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Dyslipidemia accelerates vascular complications of diabetes. Nuclear magnetic resonance (NMR) analysis of lipoprotein

subclasses is used to evaluate a mouse model of human familial hypercholesterolemia �/- streptozotocin (STZ)-induced

diabetes. A double knockout (DKO) mouse (low-density lipoprotein receptor [LDLr] -/-; apolipoprotein B [apoB] mRNA editing

catalytic polypeptide-1 [Apobec1] -/-) was studied. Wild-type (WT) and DKO mice received sham or STZ injections at age 7

weeks, yielding control (WT-C, DKO-C) and diabetic (WT-D, DKO-D) groups. Fasting serum was collected when the mice were

killed (age 40 weeks) for Cholestech analysis (Cholestech Corp, Hayward, CA) and NMR lipoprotein subclass profile. By

Cholestech, fasting triglyceride and total cholesterol increased in DKO-C versus WT-C. Diabetes further increased total

cholesterol in DKO. High-density lipoprotein cholesterol (HDL-C) was similar among all groups. NMR revealed that LDL in all

groups was present in a subclass the size of large human LDL and was increased 48-fold in DKO-C versus WT-C animals, but

was unaffected by diabetes. HDL was found in a subclass equivalent to large human HDL, and was similar among groups. In

conclusion, NMR analysis reveals lipoprotein subclass distributions and the effects of genetic modification and diabetes in

mice, but lack of particles the size of human small LDL and small HDL may limit the relevance of the present animal model

to human disease.

© 2003 Elsevier Inc. All rights reserved.

IT IS WELL ESTABLISHED that diabetic patients experi-
ence vascular complications (accelerated atherosclerosis,

retinopathy, nephropathy1,2). Dyslipoproteinemia has been im-
plicated in the acceleration of atherosclerosis in diabetes, but
the interaction of pre-existing dyslipoproteinemia with hyper-
glycemia, and the contribution of dyslipoproteinemia to micro-
vascular complications of diabetes are not well understood.3,4

Some studies have implicated qualitative modification of li-
poproteins by glycation and oxidation in vascular injury.5,6

Others have defined quantitative lipoprotein abnormalities,
showing that increased levels of small dense low-density li-
poprotein (LDL),7-9 and of the small subfraction of high-den-
sity lipoprotein (HDL)10 are associated with increased risk for
atherosclerosis. A recent nuclear magnetic resonance (NMR)
spectroscopy technique11 provides a convenient and rapid
method for characterizing serum lipoprotein size-based sub-
class profiles. Using this technique, we recently showed that in
human type 1 diabetic patients, eye and kidney disease are
associated with higher levels of small LDL and small HDL, and
lower levels of large LDL and large HDL subclasses.12,13

Animal models are in constant use to investigate the patho-
genesis of complications of diabetes, but typically, although
hyperglycemia is achieved and documented, lipoprotein pro-

files are ignored. A mouse model of a common human dyslip-
idemia, hypercholesterolemia, could be useful in assessing the
effects of dyslipoproteinemia on the vascular complications of
diabetes. However, in the few reported mouse models combin-
ing hyperglycemia and hyperlipidemia,14-17 no detailed charac-
terization of lipoprotein subclass profiles has been undertaken.
In the present study, we employed a double knockout (DKO)
hyperlipidemic mouse, null for the LDL receptor (LDLr) and
for the apolipoprotein (apoB) mRNA editing catalytic polypep-
tide1 (Ldlr-/- Apobec1-/-).18 This animal expresses high con-
centrations of cholesterol in apoB100-containing LDL, devel-
ops spontaneous and severe atherosclerosis on a normal chow
diet, and, as in humans, males develop more severe disease than
age-matched females.18,19 We considered this mouse model
potentially useful to assess the interactive effects of hypercho-
lesterolemia and diabetes on lipoprotein subclass profiles and
vascular complication status. In the present study, we report
results of NMR lipoprotein subclass analysis in this animal
model.

MATERIALS AND METHODS

Animals

Hyperlipidemic DKO male mice and their wild-type (WT)
(C57BL/6) counterparts were obtained from Genentech (South San
Francisco, CA). The DKO mice had been crossed 6 times into the WT
background. Half of the mice from each genotype were rendered
diabetic with 3 daily doses of streptozotocin (STZ; 200 mg/kg body
weight, intraperitoneally) at 7 weeks of age under an approved animal
use protocol. Control mice received sham injections. The presence or
absence of diabetes was confirmed 1 week after the first injection by
determining nonfasting plasma glucose by tail stick. Approximately
10% of the mice required 2 additional STZ injections at the 1-week
time point. To be categorized as having diabetes, animals had to have
nonfasting plasma glucose levels greater than 275 mg/dL 1 week after
STZ injection, or if repeat injections were needed, within 3 weeks of
the first injection. The mice were divided into 4 experimental groups:
WY nondiabetic control (WT-C, n � 13), DKO nondiabetic control
(DKO-C, n � 18), WT diabetic (WT-D, n � 14), and DKO diabetic
(DKO-D, n � 14). Diabetic animals were maintained without insulin
injections, and all animals were kept on a normal chow diet. The study
was terminated when the mice were 40 weeks old, since previous
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experience suggested high mortality among DKO animals beyond this
age.

Blood Glucose and Conventional Plasma Lipoprotein
Profiles

To confirm presence or absence of diabetes, blood glucose (tail stick)
was measured using a Glucometer Elite meter (Bayer, Elkhart, IN). To
assess lipid profiles, plasma total cholesterol, HDL cholesterol (HDL-
C), total triglycerides (TG) (and glucose) were determined by Cho-
lestech L.D.X (Cholestech Corp, Hayward, CA) at age 7 weeks (ie,
before STZ injection, nonfasting), at 18 weeks (nonfasting), and at 40
weeks (fasting, at sacrifice). Using these primary lipid measurements,
estimates were made of very–low-density lipoprotein cholesterol
(VLDL-C) and LDL cholesterol (LDL-C) based on the Friedewald
equation20: VLDL-C � TG/5; and LDL-C � Total cholesterol �
(VLDL-C � HDL-C).

NMR Lipoprotein Subclass Profiles (NMR LipoProfile)

At death (age 40 weeks) after a 4-hour fast (6 AM to 10 AM), 0.5 mL
of jugular blood was collected in a 1.5-mL microtube containing glass
beads to enhance clotting. Serum was then separated by centrifugation
and stored frozen at �80°C until shipped to the laboratories of Lipo-
Science, Inc (Raleigh, NC) for NMR analysis. NMR LipoProfile mea-
surements were conducted using 400-MHz proton NMR analyzers as
previously described.21,22 In brief, the NMR method uses the charac-
teristic signals broadcast by lipoprotein subclasses of different size as
the basis of their quantification. Each subclass signal emanates from the
aggregate number of terminal methyl groups on the lipids contained
within the particle. Cholesterol esters and triglycerides in the particle
core each contribute 3 methyl groups, and phospholipids and unester-
ified cholesterol in the surface shell each contribute 2 methyl groups.
To a close approximation, the diameter of the particle determines the
number of methyl groups present (and hence, the amplitude of the
methyl NMR signal), irrespective of differences in lipid composition
arising from, for example, variations in the relative amounts of cho-
lesterol ester and triglyceride in the particle core, varying degrees of
unsaturation of the lipid fatty acyl chains, or varying phospholipid
composition. For this reason, the methyl NMR signal emitted by each
subclass serves as a direct measure of the particle concentration of that
subclass.

Mouse serum signals (from 250 �L serum) were acquired in dupli-
cate at 47°C and the composite lipid methyl group signal envelope
decomposed by computer analysis to produce the signal amplitudes of
16 subclasses (equivalent in size to human VLDL, intermediate-density
lipoprotein [IDL], LDL, and HDL as defined below). Since the NMR
properties of mouse and human lipoprotein subclasses are closely
similar (unpublished data), the only modification of the human spectral

decomposition model needed to analyze mouse spectra was the use of
a protein background signal derived from the d � 1.21 g/mL bottom
fraction of mouse, rather than human, serum. Conversion factors relat-
ing the subclass signal amplitudes to particle concentration units were
obtained from NMR and chemical lipid analyses of a set of purified
subclass standards. These standards were isolated from a diverse group
of normo- and dyslipidemic subjects by a combination of ultracentrif-
ugation and agarose gel filtration chromatography, and characterized
for size distribution by electron microscopy (VLDL and LDL
subclasses) or polyacrylamide gradient gel electrophoresis (HDL sub-
classes). Particle concentrations (nmol/L or �mol/L) were derived for
each subclass standard by measuring the total concentration of core
lipid (cholesterol ester plus triglyceride) and dividing the volume
occupied by these lipids by the core volume per particle calculated
from knowledge of the particle’s diameter.23

To simplify analyses, the following 10 size-based lipoprotein sub-
class categories were used (human size equivalents are shown in
parentheses): 60 to 200 nm (large VLDL); 35 to 60 nm (medium
VLDL); 27 to 35 nm (small VLDL); 23 to 27 nm (IDL); 21.3 to 23 nm
(large LDL); 19.8 to 21.2 nm (medium LDL); 18.3 to 19.7 nm (small
LDL); 8.8 to 13 nm (large HDL); 8.2 to 8.8 nm (medium HDL); and 7.3
to 8.2 nm (small HDL). Average particle sizes (diameter, nm) of
VLDL, LDL, and HDL were computed as the sum of the diameter of
each subclass multiplied by its relative mass percentage, as estimated
from the amplitude of its NMR signal.

Statistics

For comparisons of mean values between 2 groups, the unpaired t
test was used. To compare values among the 4 experimental groups,
1-way analysis of variance (ANOVA) and a mean separation procedure
was applied. The among-group differences were also evaluated by a
2-way ANOVA, the factors being the presence or absence of STZ-
induced diabetes and the DKO (hyperlipidemia) genotype. The possi-
bility of interaction between the 2 factors was tested, and in the absence
of interaction, differences with respect to one factor were analyzed
independent of the other. All values are reported as mean � SD, and
significance was defined as P � .05.

RESULTS

Characteristics of the 2 control groups (WT-C and DKO-C)
and the 2 diabetic groups (WT-D and DKO-D), including body
weight, mean blood glucose level, and conventional lipid pro-
file as measured by Cholestech L.D.X, are shown in Tables 1
through 3. As early as 1 week after STZ injection, body weights
of the diabetic animals were lower than weights of the corre-
sponding nondiabetic control groups (Table 1). By definition,

Table 1. Body Weight (g) of the Wild-Type and the Ldlr�/� Apobec�/� Double Knockout Mice With and Without STZ Injection Over the

Duration of the Study

Age (wk) WT-C (n � 13) WT-D (n � 14)

Ldlr�/� Apobec�/�

DKO-C (n � 18) DKO-D (n � 14)

7 (pre-STZ injection) 19.9 � 2.4 20.1 � 2.7 21.3 � 1.8 20.9 � 1.4
8 20.7 � 1.9 19.0 � 2.5 21.7 � 1.9 20.0 � 1.1†

10 23.3 � 2.0 20.8 � 3.0* 24.1 � 2.4 21.02 � 1.8‡
18 28.3 � 2.1 24.7 � 2.1‡ 28.0 � 2.7 24.6 � 1.4‡
40 (at sacrifice) 30.8 � 3.1 20.9 � 2.9‡ 30.8 � 4.1 22.2 � 2.6‡

NOTE. Weights are expressed as mean � SD.
*Significant at P � .05, diabetic group v corresponding nondiabetic control group.
†Significant at P � .01, diabetic group v corresponding nondiabetic control group.
‡Significant at P � .001, diabetic group v corresponding nondiabetic control group.
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glucose levels in the diabetic groups were significantly higher
than levels in the corresponding control groups starting 1 week
after STZ injection (Table 2).

Lipoprotein Profile in the WT-C Mouse

In WT-C animals (using Cholestech L.D.X), HDL-C con-
centration constituted about 75% of total cholesterol (Table 3).
At death, NMR analysis of fasting serum samples collected
revealed that the vast majority of the HDL in WT-C mice are
in a subclass equivalent in size to large human HDL (Fig
1A-C).

Effect of DKO on the WT Background Lipoprotein Profile

At baseline and throughout the study, plasma total choles-
terol, LDL-C, and TG levels were significantly higher in the
DKO than in the WT mice, as expected, but there were no
differences in HDL-C (Table 3). NMR analysis showed that the
hypercholesterolemia of the DKO-C mouse resides mainly in
particles of size equivalent to human large LDL (21.3 to 23.0
nm), which were increased 48-fold compared with WT-C mice

(Fig 1B). Consistent with this, particles equivalent in size to
human LDL (18.3 to 23 nm) were significantly larger in diam-
eter in DKO-C than in WT-C mice (21.8 � 0.24 nm v 20.6 �
1.1, P � .0001) (Fig 2). Therefore in DKO-C versus WT-C
animals, high LDL-C resulted from increases in both particle
concentration and mean LDL particle size (Table 3).

Compared with WT-C mice, DKO-C mice also had higher
levels of particles equivalent in size to human VLDL (27 to 200
nm) (Fig 1A), and human IDL (23 to 27 nm) (both P � .0001)
(Fig 1B). The increase in concentration of the former was
predominantly in the subclass equivalent in size to small human
VLDL (27 to 35 nm) (Fig 1A).

In both WT-C and DKO-C mice, lipoproteins equivalent
in size to human HDL (7.3 to 13 nm) were present almost
entirely in a subclass equivalent in size to large human HDL
(8.8 to 13 nm). The molar concentration of these HDL-sized
particles did not differ between the 2 groups (Fig 1C), but
overall, DKO-C mice had HDL-equivalent particles larger in
diameter than WT mice (10.7 � 0.36 v 9.8 � 0.31 nm, P �
.0001) (Fig 2).

Table 2. Plasma Glucose Level (mg/dL) in the Wild-Type and the Ldlr�/� Apobec�/� Mice With and Without STZ Injection Over the

Duration of the Study

Age (wk) WT-C (n � 13) WT-D (n � 14)

Ldlr�/� Apobec�/�

DKO-C (n � 18) DKO-D (n � 14)

7 (pre-STZ injection) 150 � 39 161 � 43 179 � 33 164 � 32
8 116 � 19 233 � 127* 140 � 16 226 � 62†

10 124 � 19 342 � 94† 136 � 41 324 � 93†
18 174 � 32 479 � 54** 173 � 32 486 � 145†
40 (at sacrifice)‡ 157 � 42 457 � 102† 181 � 37 484 � 50†

NOTE. Glucose levels are expressed as mean � SD.
*Significant at P � .01, diabetic group v corresponding nondiabetic control group.
†Significant at P � .0001, diabetic group v corresponding nondiabetic control group.
‡Plasma samples were collected after 4-hour fast.

Table 3. Plasma Lipid Levels in the Wild-Type and the Ldlr�/� Apobec�/� Mice With and Without STZ Injection Over the Duration of the

Study Measured by Cholestech L.D.X.

Plasma Lipid (mg/dL) Age§ (wk) WT-C (n � 13) WT-D (n � 14)

Ldlr�/� Apobec�/�

DKO-C (n � 18) DKO-D (n � 14)

Total TG 7 66 � 27 95 � 37 257 � 37 244 � 34
18 81 � 24 156 � 73† 213 � 30 220 � 33
40 55 � 21 77 � 53 149 � 53 140 � 60

Total cholesterol 7 104 � 7 105 � 11 455 � 84 420 � 38
18 102 � 9 114 � 17* 417 � 67 458 � 60
40 115 � 13 115 � 16 283 � 25 375 � 70‡

LDL-C 7 ND ND 366 � 69 323 � 37
18 ND ND 330 � 68 368 � 50
40 57 � 15 56 � 27 219 � 35 261 � 41*

HDL-C 7 80 � 28 85 � 15 46 � 11 48 � 5
18 76 � 18 86 � 17 39 � 15 50 � 10*
40 47 � 15 48 � 21 35 � 14 44 � 24

NOTE. TG and cholesterol levels are expressed as mean � SD.
Abbreviation: ND, not detectable.
*Significant at P � .05, diabetic group v corresponding nondiabetic control group.
†Significant at P � .01, diabetic group v corresponding nondiabetic control group.
‡Significant at P � .001, diabetic group v corresponding nondiabetic control group.
§7 wk: pre-STZ injection; 40 wk: at sacrifice when plasma samples were collected after 4-hour fast.
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Effect of Diabetes on the Lipid Profiles in WT and
DKO Mice

In nonfasting WT animals, using Cholestech L.D.X, diabetes
increased total cholesterol and TG, but these increases were not
observed in fasting WT animals (Table 3). In nonfasting DKO
animals, diabetes had no effect on lipid profiles, but in fasting
DKO animals, diabetes increased LDL-C and total cholesterol
(Table 3).

As determined by NMR analysis, diabetes had no effect on
the fasting concentrations of LDL- and HDL-equivalent parti-
cles in either WT or DKO animals (Figs 1B and C). Diabetes
did, however, increase levels of the VLDL-equivalent particles
(27 to 200 nm) ( P � .01). All 3 VLDL-sized subclasses (27 to
35, 35 to 60, and 60 to 200 nm) were significantly affected by
diabetes, but much the greatest increase was seen in concen-
trations of the smallest particles (27 to 35 nm) (Fig 1A). For
particles between 27 and 60 nm in size, interactions between

genetic background and diabetes were significant, indicating a
further increase in particle concentration in the presence of both
diabetes and hypercholesterolemia (Fig 1A).

DISCUSSION

There has been increasing interest in using mice as possible
models of vascular complications in diabetes, amplified by the
generation of gene knockout mouse models that develop ath-
erosclerotic lesions similar to those of humans.24,25 However,
the contribution of dyslipoproteinemia to the accelerated ath-
erosclerosis of diabetes has not been clearly defined in mouse
models,14-17 and lipoprotein subclass profiles of diabetic and
genetically hyperlipidemic mice have not been defined in de-
tail. We view such characterization as a key step in evaluating
candidate animal models to address the effects of dyslipopro-
teinemia on vascular injury in diabetes. In the present study, we
assessed the lipoprotein subclass distribution in a genetically
hyperlipidemic mouse with and without STZ-induced diabetes
using NMR analysis technology.

Conventional lipid assays, including the Cholestech method
employed in this study, determine the total amounts of choles-
terol and TG present in all circulating lipoproteins, and the
amount of cholesterol carried by HDL. However, these mea-
sures are unable to provide any quantification of lipoprotein
classes or subclasses, either in terms of composition or size
distribution. The NMR technique provides an opportunity to
gain important information about subclass size distribution
rapidly, using small samples of serum or plasma without phys-
ical separation of lipoprotein subclasses.

In the present study, the NMR data show that there was a
2-fold increase in the concentration of VLDL-sized particles in
the DKO-D versus DKO-C mice (Fig 1A), despite no accom-
panying increase in total TG levels (Table 3). This observation
implies that, in the DKO-D mice, particles within the size range
of small human VLDL are in fact similar in lipid composition
to particles in the large LDL size range, ie, they are rich in
cholesteryl esters, not TGs. Similarly, the data show that de-
spite elevated levels of calculated “LDL-C” in the DKO-D
versus DKO-C mice (Table 3), there was no significant diabe-

Fig 2. NMR analysis of lipoprotein particle diameter in WT and

Ldlr-/- Apobec1-/- mice with and without STZ-induced hyperglyce-

mia. Values presented are mean � SD. Means within lipoprotein

class having the same or no letters are not significantly different (P <
.05).

Fig 1. NMR analysis of (A) VLDL, (B) LDL and IDL, and (C) HDL

subclass profile in WT and Ldlr-/- Apobec1-/- mice with and without

STZ-induced hyperglycemia. Serum samples were obtained after

4-hour fast at age 40 weeks (at sacrifice). Values presented are

mean � SD. *Significant interaction among means within lipoprotein

subclass (P < .05). Means within subclass having the same or no

letters are not significantly different (P < .05). WT-C, wild-type non-

diabetic control; WT-D, wild-type diabetic; DKO-C, Ldlr-/- Apobec-/-

double knockout nondiabetic control; and DKO-D, Ldlr-/- Apobec-/-

double knockout diabetic.
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tes-associated change in the level of LDL-size particles (Fig
2B). This apparent discrepancy may be explained in the same
way: the additional cholesterol resides in particles the size of
small human VLDL.

The NMR lipoprotein profiling method used in the present
study supplied considerable useful information about mouse
lipoprotein characteristics. It defined which size-based lipopro-
tein categories were affected by the genetic manipulation
and/or by diabetes. When this new information was combined
with data obtained from “conventional” measures of total cho-
lesterol, TG, and HDL-C, further information could be inferred
about lipoprotein distributions. Our data show that cholesterol-
rich particles in the size range of human large LDL are respon-
sible for most of the hypercholesterolemia in the DKO mouse,
but as detailed above, particles in the size range of small human
VLDL may also contribute significantly to the hypercholester-
olemia. The data also show that none of the animal groups had
measurable amounts of lipoproteins in the size ranges of human
small LDL. Since small LDL is believed to have a significant
influence on the development of human vascular disease, this
lack may limit the relevance of the present DKO mouse model.
Furthermore, in all groups of mice employed in this study,
HDL was present in the large HDL subclass only, and its
concentration was unaffected by either diabetes or hyperlipid-
emia. In mice, as in several other animal species, HDL is the
dominant lipoprotein and the major cholesterol carrier.26,27 The
lack of the small, noncardioprotective form of HDL may limit
the relevance of this animal as a model for human disease.

Knowledge gained by the NMR analysis may help guide the
future development of animal models with lipoprotein profiles
that simulate human profiles more closely. Such animals will be

of great potential value for studying human dyslipidemia, in-
cluding the role of diabetic dyslipidemia in accelerating the
vascular complications of diabetes. Improved animal models
may readily be envisaged; for example, further modification of
the Ldlr-/- Apobec1-/- mouse model by transfection with the
cholesteryl ester transfer protein (CETP) gene might induce a
lipoprotein profile closer to the human profile. It has already
been reported that transgenic mice expressing CETP display
decreased plasma HDL-C19,28 and have smaller HDL particle
size.29

In an effort to define the role of lipoprotein particle size in
susceptibility to atherosclerosis in the mouse, Veniant et al
recently characterized the lipoproteins in apoE-deficient
apoB100-only and LDLr-deficient apoB100-only mice, which
have similar total plasma cholesterol levels.30 They concluded
that at a given cholesterol level, large numbers of small apoB-
containing lipoproteins are more atherogenic than lower num-
bers of large ones.30 In their study, lipoprotein particle diam-
eters were determined by dynamic light scattering analysis with
a Microtrac Series 150 Ultrafine particle analyzer (Clearwater,
FL).30 As a continuation of the present study, we are working
to relate our lipoprotein data to the development and/or accel-
eration of vascular injury, both micro- and macrovascular, in
diabetic mice.

In conclusion, we have shown that the NMR technique is a
promising tool for assessing lipoprotein profiles in candidate
mouse models, such as our Ldlr-/- Apobec1-/- mouse. It has
potential for the assessment of interactions between hyperlip-
idemia and diabetes, and in refining animal models to simulate
human lipoprotein profiles.
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