ‑13.4

Fasting Px-H  < 0.005 0.231 0.432 0.005
Non-fasting Px-H 0.041 0.343 0.344 0.005

HDL D Fasting Δcx-H [%] ‑4.1  + 2.2  + 1.3 -3.0

(13 – 16 nm) Non-fasting Δcx-H [%]  + 0.3  + 3.4  + 1.5 -0.4

Fasting Px-H 0.022 0.972 0.876 0.460

Non-fasting Px-H 0.615 0.249 0.205 0.827

HDL total Fasting Δcx-H [%] -2.3 -0.5  + 1.4 -0.7

(7 – 16 nm) Non-fasting Δcx-H [%]  + 0.6 -1.5  + 1.4 2.0

Apo‑A1NMR
b Fasting Px-H 0.100 0.782 0.683 0.861

Non-fasting Px-H 0.528 0.813 0.279 0.154

LDL A Fasting Δcx-H [%] ‑9.1  + 0.1 -3.0 ‑15.8
(16 – 19 nm) Non-fasting Δcx-H [%] -3.4 -0.9 -2.9 ‑9.6

Fasting Px-H 0.001 0.496 0.702 0.008
Non-fasting Px-H 0.163 0.437 0.653 0.015

LDL B Fasting Δcx-H [%] -4.2  + 1.4  + 1.2 -8.4

(19 – 21 nm) Non-fasting Δcx-H [%] -0.6  + 1.3  + 0.4 -2.9

Fasting Px-H 0.051 0.846 0.820 0.081

Non-fasting Px-H 0.997 0.771 0.520 0.437

LDL C Fasting Δcx-H [%] -4.1  + 0.8 0.0 ‑9.8
(21 – 22 nm) Non-fasting Δcx-H [%] -2.1 -1.0 -1.6 -5.6

Fasting Px-H 0.051 0.729 0.805 0.031
Non-fasting Px-H 0.442 0.694 0.800 0.081

LDL D Fasting Δcx-H [%] -2.0  + 1.7  + 3.4 -7.4

(22 – 25 nm) Non-fasting Δcx-H [%] -0.2  + 1.8  + 0.2 -2.0

Fasting Px-H 0.495 0.922 0.709 0.176

Non-fasting Px-H 0.752 0.655 0.555 0.696

LDL E Fasting Δcx-H [%]  + 2.7  + 5.6  + 11.9 -3.3

(25 – 30 nm) Non-fasting Δcx-H [%]  + 3.1  + 5.6  + 7.8  + 6.3

Fasting Px-H 0.217 0.220 0.0132 0.653

Non-fasting Px-H 0.074 0.156 0.012 0.083

LDL total Fasting Δcx-H [%] ‑4.6  + 1.4  + 1.2 ‑10.2
(16 – 30 nm) Non-fasting Δcx-H [%] -1.2  + 0.7 -0.2 -4.3

Fasting Px-H 0.041 0.776 0.854 0.032
Non-fasting Px-H 0.803 0.994 0.694 0.230

IDL Fasting Δcx-H [%]  + 1.2 0.0  + 10.1 -5.6

(30 – 40 nm) Non-fasting Δcx-H [%]  + 0.9  + 2.0  + 3.8  + 2.0

Fasting Px-H 0.545 0.916 0.202 0.309

Non-fasting Px-H 0.395 0.556 0.136 0.546
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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 

Table 5 (continued)

Lipoprotein Fasting state IFG IGT IFG + IGT T2D

VLDL A Fasting Δcx-H [%]  + 5.0  + 5.3  + 20.8  + 0.6

(40 – 60 nm) Non-fasting Δcx-H [%]  + 6.1  + 10.8  + 14.0  + 13.0
Fasting Px-H 0.099 0.364 0.053 0.852

Non-fasting Px-H 0.026 0.049 0.003 0.020
VLDL B Fasting Δcx-H [%]  + 4.0  + 1.8  + 23.8 -5.7

(60 – 80 nm) Non-fasting Δcx-H [%]  + 4.4  + 6.8  + 12.8  + 11.2

Fasting Px-H 0.205 0.819 0.032 0.417

Non-fasting Px-H 0.096 0.156 0.006 0.055

IDL and VLDL Fasting Δcx-H [%]  + 2.6  + 1.8  + 14.5 -3.7

(30 – 80 nm) Non-fasting Δcx-H [%]  + 2.8  + 5.1  + 7.7  + 6.1

Fasting Px-H 0.248 0.734 0.103 0.629

Non-fasting Px-H 0.160 0.240 0.029 0.180

Apo‑B100NMR
b Fasting Δcx-H [%] -4.0  + 1.4  + 2.3 -9.7

Non-fasting Δcx-H [%] -0.9  + 1.1  + 0.5 -3.4

Fasting Px-H 0.127 0.849 0.667 0.071

Non-fasting Px-H 0.954 0.881 0.554 0.360

CM Re Fasting Δcx-H [%]  + 6.1  + 6.1  + 30.3  + 3.0

(80 – 100 nm) Non-fasting Δcx-H [%]  + 10.6  + 16.7  + 21.2  + 18.2
Fasting Px-H 0.062 0.443 0.034 0.927

Non-fasting Px-H 0.004 0.016  < 0.001 0.011
CM A Fasting Δcx-H [%]  + 4.8  + 2.4  + 33.3 -4.8

(100 – 150 nm) Non-fasting Δcx-H [%]  + 7.1  + 11.9  + 21.4  + 19.0
Fasting Px-H 0.122 0.564 0.011 0.588

Non-fasting Px-H 0.016 0.041  < 0.001 0.016
CM B Fasting Δcx-H [%]  + 5.3  + 1.3  + 45.3 -12.0

(> 150 nm) Non-fasting Δcx-H [%]  + 12.3  + 11.0  + 30.1  + 20.5
Fasting Px-H 0.205 0.936 0.012 0.284

Non-fasting Px-H 0.011 0.154  < 0.001 0.048
CM total Fasting Δcx-H [%]  + 6.1  + 5.2  + 33.0 -0.9

(80 – 430 nm) Non-fasting Δcx-H [%]  + 9.6  + 14.8  + 22.6  + 19.1
Apo‑B48NMR

b Fasting Px-H 0.083 0.546 0.020 0.804

Non-fasting Px-H 0.006 0.022  < 0.001 0.012
a Δcx-H 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. Δc values with an error probability Px-H ≤ 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
b The NMR derived apolipoprotein concentrations were calculated as described in Table 2
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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 HbAc1-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 HbAc1-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-A1 
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 

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-A1-molecules [22–27]  are 
arranged in an antiparallel manner for stabilizing ordered 
phospholipid membranes. Based on this fact, recombi-
nant Apo-A1 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-A1. 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-A1 is 2 apolipoproteins per particles. 
The proportionality of the Apo-A1 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-A1 and 
Apo-B100, concentrations of 49.9  μM and 1.74  μM, 
respectively. These values obtained from our visibility 
corrected particle numbers for Apo-A1 and Apo-B100 
are quite close to the average values of 51.9  μM and 
1.70  μM 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 

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-AI concentrations in the control groups 
of 14.6 μM [10], 68.2 μM [9], and 41.4 μM [12]. The vari-
ation of Apo-AI 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 μM [10] and 1.28 μM [9]. 
Compared with 51.9  μM (Apo-A1) and 1.70  μM (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-B100NMR 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-B100NMR 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 
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Fig. 3 1H spectra showing effects of food intake and sample freezing on the methyl and methylene signals of chylomicrons. (Top) Changes of the 
 CH2 (CM-  CH2) and  CH3 (CM-  CH3) signals of chylomicrons recorded at different times after food intake. (Bottom) Changes of the  CH2 (CM-  CH2) and 
 CH3 (CM-  CH3) 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



Page 16 of 19Kalbitzer et al. Lipids in Health and Disease           (2023) 22:42 

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, oGGT, 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-A1) 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-A1 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. 

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]
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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-B100NMR 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 

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.
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IGT  Impaired glucose tolerance
IFG + IGT  IFG combined with IGT
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