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Purrosk. To determine associations between retinopathy status
and detailed serum lipoprotein subclass profiles in the Diabetes
Control and Complications Trial/Epidemiology of Diabetes In-
terventions and Complications Study (DCCT/EDIC) cohort.

MErHODS. Persons with type 1 diabetes (440 women, 548 men)
from the DCCT/EDIC cohort were studied. Retinopathy was
characterized by Early Treatment Diabetic Retinopathy Study
(ETDRS) scores, hard exudate scores, and ETDRS scores minus
the hard exudate component. Lipoproteins were characterized
by conventional lipid profile, nuclear magnetic resonance li-
poprotein subclass profile (NMR-LSP), apoAl, apoB, lipopro-
tein(a), and susceptibility of LDL to oxidation. Data were ana-
lyzed with and without the following covariates: age, gender,
duration of diabetes, HbA,_., albumin excretion rate (AER),
creatinine clearance, hypertension, body mass index, waist-hip
ratio, DCCT treatment group, smoking status.

ResuLts. The severity of retinopathy was positively associated
with triglycerides (combined cohort) and negatively associated
with HDL cholesterol (men, combined cohort). NMR-LSP iden-
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tified retinopathy as being positively associated with small and
medium VLDL and negatively with VLDL size. In men only,
retinopathy was positively associated with small LDL, LDL
particle concentration, apoB concentration, and small HDL and
was negatively associated with large LDL, LDL size, large HDL,
and HDL size. No associations were found with apoAl, Lp(a),
or susceptibility of LDL to oxidation. All three measures of
retinopathy revealed the same associations.

Concrusions. NMR-LSP reveals new associations between se-
rum lipoproteins and severity of retinopathy in type 1 diabetes.
The data are consistent with a role for dyslipoproteinemia
involving lipoprotein subclasses in the pathogenesis of diabetic
retinopathy. (Invest Opbthalmol Vis Sci. 2004;45:910-918)
DOI:10.1167/i0vs.02-0648

he pathogenesis of diabetic retinopathy is not completely

understood, but established risk factors include poor gly-
cemic control, hypertension, increasing age, and duration of
diabetes.' Further identification of risk factors and determi-
nants for retinopathy is important to improve understanding of
disease mechanisms, and to facilitate new treatments and pre-
ventive strategies.

Cross-sectional studies have shown positive associations
between the severity of retinopathy and conventional plasma
lipid profiles, specifically total- and LDL-cholesterol levels and
the LDL-HDL cholesterol ratio.” The Epidemiology of Diabetes
Complications Study demonstrated that high triglycerides and
high LDL at baseline are associated with subsequent progres-
sion of retinopathy over 2 years.® The Early Treatment Diabetic
Retinopathy Study (ETDRS) showed that baseline risk factors
for proliferative diabetic retinopathy include high triglycerides,
supporting “the possibility that reducing elevated blood lip-
ids. .. slow(s) the progression of retinopathy.”* Consistent
with this, lipid-lowering dietary® and drug® therapy may lead to
regression of retinal hard exudates, and two studies concluded
that a diet high in polyunsaturated fatty acids may confer
protection against retinopathy, perhaps by modifying platelet
function.”

Each of the three major lipoprotein classes that are mea-
sured in conventional lipid profiles, VLDL, LDL, and HDL, has
a distinct diameter range and unique structural characteristics
and functions. Very briefly, VLDL particles contain three apo-
lipoproteins (B, C, and E), are triglyceride-rich, and transport
triglycerides from the liver to other tissues. LDL particles con-
tain only apolipoprotein B and deliver cholesterol to tissues.
HDL particles contain apolipoproteins A, C, and E, and remove
cholesterol from tissues. In conventional lipid profiles, plasma
concentrations of each class are expressed in terms of its
contribution to total cholesterol, providing only a crude de-
scription of a very complex system. Modifications of lipopro-
teins by glycation and oxidation® and/or variations in the size
(i.e., diameter) distributions of lipoprotein particles within the
major lipoprotein classes, are not reflected in conventional
profiles. In the cases of LDL and HDL,” mean particle size is
known to be inversely associated with vascular disease. For
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FIGURe 1. The NMR technique determines the concentrations (in
milligrams per decaliter) of the 15 size-based lipoprotein subclasses
shown. It also determines the mean particle diameters (in nanometers)
of VLDL, LDL, and HDL, and the molar concentration of LDL particles
in plasma. Lipoprotein classes and subclasses are structurally and
metabolically distinct, differing by apolipoprotein content and lipid
composition, as well as by size and density.

example, a preponderance of small LDL has been associated
with diabetic nephropathy,'® whereas both small LDL'" and
small HDL'? have been associated with atherosclerosis. Studies
addressing the associations of size-based lipoprotein subclasses
with diabetic microvascular complications are few, and none
concern diabetic retinopathy. Such studies have been ham-
pered by the laborious techniques necessary to distinguish
lipoprotein subclasses, which, until recently, required physical
separation of subclasses. A new technique, nuclear magnetic
resonance (NMR) analysis of whole serum, can rapidly deter-
mine concentrations of 15 different lipoprotein subclasses,
designated according to particle size (Fig. 1), without physical
separation of the subclasses.'® In the present study, we per-
formed the first cross-sectional assessment of the relationship
between diabetic retinopathy and a comprehensive lipopro-
tein analysis, which included conventional lipid profiles, li-
poprotein subclasses defined by NMR analysis, levels of apoli-
poproteins relevant to vascular disease (apo-Al [present on
HDL], apo-B [present on LDL, IDL, and VLDL]), and lipopro-
tein(a) [Lp(a)]), and the susceptibility of isolated LDL to in vitro
oxidation.

METHODS

Study Subjects

The original cohort of the Diabetes Control and Complications Trial
(DCCT) comprised 1441 volunteers (97% whites, 2% African American,
1% Hispanic or Native American) who, at study entry (1983-1989)
were aged 13 to 39 years and had had type 1 diabetes for 1 to 15
years.'* Subjects were observed until 1993 (average follow-up 6.5
years) on randomly assigned intensive (z = 711) or conventional (n =
730) treatments. The goal of the DCCT was to determine whether
intensive therapy, aimed at normalizing blood glucose and HbA,,
would prevent or delay complications, primarily retinopathy. In 1993,
the trial was stopped because of a salutary effect of intensive therapy
on retinal, renal, and neurologic outcomes.'*'> Of the DCCT subjects,
1326 subsequently participated in the Epidemiology of Diabetes Inter-
vention and Complications (EDIC) trial, a noninterventional, observa-
tional, longitudinal study.'®

In 1996, a collaborative project between investigators at the Med-
ical University of South Carolina (MUSC) and DCCT/EDIC investigators
was implemented to identify new risk factors and mechanisms for
vascular disease in type 1 diabetes. Twenty-five of the 28 DCCT/EDIC
centers participated, and, from 1997 to 1999, this provided MUSC
investigators with access to 1180 of the 1326 subjects still under
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follow-up. Of these, 968 consented and provided samples for the
present study. Fasting serum was shipped overnight at 4°C to MUSC.
Aliquots were frozen, stored at —70°C and later used to determine
NMR lipoprotein subclass profiles (NMR-LSP), apoA1l, apoB, and Lp(a).
From fresh serum, LDL was isolated by ultracentrifugation, and the
susceptibility of its protein and lipid components to copper-mediated
in vitro oxidative stress was determined.

The study was approved by the Institutional Review Boards of
MUSC and each DCCT/EDIC center, and adhered to the tenets of the
Declaration of Helsinki. The clinical characteristics of the 968 subjects
from whom NMR-LSP was obtained are summarized in Table 1. This
cohort comprised 67% of the original DCCT cohort and 73% of subjects
still under follow-up in DCCT/EDIC. Although sample bias is possible,
the study cohort was representative of the entire DCCT cohort for all
characteristics shown in Table 1, both at the time of DCCT close-out in
1993 and at the time of the present study.

EDIC Procedures

DCCT/EDIC subjects participated in annual evaluations, including rest-
ing electrocardiograms, arm blood pressure, and HbA, . determined by
high-performance liquid chromatography in the DCCT/EDIC central
laboratory.'” On alternate years, fasting lipid profiles and AER from
4-hour urine collections were determined in the central laboratory.
Therefore, it took 2 years, in this case 1997 to 1999, for the entire
DCCT/EDIC cohort to complete one cycle of the study at MUSC. The
fasting blood samples sent to MUSC were obtained from the same
samples as those sent to the DCCT/EDIC central laboratory for fasting
lipid profiles.

Assessment of Retinopathy

In DCCT/EDIC, retinopathy was assessed every 4 years, with graders at
the University of Wisconsin Reading Center unaware of DCCT random-
ization status.' For the present study, we used the scores obtained at
the annual visit preceding the one at which the fasting blood sample
was obtained. We used three different measures of retinopathy in our
analyses, each derived from stereoscopic seven-field fundus photogra-
phy according to the ETDRS protocol'® used for DCCT/EDIC."* First,
we used the “abbreviated final version of the ETDRS scale of diabetic
retinopathy severity.”'*!° This provides a score on a scale of 1 to 23 for
individual subjects, not for individual eyes (i.e., the score estimates
severity using a composite of lesions in both eyes). Subjects were
categorized into three groups by ETDRS severity, as defined in Table 2.

Second, we used scores for the presence and severity of hard
exudates as defined by ETDRS.?° This analysis was conducted because
of known associations of hard exudate status (as an individual compo-
nent of retinopathy) with conventional plasma lipid profiles (2- 4), and
because hard exudate status contributes only a relatively minor,
“present/absent” component of the ETDRS score. Specifically, if
present, hard exudates can raise ETDRS scores (which range from 1 to
23) only from =3 to 4 (if present in one eye) or to 5 (both eyes). The
same score changes can also be caused by the presence of soft exu-
dates and mild retinal hemorrhages. For ETDRS scores of 6 or above,
hard exudate status does not contribute. In the separate system used
specifically to assess hard exudates, scores were assigned to individual
eyes (0, 1, 2, 3, 4, and 5 by increasing severity), and the score assigned
to each subject was that of the more severely affected eye.

Third, we performed an analysis using ETDRS scores from which
the (categorical) contribution of hard exudates had been removed, to
determine whether the associations between total ETDRS scores and
lipoprotein status would persist. This adjustment led to reductions in
ETDRS scores (from 4 or 5 to 2 or 3) in only 23 subjects. As described
in the following sections, all three analyses demonstrated essentially
the same associations between retinal status and lipoprotein profiles.
Therefore, only the associations of total ETDRS scores with lipoprotein
profiles are presented in the tables.
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TaBLE 1. Clinical Characteristics of 968 DCCT/EDIC Study Subjects at Time of NMR-LSP Sample Acquisition (1997-1999), According to Gender
and Former DCCT Randomization Group (Intensive or Conventional treatment)

Women (n = 428)

Men (n = 540)

Intensive Conventional Intensive Conventional

(n = 225) (n = 203) (n = 275) (n = 265)

Mean (SE) Mean (SE) P Mean (SE) Mean (SE) P
Age () 39.9(0.5) 38.4 (0.5) <0.05 39.9 (0.49) 40.2 (0.49) NS
Duration of type 1 diabetes (y) 17.6 (0.3) 17.8 (0.9 NS 17.5 (0.3) 16.8 (0.3) NS
Body mass index (BMI, kg/m?) 26.8 (0.3) 25.9(0.3) <0.05 27.3(0.3) 27.0 (0.2) NS
Waist-to-hip ratio 0.8 (0.0) 0.8 (0.0) NS 0.9 (0.0) 0.9 (0.0) NS
HbA,. (percent hemoglobin, Hb) 8.2 (0.1) 8.2 (0.1) NS 8.1 (0.1) 8.3 (0.1) <0.05
Mean DCCT HbA,. (% Hb) 7.3 (0.1 9.1 (0.1 <0.0001 7.2 (0.1) 9.0 (0.1) <0.0001
Systolic BP (mm Hg) 116.9 (1.0) 115.0 (0.9) NS 121.1 (0.7) 123.6 (0.9) <0.05
Diastolic BP (mm Hg) 73.3 (0.6) 72.2 (0.6) NS 76.4 (0.5) 77.3 (0.6) NS
Total cholesterol (mg/dL) 189.0 (2.2) 187.1 (2.3) NS 190.0 (2.2) 188.7 (2.2) NS
HDL (conventional profile; chol, mg/dL) 63.0 (1.0) 62.7 (1.0) NS 51.2 (0.8) 51.7 (0.7) NS
LDL (conventional profile; chol, mg/dL) 110.9 (2.0) 108.8 (2.1 NS 118.8 (1.9) 118.1 (1.9) NS
Triglycerides (conventional profile; mg/dL) 75.7 (2.5 78.0 (4.0) NS 98.2 (4.1 96.2 (4.5) NS
Standard creatinine clearance (mL/min) 110.9 (1.6) 110.3 (1.7) NS 120.6 (1.4) 119.2 (1.6) NS

% (SE) % (SE) P % (SE) % (SE) P

BMI > 27.3 in women, > 27.8 in men (kg/m?®) 39.3 (0.2) 28.2 (0.6) <0.02 38.5 (0.2) 36.3 (0.5) NS
Hypertension* 26.1(0.2) 26.2 (0.6) NS 42.1(0.2) 47.3(0.5) NS
AER > 40 mg/24 hours 6.8(0.1) 16.8 (0.5) 0.001 11.5 (0.1) 20.5 (0.4) <0.005
Smokert 20.9 (0.2) 17.3 (0.5) NS 20.3 (0.1 18.3 (0.4) NS
Taking lipid lowering medicationst 4.0(0.1) 3.9(0.3) NS 7.3 (0.1 6.0 (0.2) NS
Taking ACE inhibitort 6.7 (0.1) 13.8 (0.5) <0.02 12.4 (0.1 17.7 (0.4) NS

Probabilities refer to differences for each gender according to former randomization group. chol, cholesterol. ACE, angiotensin-converting

enzyme.

* Hypertension is defined by previously documented or current SBP/DBP > 140/90 mm Hg.

T At time of blood sample collection.

Nuclear Magnetic Resonance Lipoprotein
Subclass Profiles

Serum was separated by prompt centrifugation (3000 rpm, 20 min-
utes), shipped overnight on wet ice to MUSC, and stored at —70°C.
Serum collected on Fridays was stored at 4°C for shipment the follow-
ing Monday.

NMR-LSP was measured on first-thaw serum (250 pl) using a
400-MHz proton NMR analyzer at LipoScience Inc. (Raleigh, NC). The
NMR technique entails measurement of the distinctive lipid methyl
group signals broadcast by lipoprotein particles of differing sizes and
has recently been described in detail."® Briefly, the measured ampli-
tudes of the signals provide the concentrations of 15 lipoprotein
subclasses, as defined in Figure 1. The diameter ranges for each sub-
class were established by calibration using purified subfractions iso-
lated by ultracentrifugation and agarose gel filtration, in which particle
size distribution was determined by “gold standard” techniques: elec-
tron microscopy for VLDL and LDL and polyacrylamide gradient gel

electrophoresis for HDL. NMR-determined LDL subclass diameters are
consistent with calculations based on lipid compositional data*' and
electron microscopy measurements,> but are approximately 5 nm
smaller than those estimated by gradient gel electrophoresis.>* Of the
NMR-determined LDL subclasses, the smallest, L1, reflects levels of
small, dense LDL. For the HDL subclasses, H5, H4, H3, H2, and H1 have
been established as similar to gradient gel electrophoresis subclass
designations 2b, 2a, 3a, 3b, and 3c,*® respectively.'> VLDL subclass
levels are expressed as milligrams per decaliter triglyceride, and LDL
and HDL subclass levels as milligrams per decaliter cholesterol.

In the present study, data for the six VLDL and the five HDL subclasses
suggested that subclass grouping was appropriate to simplify data analysis,
e.g., for HDL, the two smallest subclasses (H1, H2) exhibited similar
associations which were opposite to those of the three larger subclasses
(H3-H5). HDL subclasses were therefore grouped as small (H1+H2) and
large (H3+H4+H5). Likewise, VLDL subclasses were grouped as small
(V1+V2), medium (V3+V4), and large (V5+V6).

TABLE 2. Categories of Severity of Retinopathy According to ETDRS scores, as Used in Tables 3, 4, and 5

ETDRS Score Retinopathy Description Definition

Steps 1-3 None-Minimal From no retinopathy (step 1) through to bilateral microaneurysms, i.e. “very mild”
non-proliferative diabetic retinopathy (NPDR) (Step 3).

Steps 4-9 Mild-moderate nonproliferative From unilateral “mild” NPDR (microaneurysms plus hard exudates, cotton wool
spots, and/or mild hemorrhages) (step 4) through to bilateral “moderate” NPDR
(moderately extensive intraretinal microvascular abnormalities (IRMA), severe
retinal hemorrhages, or venous beading in one quadrant only) (step 9).

Steps 10-23 Preproliferative and proliferative Unilateral “severe” NPDR (severe hemorrhages in four quadrants, venous beading

in at least two quadrants, moderately severe (IRMA) in at least one quadrant,
step 10), or worse.




I0OVS, March 2004, Vol. 45, No. 3 Diabetic Retinopathy and Lipoprotein Subclasses 913
TABLE 3. Associations of ETDRS Scores with Conventional Lipid Profiles
ETDRS Score
Conventional 1-3 49 10-23 Significance
Lipid Profile (245 Females; 230 Males: (147 Females; 255 Males: (39 Females; 44 Males:
(mg/dL) Total 475) Total 402) Total 83) P P? P

Total

Triglycerides

Female 74.4 (2.9) 75.0(3.2) 99.3 (12.0) <0.001 NS

Male 86.2 (4.0) 101.4 (4.3) 124.5 (14.7) <0.01 NS

Total 80.1 (2.5) 91.5(3.0) 112.7 (9.7 <0.0001 0.06 NS
LDL

Cholesterol

Female 107.8 (2.0) 1133 (2.2) 115.4 (4.3) <0.05 NS

Male 115.4 (2.1 119.2 (1.7) 125.6 (5.6) NS NS

Total 111.5 (1.4) 117.0 (1.4) 120.7 (3.6) <0.01 NS NS
HDL

Cholesterol

Female 64.1 (1.0) 60.7 (0.9) 60.5 (2.5) <0.02 NS

Male 53.0 (0.9) 51.2(0.8) 46.5(1.2) <0.01 <0.01

Total 58.7 (0.7) 54.8 (0.6) 53.1 (1.5) <0.0001 <0.002 NS

All probabilities <0.10 are shown; <0.05 in bold. Data are expressed as the mean = SE. P', test for trend; quantitative dependent variable is
ordinal ETDRS retinopathy score; independent variable is specified lipid parameter. P, test for trend; quantitative dependent variable is ordinal
ETDRS retinopathy score, independent variable is specified lipid parameter adjusted for age, gender (if applicable), duration of diabetes,

hypertension, AER, creatinine clearance, HbA,,

BMI, WHR, and DCCT randomization group. P, test for interaction between specified lipid

parameter and sex in predicting ETDRS retinopathy score; covariates as for P>

The average particle size (diameter in nanometers) of each lipopro-
tein class (VLDL, LDL, HDL) was calculated from the relative contribu-
tions of its constituent subclasses. LDL particle concentration (in nano-
molar) was determined as the sum of the particle concentrations of the
individual LDL subclasses (including IDL). The latter were calculated
by relating the NMR signal amplitudes that corresponded to individual
subclasses to those of isolated subclass standards.?°

Apolipoproteins

Serum apoAl, apoB, and Lp(a) were measured at MUSC by nephelom-
etry (Beckman, Brea, CA).

Susceptibility of LDL to Oxidation

Freshly isolated plasma (containing 2.8 mM EDTA, 62 uM chloram-
phenicol, 50 ug/mL gentamicin sulfate, 10 mM e-amino-caproic acid,
final concentrations) was shipped overnight at 4°C from DCCT/EDIC
centers to MUSC. LDL (density 1.019-1.063 g/mL) was isolated by
sequential ultracentrifugation as described.? Susceptibility to oxida-
tion of the lipid component of LDL (z = 704) was determined by a
modification of the method of Esterbauer et al.,?® as described.?®
Results were expressed as the change in absorbance (A absorbance) at
234 nm from baseline to peak absorbance (measuring formation of
conjugated dienes, reflecting change in content of lipid peroxides)
after exposure to 5 uM Cu®" ions. Susceptibility to oxidation of the
protein component (z =710) was determined from fluorescence (ex-
citation, 360 nm; emission 430 nm), expressed as the ratio of fluores-
cence after 24 hours of exposure to Cu®>" over that at baseline.

Statistical Analyses

For analyses examining differences between former DCCT/EDIC treat-
ment groups (Table 1), we used a two-sample #-test assuming equal
variances or a x* test with 1 degree of freedom.

For analyses of associations between retinopathy scores (either
ETDRS or exudate scores) and lipoprotein status, the ordinal score was
treated as a dependent variable in the regression models, with each
lipoprotein parameter as the independent variable. Three regression
analyses were completely stratified by gender. In the first analysis
(designated P! in Tables 3, 4, 5), univariate analyses between ordinal
retinopathy scores and each lipoprotein parameter were completed. In

the second (P? in the tables), a standard set of covariates was added to
the model: age, duration of diabetes, HbA, ., AER, creatinine clearance,
hypertension, body mass index, waist-hip ratio, DCCT randomization
group, smoking status, and for the combined cohort, gender. In the
third analysis (P* in the tables), we determined whether the relation-
ship between retinopathy scores and lipoprotein parameters was the
same for men and women. The probabilities (P', P?, P?) reported in
Tables 3, 4, and 5 represent tests of the linear relationship between
retinopathy scores as dependent variables and the lipoprotein param-
eters.

At the time of DCCT close-out in 1993 (the most recent time point
at which comparative data were available), our study cohort (7 = 968)
was representative of the entire DCCT/EDIC cohort, in that it did not
differ from the total cohort according to any of the parameters shown
in Table 1, or in its racial and ethnic composition.

RESULTS

Table 1 presents clinical characteristics of the 968 subjects
with type 1 diabetes in whom NMR-LSP was performed, ac-
cording to gender and former DCCT randomization group. As
has been reported for the entire DCCT/EDIC cohort,?” retinop-
athy remained more severe in subjects from the former con-
ventional than the former intensive DCCT treatment group.
This was the case, even though the difference in glycemic
control between these groups, reflected by annual HbA, . de-
termination, narrowed dramatically between 1994 (year 1 of
EDIC) and 1997 to 1999, the time of the present study.'® By
1998, the difference in HbA, . between former intensive and
conventional treatment groups persisted for men only, and was
small (0.2%) compared with the difference (1.7%) that was
maintained (for both genders) during the DCCT.'*'> For both
former DCCT randomization groups, retinopathy was slightly
but significantly more severe in men than in women (conven-
tional group: P < 0.02; intensive group: P < 0.05; Kruskal-
Wallis nonparametric test).

There were no differences in current lipid profiles (Table 1)
between former DCCT intensive and conventional treatment
groups; however, lipid profiles differed substantially between
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TABLE 4. Associations of ETDRS Scores with NMR-Determined Lipoprotein Subclasses

ETDRS Score

NMR 1-3 4_9 10-23 Signiﬁcance
Lipoprotein Subclass (237 Females; 231 Males: (147 Females; 255 Males: (35 Females; 42 Males:
(mg/dL)* Total 468) Total 402) Total 77) P p? P

Large VLDL TG

Female 5.6 (0.8) 5.8 (1.0) 10.5 (3.7) <0.02 NS

Male 9.6 (1.6) 14.6 (2.1) 17.4 (4.9 NS NS

Total 7.6 (0.9) 11.4 (1.4 14.3 (3.2) <0.05 NS NS
Medium VLDL TG

Female 14.5 (1.2) 13.8 (1.6) 29.2 (6.4) <0.001 0.05

Male 26.3 (2.49) 31.0 (2.0) 43.3 (8.1 <0.01 <0.05

Total 20.4 (1.4) 24.7 (1.5) 36.9 (5.3) <0.0001 <0.01 NS
Small VLDL TG

Female 14.4 (0.9) 15.7 (1.2) 25.9 (3.4) <0.0001 <0.02

Male 19.5 (0.9 22.4 (1.0) 34.7 (3.2) <0.0001 <0.0001

Total 16.9 (0.6) 19.9 (0.8) 30.7 (2.4) <0.0001 <0.0001 NS
IDL Cholesterol

Female 2.4(0.3) 2.4 (0.9) 1.2 (0.9 NS NS

Male 1.3 (0.2) 1.6 (0.3) 1.0 (0.9 NS NS

Total 1.8 (0.2) 1.9 (0.2) 1.1 (0.3) NS NS NS
L3 Cholesterol

Female 64.9 (2.3) 75.3 (2.8) 72.4 (6.4) NS NS

Male 59.5 (2.8) 52.4 (2.3) 43.4 (5.0) <0.01 <0.01

Total 62.2(1.8) 60.8 (1.9) 56.6 (4.3) 0.10 NS <0.01
L2 Cholesterol

Female 313 2.1 283 (2.8) 28.2 (5.6) NS NS

Male 37.8(2.2) 45.9(2.3) 46.4 (6.49) NS 0.05

Total 34.5(1.5) 39.4 (1.8) 38.1 (4.9) NS NS <0.05
L1 Cholesterol

Female 25.9(1.9) 26.2(2.1) 29.2 (6.1) NS NS

Male 28.4 (2.3) 31.0 (2.2) 49.0 (7.9) <0.001 <0.05

Total 27.1(1.5) 29.3 (1.6) 40.0 (5.0) <0.001 0.06 NS
Large HDL Cholesterol

Female 44.2 (1.0) 40.9 (1.0) 39.6 (2.7) <0.05 0.10

Male 31.1 (1.0) 28.2 (0.9) 22.6(1.8) <0.001 <0.001

Total 37.7 (0.8) 32.8(0.7) 30.4 (1.8) <0.0001 <0.001 NS
Small HDL Cholesterol

Female 13.8 (0.4) 15.6 (0.5) 16.5 (1.1) <0.05 NS

Male 19.1 (0.9 20.2 (0.9) 21.7 (1.0) <0.01 <0.05

Total 16.4 (0.3) 18.5 (0.3) 19.3 (0.8) <0.0001  0.08 NS

Data are expressed as the mean * SE. Definitions of probabilities are as in Table 3. TG, triglycerides.

* For subclass definitions, see Figure 1.

genders,28 and, for this reason, data for men and women were
analyzed separately. Tables 3 through 5 summarize the lipopro-
tein values for men, women, and the combined cohort, accord-
ing to the categorical severity of retinopathy, as defined in
Table 2. They also show probabilities representing the results
of regression analyses that relate ordinal ETDRS score (used as
a continuous variable) to each lipid parameter (as the indepen-
dent variable). Three different regression analyses are reported
as described earlier. For brevity, the multivariate analysis (P°)
will be emphasized in the text that follows. Table 3 presents
the results for the conventional lipid profile. Although ETDRS
scores were significantly related to triglyceride levels in uni-
variate analyses, multivariate analyses (P exhibited only a
borderline association present in the combined cohort only.
LDL cholesterol tended to increase in both genders with more
severe retinopathy, but this was not significant in the multivar-
iate analyses. HDL cholesterol was inversely associated with
ETDRS score in both genders with univariate analyses, but only
in men and the combined cohort in the multivariate analyses.
There were no significant gender interactions with these pa-
rameters. In general therefore, more severe retinopathy was
associated with higher total triglyceride levels, lower HDL
cholesterol levels, and a trend toward higher LDL cholesterol.

Tables 4 and 5 present results from the detailed lipoprotein
subclass profile obtained with NMR analysis. The tables de-
scribe 947 subjects in whom the multivariate analysis was
possible for all covariates. Table 4 summarizes data for the
individual lipoprotein subclasses. Subclasses of VLDL, LDL, and
HDL all exhibited differential associations with ETDRS score.
Although large VLDL was not associated with ETDRS score,
medium and, in particular, small VLDL levels were strongly and
positively associated with more severe retinopathy in both
genders. For LDL, significant associations of subclasses were
observed in men only. Multivariate analysis revealed that the
larger, relatively less atherogenic L3 subclass was inversely
associated with ETDRS score, whereas medium LDL (L2) and
the smaller, denser, and more atherogenic L1 subclasses were
positively associated. Thus, in men, more severe retinopathy
was associated with a shift in LDL particle size distribution
away from (large) L3 toward (small) L1. For HDL subclasses,
associations with ETDRS score were again more marked in
men. Multivariate analyses showed that in men and in the
combined cohort, large HDL was inversely associated with
ETDRS score, whereas small HDL was positively associated
with ETDRS score. In women, a similar trend was seen with
large HDL only.
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TABLE 5. Associations of ETDRS Scores with NMR-Determined Lipoprotein Particle Diameter and LDL Particle Concentration

ETDRS Score
1-3 10-23 Significance
NMR Particle Size and (237 Females; 231 Males: (147 Females; 255 Males: (35 Females; 42 Males:

LDL Concentration Total 468) Total 402) Total 77) Pt P? P
VLDL size (nm)

Female 53.61 (1.46) 51.26 (1.60) 45.45 (3.07) <0.05 <0.02

Male 49.29 (1.07) 47.52 (0.75) 43.31 (1.07) <0.002 <0.0001

Total 51.48 (0.91) 48.89 (0.76) 44.28 (1.51) <0.0001 <0.0001 0.08
LDL size (nm)

Female 20.99 (0.04) 21.10 (0.09) 21.07 (0.10) NS NS

Male 20.88 (0.09) 20.76 (0.04) 20.55 (0.10) <0.0002 <0.02

Total 20.93 (0.03) 20.88 (0.03) 20.78 (0.07) <0.01 NS <0.02
HDL size (nm)

Female 9.29 (0.03) 9.19 (0.03) 9.20 (0.08) 0.06 NS

Male 8.92 (0.03) 8.83 (0.03) 8.64 (0.05) <0.0001 <0.001

Total 9.11 (0.02) 8.96 (0.02) 8.90 (0.05) <0.0001 <0.01 0.07
LDL particle concentration

(nmol/L)

Female 1384 (24.77) 1459 (30.149) 1463 (68.59) 0.06 NS

Male 1426 (28.05) 1484 (24.11D) 1665 (85.21) <0.002 0.07

Total 1405 (18.69) 1475 (18.84) 1574 (56.84) <0.002 NS NS

Data are expressed as the mean * SE. Definitions of probabilities are as in Table 3.

Table 5 shows data for the remaining NMR-derived lipopro-
tein parameters: mean particle size (diameter) for VLDL, LDL,
and HDL, and molar particle concentration for LDL. Consistent
with the data in Table 4, significant associations with ETDRS
score were found more frequently in men than in women. In
men, smaller VLDL, LDL, and HDL sizes were all associated
with higher ETDRS scores, whereas higher LDL particle con-
centration showed a borderline association with ETDRS score.
In women, the only significant association was with mean
VLDL particle size. Among apolipoproteins Al and B and Lp(a),
and susceptibility of LDL to oxidation, only apoB in men and in
the combined cohort was significantly associated with ETDRS
score in multivariate analyses (data not shown). Hard exudate
scores were available for 871 subjects from our cohort, and of
these, 685 were classified as having no hard exudates, 99 had
mild ones, and 87 had severe ones. Hard exudate scores ex-
hibited essentially the same associations with NMR lipoprotein
subclasses as total ETDRS scores (data not shown). Hard exu-
date scores also exhibited the same associations as ETDRS
scores, with particle size determined by NMR and with con-
ventional lipoprotein profiles, apolipoprotein Al and B and
Lp(a) levels, and susceptibility of LDL to oxidation (data not
shown). Also, reanalysis of ETDRS scores after adjustment to
remove the hard exudate component had no impact on the
associations found (data not shown).

DISCUSSION

Our study describes new associations between plasma lipopro-
teins and diabetic retinopathy. The findings complement other
recent work in which we have described the associations of
gender, glycemia, and nephropathy status with serum lipopro-
teins in the same cohort of people with type 1 diabetes.?®*°
The strengths of all these studies are the extent of clinical data
available in the DCCT/EDIC and the comprehensive nature of
the lipoprotein analyses, which included not only conventional
lipid profiles, but also apolipoprotein assays and NMR-LSP.

In the present study, NMR-LSP in particular revealed asso-
ciations between retinopathy status and lipoprotein subclasses
that were previously unknown and could not be discerned
from conventional lipid profiles. The severity of retinopathy

was only weakly associated with conventional lipid profiles
(Table 3). Specifically, there was a borderline association be-
tween severity of retinopathy and triglycerides in the entire
cohort, whereas in men and in the entire cohort, retinopathy
score was associated with lower HDL cholesterol. The findings
are broadly consistent with those in studies by others.>* In
contrast, much stronger associations and gender differences
were identified by the NMR-LSP (Tables 4, 5). These associa-
tions were consistent across all three measures of retinopathy:
ETDRS scores, hard exudate scores, and ETDRS scores with the
hard exudate component subtracted. Furthermore, the associ-
ations involved subclasses within all three major lipoprotein
classes (VLDL, LDL, HDL).

Retinopathy was strongly associated with small and me-
dium, but not large, VLDL in each gender. Accordingly, reti-
nopathy was inversely associated with average VLDL particle
size. Associations between retinopathy and levels of triglycer-
ide-rich lipoproteins may be partly explained by prothrom-
botic effects of the latter on vascular cells. For example, VLDL
may increase secretion of plasminogen activator inhibitor
(PAI-1) by human endothelial cells.>®

Retinopathy was also independently associated with NMR-
derived LDL parameters, but only in men. Thus, in men, reti-
nopathy was positively associated with small LDL cholesterol
concentration (L1, milligrams per deciliter) and LDL particle
concentration (nanomolar) and negatively associated with
large-LDL-cholesterol concentration (L3, milligrams per decili-
ter) and average LDL particle diameter (nanometers). The op-
posite associations of retinopathy with large and small LDL
particles can explain why there was no association with (total)
LDL-cholesterol in the conventional lipid panel. The absence of
these associations in women reflects a gender difference that
could not be discerned from the conventional lipid profile.
Small LDL is known to be more atherogenic than large LDL,"!
perhaps because it more readily crosses the endothelium
and/or is more readily oxidized, and these same properties may
also contribute to retinal capillary injury. In the retinal capil-
lary, oxidized LDL is toxic to both pericytes and endothelial
cells’' and may have prothrombotic effects®® mediated by
activation of protein kinase C.%%
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Similar considerations apply to HDL. The conventional lipid
profile demonstrates that in men and in the combined cohort
there is a significant inverse association (borderline in women)
of retinopathy with HDL cholesterol. The NMR-LSP provides
more insight, demonstrating a strong negative association with
the large HDL subclass in men (borderline in women), and a
positive (i.e., opposite) association with small HDL in men.
These positive and negative associations with HDL subclasses
are obscured in the conventional lipid panel, which quantifies
only total HDL cholesterol. NMR-defined small HDL corre-
sponds to HDL,;, and HDL,,. as defined by polyacrylamide gel
electrophoresis, and these particles are considered potentially
proatherogenic.>® In contrast, the negative association of reti-
nopathy with large HDL (corresponding to HDL,) may be
attributable in part to the paraoxonase activity associated with
this lipoprotein. Paraoxonase detoxifies lipid peroxidation
products, is carried in association with large HDL, and is
believed to have a protective role against retinopathy.>>

We also measured levels of apoB, apoAl, and Lp(a). Reti-
nopathy was associated with apoB (present on VLDL, LDL, IDL,
and Lp(a)) in men and in the combined cohort. Again, this
reflects parallels with atherosclerosis risk, because elevated
apoB is an established risk factor for coronary disease. ApoAl,
present on HDL, trended downward with more severe retinop-
athy (low ApoAl is also a cardiovascular risk factor), but the
negative association of retinopathy with ApoAl did not reach
significance either for men or women. No association of reti-
nopathy with Lp(a) was found, in agreement with the previous
findings of Maser et al.,*® but in contrast to those of Guerci et
al.>” Ongoing analyses of Lp(a) (phenotyping, genotyping) are
in progress and may yield associations. Finally, we were unable
to find any association of retinopathy status with the suscepti-
bility of isolated LDL to oxidative stress.

Retinal hard exudates are the component of diabetic reti-
nopathy most likely to be related to plasma lipoproteins, be-
cause the exudates are lipid rich. The ETDRS showed that
severity of retinal hard exudates was strongly associated with
total triglycerides, total cholesterol, and LDL cholesterol.® Also,
elevated levels of these lipids conferred increased risk for
future hard exudates and subsequent visual deterioration.’® In
our study, we found associations of hard exudates with con-
ventional lipid measures in univariate analyses, but these were
lost in multivariate analyses. Again, NMR lipoprotein subclass
analyses revealed associations that remained significant in the
multivariate analyses. Studies using in vitro modified LDL (to
simulate modified, extravasated lipoproteins such as are found
in hard exudates) demonstrate adverse effects on retinal cap-
illary pericytes and endothelial cells,®" and so over the years,
hard exudates may reflect conditions (e.g., adverse lipoprotein
profile, more severe capillary leakage) that accelerate retinop-
athy. Hard exudates are known to improve with treatment of
hyperlipidemia, but typically this improvement does not re-
verse visual loss, at least in the short term.®

The associations we observed between retinopathy status
and NMR-LSP are similar to those we recently described be-
tween nephropathy (AER) and NMR-LSP.*® It is important to
note that the association between retinopathy and NMR-LSP
persisted after we controlled for AER in multivariate analyses.
This supports a possible role for dyslipidemia in the develop-
ment of retinopathy. Whereas one may envisage nephropathy
as a cause, not a consequence, of alterations in plasma lipopro-
teins, it seems unlikely that retinopathy, per se, would cause
dyslipidemia. Another recent study from our group, again using
NMR-LSP, showed that insulin resistance in the absence of
diabetes is associated with a dyslipidemia similar to that we
now identify as associated with retinopathy,® at least for
subclasses of LDL and HDL. It is of interest, however, that
insulin resistance was associated with large, not medium or
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small, VLDL, as were retinopathy and the AER. These findings
suggest that insulin resistance could underlie, at least in part,
the dyslipidemia associated with both retinopathy and ne-
phropathy. Thus, insulin resistance may confer risk, not only
for atherosclerosis in patients with impaired glucose tolerance
or type 2 diabetes, but also for atherosclerosis and microvas-
cular complications, including retinopathy, in patients with
type 1 diabetes.

In summary, our data show that within all three major
lipoprotein classes (VLDL, LDL, and HDL), diabetic retinopathy
is associated with a shift in subclass distribution toward small-
er-diameter particles, and with an increase in LDL particle
concentration. These associations cannot be detected from
conventional lipid profiles, which do not discern subclass dis-
tributions. Our findings in relation to VLDL apply to both men
and women, whereas those in relation to LDL and HDL apply
much more strongly to men, in multivariate analyses. Because
many of the alterations in lipoprotein subclasses have been
shown to confer increased cardiovascular risk, our data are also
consistent with the theory that dyslipoproteinemia may act as
a common risk factor for retinopathy and atherosclerosis in
diabetes.*® The different associations of retinopathy with li-
poprotein parameters between men and women suggest a
gender differential in risk for retinopathy, because typically
men have a much less favorable lipoprotein subclass profile
than women. This was also the case in the DCCT/EDIC co-
hort.?® Indeed, there is evidence in the literature that diabetic
men may be more susceptible than women to retinopathy,**42
and our data from the DCCT/EDIC cohort are in concurrence
with this. When we controlled for relevant variables, men had
slightly but significantly more severe retinopathy. Further pro-
spective studies, already in progress, are needed to support or
refute the possibility that lipoprotein subclass profiles contrib-
ute directly to the development of retinopathy. Future studies
must also determine whether measures to modify subclass
distribution, which may include use of existing insulin-sensi-
tizing agents, may prevent or mitigate retinopathy. NMR-LSP
appears to be a powerful and valuable tool with which to
address these questions.
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APPENDIX A

DCCT/EDIC Research Group Participants

STUDY CHAIRMEN: S. Genuth, D. Nathan.

CLINICAL CENTERS: Albert Einstein College of Medicine: H.
Shamoon, H. Dufty, S. Engel, H. Engel. Case Western Reserve
University: W. Dahms, L. Mayer, S. Pendegras, H. Zegarra, D.
Miller, L. Singerman. Cornell University Medical Center: D.
Brillion, M. Lackaye, M. Heinemann, F. Rahhal, V. Reppuci, T.
Lee. Henry Ford Health System: F. Whitehouse, D. Kruger,
J. D. Carey. International Diabetes Center: R. Bergenstal, M.
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Johnson, D. Kendall, M. Spencer, D. Noller, K. Morgan, D.
Etzwiler (past). Joslin Diabetes Center: A. Jacobson, E. Golden,
D. Soroko, G. Sharuk, Paul Arrigg, J. Doyle (past). Massachu-
setts General Hospital: D. Nathan, S. Fritz, J. Godine, C. Mc-
Kitrick, P. Lou. Mayo Foundation: ]J. Service, G. Ziegler, J.
Pach. Medical University of South Carolina: J. Colwell, D.
Wood, R. Mayfield, K. Hermayer, M. Szpiech, T. Lyons, J.
Parker, A. Farr, T. Thompson. Northwestern University: M.
Molitch, B. Schaefer, L. Jampol, D. Weinberg, A. Lyon. Univer-
sity of California, San Diego: O. Kolterman, G. Lorenzi, M.
Goldbaum. University of lowa: W. Sivitz, M. Bayless, R. Zeither
(past), T. E. Stone, H. C. Boidt, K. Gehries, S. Russell. Univer-
sity of Maryland School of Medicine: D. Counts, A. Kowarski
(past), D. Ostrowski, T. Donner, S. Steidl, B. Jones. University
of Michigan: W. Herman, D. Greene (past), C. Martin, M. J.
Stevens, A. K. Vine, S. Elner. University of Minnesota: ]J.
Bantle, B. Rogness, T. Olsen, E. Steuer, S. Kaushel. University
of Missouri: D. Goldstein, S. Hitt, J. Giangiacomo, L. D. Orm-
erod. University of New Mexico: D. Schade, J. Canady, M.
Schluster, A. Das, D. Hornbeck (past). University of Pennsyl-
vania: S. Schwartz, B. J. Maschak-Carey, L. Baker (deceased), S.
Braunstein, A. Brucker. University of Pittsburgh: T. Orchard,
N. Silvers, T. Songer, B. Doft, S. Olson, R. L. Bergren, M.
Fineman. University of South Florida: ]J. Malone, H. Wetz, C.
Berger, R. Gstalder, P. R. Pavan. University of Tennessee: M.
Bryer-Ash, A. Kitabchi, H. Lambeth, M. B. Murphy, S. Moser, D.
Meyer, A. Iannacone. University of Texas Southwestern Uni-
versity Medical Center: P. Raskin, S. Strowig, A. Edwards, J.
Alappatt, C. Wilson (past), S. Park (past). University of To-
ronto: B. Zinman, A. Barnie, S. MacLean, R. Devenyi, M. Man-
delcorn, M. Brent. University of Washington: J. Palmer, S.
Catton, J. Kinyoun, L. Van Ottingham (past). University of
Western Omntario: J. Dupre, J. Harth, C. Canny (past), D.
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Nicolle. Vanderbilt University: M. May, R. Lorenz (past), J.
Lipps, L. Survant, S. Feman (past), K. Tawansy, A. Agarwal.
Washington University: N, White, J. Santiago (deceased), L.
Levandoski, 1. Boniuk, G. Grand, M. Thomas, D. Burgess, D.
Joseph, K. Blinder. Yale University School of Medicine: W.
Tamborlane, P. Gatcomb, K. Stroessel.

COORDINATING CENTERS: Clinical Coordinating Center,
Case Western Reserve University: B. Dahms, R. Trail, J. Quin.
Data Coordinating Center, The George Washington Univer-
sity, Biostatistics Center: J. Lachin, P. Cleary, D. Kenny, J.
Backlund, L. Diminick, A. Henry, K. Klump, D. Lamas. Na-
tional Institute of Diabetes and Digestive and Kidney Disease
Program Office: C. Cowie, R. Eastman (past), J. Fradkin. Cen-
tral Fundus Photograph Reading Center, University of Wis-
consin: M. Davis, L. Hubbard, P. Geithman, J. Brickbauer, L.
Kastorff, M. Neider, D. Badal, B. Esser, K. Miner, H. Wabers.
Central Biochemistry Laboratory, University of Minnesota:
M. Steffes, J. Bucksa, B. Chavers. Central Carotid Ultrasound
Unit, New England Medical Center: D. O’Leary, L. Funk. Cen-
tral ECG Reading Unit, University of Minnesota: R. Crow, C.
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