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Abstract

Apo E plays an important role in chylomicron and VLDL remnant processing, uptake or conversion
to LDL. The type of lipoprotein that isolates in the LDL density of E2/2 subjects was investigated
and the effect of the apo E isoforms on LDL mass was determined in all genotypes in a large group
of Type 1 diabetics. Analysis of the LDL composition of E2/2 homozygotes (n = 6) compared to
subjects with the common E3/3 isoform (n = 6) demonstrated an enrichment in apo E, unesterified
cholesterol, phospholipid and triglyceride relative to apo B in E2/2 subjects, more typical of a dense
IDL remnant than of LDL. Although diabetics were studied, these findings are considered to reflect
those of the general population. Comparison of the lipoprotein distribution of homozygous and
heterozygous subjects revealed that, as genotype changed from E4/4 (n = 22) to E3/4 (n = 262), E3/3
(n=710) = E2/4 (n = 30), E2/3 (n = 151), E2/2 (n = 6), LDL cholesterol decreased significantly in
a stepwise manner. The decrease was not in a specific subgroup of LDL. In conclusion, for E2/2
subjects, lipoproteins isolated in the LDL density range appear to be composed mainly of dense IDL
remnants and some Lp(a). The apo E isoform also has a significant effect on LDL concentration in
both homozygotes and heterozygotes.
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1. Introduction

Apo E is an apolipoprotein found associated with chylomicrons, VLDL, their remnants and
HDL in plasma. One of the most important roles for apo E in lipoprotein metabolism is the
hepatic processing and uptake of chylomicron and VLDL remnants [1] mediated by apo E
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binding. Processing of the remnant is thought to lead to hepatic removal from plasma or to the
maturation of the VLDL remnant (IDL) to LDL. Apo E, in humans, is present in three isoforms,
apo E2, E3 and E4. These isoforms are expressed by alleles from a single gene, which are
inherited co-dominantly, generating six possible phenotypes. Apo E3 is the most common
isoform [2]. Apo E2 differs from E3 in that a cysteine is substituted for an arginine at position
158 whereas apo E4 differs from E3 due to an arginine being substituted for a cysteine at
position 112. These substitutions result in a progressive impairment of binding to the apo B/E
receptor with apo E4 binding most avidly and apo E2 having the weakest binding.

An example of the role of apo E in remnant uptake and maturation is seen in individuals
homozygous for apo E2/2 who demonstrate an accumulation of cholesteryl ester-enriched
VLDL and chylomicron remnants in the blood. Some of these E2 homozygotes exhibit a
substantial increase in remnants in plasma, are hyperlipidemic (type I11 dyslipidemia or
remnant removal disease) and have an increased risk of coronary heart disease. However, most
individuals homozygous for apo E2 do not demonstrate excessive remnant accumulation [3]
indicating that a secondary factor is required which causes the system to exceed the capacity
to process the remnants formed [4,5]. It has thus been suggested that a change of arginine at
position 158 to a cysteine on apo E2 compared to apo E3 reduces binding significantly but
does not eliminate it completely since the majority of E2/2 subjects do not demonstrate
excessive remnant accumulation and the associated hyperlipidemia.

Apo E2 homozygotes also demonstrate very low levels of LDL cholesterol [3]. The cause of
the low LDL is controversial and several hypotheses have been put forth. One of the popular
hypotheses is that the hepatic LDL receptor is up regulated due to (1) decreased delivery of
cholesterol to the liver as a result of defective binding of apo E2-containing lipoproteins [1,
6] and/or (2) a reduced competition between the apo E2-containing lipoproteins and apo B-100
containing LDL for the LDL receptor [1,7]. Both mechanisms would lead to more rapid uptake
of LDL and thus maintenance of a low LDL level in the presence of normal conversion of
VLDL to LDL in plasma. However, some lipoprotein tracer studies indicate that the presence
of arginine at position 158 appears to be optimal [8] or required [9,10] for the maturation of
VLDL to LDL. The study by Demant et al. [8] reported that the conversion of VLDL to LDL
was substantially reduced with increased direct catabolism of IDL, but the plasma LDL was
normal in composition other than there being a difference in percent composition of +1.9% for
triglyceride and -3.2% for unesterified cholesterol. They conclude that it was the decreased
conversion that accounted for the decrease in plasma LDL. Other tracer studies [9,10]
concluded that very little endogenous VVLDL of hyperlipidemic E2/E2 subjects is converted to
LDL since the specific activity curve of LDL did not transect the decay curves of either VLDL
or IDL and only a small fraction of the apo B radioactivity from VLDL appeared in LDL (less
than 1%). It has also been have suggested that remnants are present in all apo B containing
fractions including LDL in E2/2 subjects [11]. Thus, we were interested in determining the
type of lipoprotein that isolates in the LDL density range using a density gradient
ultracentrifugation technique that emphasizes the LDL density region and we postulate that,
while conversion to LDL from VLDL may be reduced, the majority of the lipoprotein that
isolate at an LDL density in E2 homozygotes may actually be dense IDL that cannot be
converted to mature LDL. This is an important point to clarify in order to further our
understanding of the importance of the role of apo E in LDL formation.

Therefore, the primary focus of the study was to investigate the type of lipoprotein particle that
is isolated in the LDL density range in E2/2 subjects in order to address the controversy as to
whether the particles are mature plasma LDL, or are dense IDL remnants that cannot be
converted to LDL due to impaired binding of apo E2, indicative of a vital role for apo E in
LDL formation. We had available a large subject population from which we were able to obtain
plasma from E2/2 subjects and matched E3/3 subjects for comparison of LDL composition
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and thus used these Type 1 diabetics to investigate this question. Since these subjects with
Type 1 diabetes are healthy and have low to normal lipids, the results are considered to reflect
that of the normal population.

The secondary goal of the study was to determine whether the apo E genotype affects LDL
cholesterol mass and density distribution in this large population of Type 1 diabetics in a
manner similar to that reported in several comprehensive studies of the non-diabetic population
[12-18]. These studies have demonstrated that the e4 allele is associated with higher LDL
cholesterol and the e2 allele with lower LDL cholesterol. Three studies in Type 1 diabetics
[19-21] have been carried out and found similar relationships but were substantially smaller
in size than the present study and did not compare all genotypes. Also, none of the studies
examined the LDL density distribution across the genotypes.

2. Methods

2.1. Subject selection

All subjects investigated were healthy individuals with Type 1 Diabetes Control and
Complications Trial (DCCT) [22,23] and its follow-up the Epidemiology of Diabetes
Interventions and Complications (EDIC) study [24]. This study was approved by the Human
Subjects Review Committees of each site of the DCCT/EDIC studies, including the University
of Washington. Of the 1347 subjects that underwent extensive investigation with respect to
lipids and metabolic parameters, there were 1299 Caucasians, 48 African Americans, 12
Hispanics, 6 Asians and 1 Native American/Alaskan. Females comprised 47% of the total
number. Procedures were followed in accordance with institutional guidelines. After a 12-14
h fast, blood was collected in 0.1% EDTA and immediately placed on ice. Plasma was obtained
and immediately frozen at -70 °C for lipid measurements and lipoprotein separation by density
gradient ultracentrifugation (DGUC). For comparison of the lipoprotein distributions and
cholesterol content of the LDL peak, as determined by DGUC, the samples used for the
investigation were those obtained at the last visit of the DCCT (1992) and included most of
the E3/3 subjects (n = 710 of 736) and E4/4 subjects (n = 22 of 23) and all E2/3 subjects (n =
151), E3/4 subjects (n = 262) and E2/4 subjects (n = 30). The E2/2 (n = 6 of 8) distribution
was also obtained using these samples. For analysis of the LDL composition and comparison
to that of matched E3/3 subjects, a second sample from the last visit of the DCCT was
unavailable, thus samples from year 4 to 6 of the EDIC study (1997-2000) were used for
analysis of the lipid and apoprotein composition of the LDL fractions and of the lipoprotein
distribution for comparison between the E2/2 and E3/3 subjects. For this comparison six E2/2
subjects were matched with six E3/3 subjects for age, sex and BMI. The E3/3 subjects were
also selected to have triglyceride (TG), total cholesterol (TC), HDL cholesterol and LDL
cholesterol within one standard deviation of those of the E2/2 subjects. Although they were
not matched for HbA1c levels, there was no significant difference in HbAlc nor were there
differences in age, BMI, TC, TG, HDL cholesterol and LDL cholesterol which confirms the
successful selection of the subjects for these criteria.

2.2. Analysis of plasma lipids and apoproteins

Total cholesterol (TC), LDL cholesterol, cholesteryl ester (CE), unesterified cholesterol (UC),
phospholipid (PL) and triglyceride (TG), for the investigation of LDL composition, were

determined by standardized methodologies at the Northwest Lipid Research Laboratories

[25]. Apo A-l, apo B and apo E were determined by nephelometry. Lp(a) was measured by an
ELISA method [26]. To overcome the effects of apo(a) size heterogeneity on the measurement
of Lp(a) levels, the ELISA utilizes a monoclonal antibody specific to a unique epitope present
on Kringle 4 type 9 of apo(a) [27]. Thus, the assay provides an accurate determination of Lp

Atherosclerosis. Author manuscript; available in PMC 2009 January 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Murdoch et al.

Page 4

(a) levels independent of the size of the apo(a) molecules. The assay has been extensively
validated in a large number of individuals [26].

2.3. Density gradient ultracentrifugation

For determination of the lipoprotein cholesterol distribution, cholesterol content of the LDL
peak and LDL composition, a discontinuous salt density gradient was created in an
ultracentrifuge tube [28]. Briefly, 1 ml of plasma was combined with 1.5 ml of ad 1.006 g/ml
NaCl solution and 1.5 ml of a d 1.21 g/ml solution and mixed, resulting in a final density of
1.0825 g/ml. A solution (8.5 ml) of d 1.006 g/ml NaCl was placed in a Beckman ultracentrifuge
tube and underlayered with the 4 ml of the d 1.0825 g/ml solution, containing the plasma.
Samples were centrifuged at 65,000 rpm for 70 min at 4 °C in a Beckman VTi 65.1 vertical
rotor. Thirty-eight 0.34 ml fractions were collected from the bottom of the tube and the
cholesterol concentration of each fraction was determined. Previously we have determined that
VLDL is isolated in fractions 28-38, IDL in fractions 17-30 tailing into 31-34, LDL in fractions
7-18 and HDL in fractions 1-7. Fractions corresponding to: (1) dense IDL/very buoyant LDL,
(2) buoyant LDL, and (3) dense LDL were pooled and analyzed for lipid and apoprotein
composition for the comparison of E2/2 with E3/3. The same fractions were used for the E2/2
subject and the E3/3 subject paired comparison. The average fractions numbers were 17-20
for dense IDL/very buoyant LDL, 13-16 for buoyant LDL and 9-12 for dense LDL (includes
the peak fraction of LDL in most cases). To obtain the cholesterol content of LDL, for the
comparison of the LDL mass of the homozygotes and heterozygotes, the cholesterol
concentrations in fractions 9-14 were summed which are the fractions that contain most of the
LDL mass. Values reported in the tables and figures, other than those in Table 1, are those
obtained from the density gradient and are not plasma values. We have investigated the effect
of prolonged freezing (>10 years) at-70 °C on the cholesterol or apo B content of the lipoprotein
profile obtained by DGUC and have not observed a significant change with time. This is
dependent on the samples being immediately frozen and maintained at this temperature without
thawing which is the case for the samples used in the present study.

2.4. Genotyping

Apo E genotyping was performed in all subjects according to a previously described method
[29]. The 244 bp PCR amplicon containing the 112 and 158 restriction sites in exon 4 of the
APO E gene was digested with the restriction enzyme Hhal and the fragments were
electrophoretically separated on a 10% polyacrylamide gel and visualized with ethidium
bromide staining. Negative and positive replicate controls were genotyped along with samples
to ensure reproducibility between genotyping experiments and 5% of samples were repeated
with 99-100% replicate agreement. Allele calls were independently made by two observers.

2.5. Statistics

To assess differences in the LDL composition of the six E2/2 subjects compared to the six
matched E3/3 subjects a Wilcoxon Signed Rank test was used. This non-parametric test was
chosen because the subjects were matched and it was not possible to determine if the values
were normally distributed due the low number of subjects. This test reports differences in the
median but, for clarity and comparison with other studies, the values in the tables are listed as
means. The Wilcoxon Signed Rank test was also used to assess differences in age, BMI, lipids
and HbA1c between the E2/2 subjects and the matched E3/3 subjects. To assess differences in
the sum of the cholesterol content of the LDL peak between the various genotypes, a Kruskal-
Wallis One Way Analysis of Variance on Ranks was carried out. To determine which specific
genotypes differed from each other, a Wilcoxon Rank Sum test was used. This method of
analysis was also used to determine differences between the cholesterol content of the
individual fractions in the LDL peak among the various genotypes.
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The lipoprotein distribution and LDL composition of the E2/2 subjects (n = 6) were compared
to that of the E3/3 subjects (n = 6), matched for age, gender and BMI. Demographic
characteristics are outlined in Table 1. There was no significant difference between age, BMI,
cholesterol, triglyceride, LDL cholesterol, HDL cholesterol or HbAlc. Upon investigation of
the plasma lipoprotein distribution, determined by DGUC, of the E2/2 subjects and comparing
the distribution to that of the E3/3 subjects, marked differences in the profiles were noted (Fig.
1). Given that one of the E2/2 subjects was hyperlipidemic (subject #4, Table 1), this subject's
distribution is shown separately from the average of the five normolipidemic E2/2 subjects.
Compared to the E3/3 subjects, the dyslipidemic E2/2 subject demonstrated an increase in
VLDL (in fractions 28-37) particularly in the dense VLDL (VLDL remnants) (in fractions
31-35) and in IDL (in fractions 17-30). In the absence of this dyslipidemic subject, the VLDL
and IDL cholesterol distribution of the remaining normolipidemic E2/2 subjects were similar
to, but appeared to be slightly higher, than that of the E3/3 subjects (Fig. 1). In both the
normolipidemic as well as the hyperlipidemic E2/2 subjects, the LDL was extremely low
compared to the E3/3 subjects, being the lowest in the normolipidemic individuals. HDL
cholesterol concentrations appeared to be slightly increased in the normolipidemic E2/2
subjects but reduced in the hyperlipidemic subject compared to the E3/3 subjects. It is
interesting to note that the dyslipidemic subject had normal lipids (TC = 3.41 mmol/l, TG 0.75
mmol/l) on enrollment in the DCCT at a time when the subject's BMI was normal (BMI 22
kg/m?). However, after intensive diabetes therapy which, in this individual, was associated
with a substantial weight gain (BMI 26 kg/m?2), hyperlipidemia became manifest (TC = 5.84
mmol/l, TG 4.62 mmol/l) at the end of the DCCT.

In an attempt to address the controversy regarding the etiology of the low LDL cholesterol
levels in E2/2 subjects, the composition of the LDL fractions as well as the dense IDL fractions
was analyzed and compared to that of the apo E3/3 subjects. The fractions from the LDL and
dense IDL density range were pooled into 3 groups corresponding to dense IDL/very buoyant
LDL (pool 1, fractions 17-20), buoyant LDL (pool 2, fractions 13-16) and dense LDL (pool 3,
fractions 9-12). The three pools were analyzed for lipid and apoprotein composition (Tables
2A and 2B). There was significantly less CE, UC, PL and apo B mass in the buoyant (pool 2)
and dense LDL (pool 3) of the E2/2 subjects as compared to that of the E3/3 subjects, in
accordance with the reduced mass in this region (fractions 13-16 and fractions 9-12 in Fig. 1).
Relative to the apo B content, the dense IDL/very buoyant LDL (pool 1), buoyant LDL (pool
2) and dense LDL (pool 3) were substantially enriched in TG in the E2/2 subjects compared
to the E3/3 subjects (TG/apo B, Table 2B). The TG/apo B ratios for buoyant LDL (pool 2) and
dense LDL (pool 3) of the E2/2 subjects were similar to that of the dense IDL (pool 1) of the
E3/3 subjects. There was not only an increase in TG relative to apo B in the buoyant (pool 2)
and dense LDL (pool 3) of the E2/2 subjects, but also enrichment in apo E, PL and UC relative
to apo B (apo E/apo B, PL/apo B, UC/apo B, Tables 2A and 2B) more similar to the ratios of
dense IDL (pool 1) than of buoyant or dense LDL of the E3/3 subjects. The apo E/apo B ratios
of the LDL fractions (pools 1-3, Table 2A) of the E2/2 subjects were 5-10 times greater than
that of the E3/3 subjects. The ratio of TG/CE was also significantly higher in buoyant LDL
(pool 2) and dense LDL (pool 3) in the E2/2 subjects compared to the E3/3 subjects, again
closer to that of dense IDL (pool 1) rather than to buoyant or dense LDL of the E3/3 subjects.
The enrichment in TG relative to CE was not due solely to the elevation in plasma TG of the
hyperlipidemic E2/2 subject as the TG/CE ratio was at least two to three times higher in all
E2/2 subjects compared to their E3/3 matches. In the case of Lp(a), the E2/2 subjects did not
demonstrate an increase in any of the pools but there was significantly more Lp(a) relative to
apo B in the buoyant and dense LDL of the E2/2 subjects than the E3/3 subjects. To further
demonstrate that the composition of the lipoproteins isolated in the LDL density range in the
E2/2 subjects was more like that of a dense IDL remnant than plasma LDL, we compared the
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lipid/apo B ratios to those of plasma IDL and LDL (Table 2B) calculated from reported lipid
and apo B values [30,31]. We found that for the E3/3 subjects all lipid/apo B ratios and TG/
CE values for buoyant LDL (pool 2) and dense LDL (pool 3) were similar to those of plasma
LDL (Table 2B). In comparison, for the E2/2 subjects, the ratios for buoyant LDL (pool 2) and
dense LDL (pool 3), though lower than plasma IDL, were substantially higher than plasma
LDL for TG/apo B and PL/apo B, TG/CE was much closer to plasma IDL than LDL, and UC/
apo B was the same as plasma IDL (Table 2B).

It is not only the apo E2/2 genotype that affects the LDL cholesterol mass, as differences were
observed when the other genotypes were compared (Figs. 2 and 3A-C, Table 3). The effect of
the apo e allele on the cholesterol content of the LDL peak appears to occur in a dose dependent
manner with subjects homozygous for the e4 allele (n = 22) having the highest LDL cholesterol
(sum of fractions 9-14), the E3 homozygotes (n = 710) an intermediate LDL level, and E2
homozygotes (n = 6) the lowest LDL cholesterol (Fig. 2). The presence of at least one e4 allele
also affected LDL cholesterol levels in that the E3/4 subjects (n = 262) had more LDL
cholesterol compared to the E3/3 subjects (n = 710) (p = 0.002). Interestingly, the presence of
one e2 allele also impacted the lipoprotein distribution as the E2/3 subjects (n = 151) had less
LDL cholesterol than the E3/3 subjects (p < 0.001). Conversely, the presence of apo E3 in the
E2/3 subjects (n = 151) resulted in an increase in LDL cholesterol (p < 0.001), the appearance
of a typical LDL peak, and an absence of remnant accumulation as compared to the E2/2
subjects (n = 6). It is also notable that subjects with one apo e4 and one apo e2 allele had a
LDL cholesterol level equivalent to subjects with e3/3 alleles (Fig. 2). Thus, there was a
significant difference in LDL peak mass between E2/2 and all other genotypes, between
heterozygotes E3/4 and E3/3, 2/3, between E2/4 and E2/3, between E4/4 and E2/3, between
E3/3 and E2/3, with a trend for a difference between E3/3 and E4/4 (p = 0.06) (Fig. 2, Table
3). When differences in the mass of cholesterol in the individual LDL fractions were analyzed
rather than the summed LDL fractions (Fig. 3A-C), there were significant differences between
all genotypes except for that of E3/3 with E2/4 and E2/4 with E3/4. Fig. 3A demonstrates the
total lipoprotein cholesterol distribution of E4/4, E3/4, E3/3 and E2/4 subjects separated by
DGUC. Fig. 3B is a magnification of the LDL region of Fig. 3A that includes fractions 9-14
and indicates significant differences between the cholesterol concentration of the individual
fractions. Fig. 3C show the lipoprotein cholesterol distribution of E2/3 and E3/3 subjects. It is
important to note that these figures not only demonstrate the decrease in the LDL cholesterol
peak from genotype to genotype but also reveal that the decrease in the peak across the
genotypes from E4/4 (Fig. 3A and B) through to E2/3 (Fig. 2C) is not due to a decrease in a
particular LDL subgroup, i.e. light or dense LDL, but to a decrease in the overall LDL mass.
In the case of the E2/2 subjects (Fig. 1) the peak is flattened and tends to be shifted towards
the more buoyant fractions with a reduction in mass in the fractions corresponding to dense
LDL. This is consistent with the presence of dense IDL rather than LDL, in concurrence with
our findings upon analysis of the composition of the LDL of E2/2 subjects versus E3/3 subjects
(Table 2A and B). Finally, it should be noted that the mean lipoprotein distribution of the 6
E3/3 subjects (from year 4 or 6 of EDIC) used for the comparison of the LDL composition
(Fig. 1) was very similar to that of the total 710 E3/3 subjects (from the last visit of the DCCT)
(Fig. 3A) indicating that the distribution profile is representative of individuals with the E3/3
genotype and the comparison using the 6 E3/3 subjects is a valid representation of the E3/3
population.

Hyperglycemia did not affect the results as there was no significant difference between the
genotype groups in HbAlc (E2/2 7.3% + 1.7, E2/38.4% + 1.4, E2/4 8% + 1.2, 8.3% + 1.5,
E3/48.2% + 1.4, E4/4 8.1% + 1.4).

The study also confirms that, as is the case in nondiabetic subjects, most E2/2 subjects have
low lipids, and that only with a second hit, such as the weight gain with intensive diabetes
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therapy [32], which occurred in the one hyperlipidemic E2/2 subject, that the effect of the e2
allele is manifested as hyperlipidemia and remnant removal disease. The study also
demonstrates that the frequency of apo E2 homozygosity in these Type 1 diabetic subjects is
similar to that of the normal population (0.7% versus 0.8%, respectively).

4. Discussion

The present study has determined that, contrary to some of the current theories pertaining to
the cause of low LDL in E2/2 subjects, lipoproteins that are isolated in the LDL density range
are not simply low concentrations of typical plasma LDL but rather appear to be comprised
mainly of dense IDLIlike remnants and some Lp(a). This study has also confirmed the findings
of previous studies in non-diabetics that the apo E isoform significantly impacts the LDL
cholesterol content in both homozygotes as well as heterozygotes and, due to the large number
of subjects available, was able to demonstrate an effect on LDL in all genotypes unlike other
studies that examined this in subjects with Type 1 diabetes. These results were obtained using
a density gradient ultracentrifugation technique that separates LDL into several fractions,
allowing for examination of the LDL density distribution and cholesterol mass and for the
separation of IDL/very buoyant LDL, buoyant LDL and dense LDL. This method of
demonstrating differences in the LDL distribution of the apo E genotypes has never been
previously employed.

The major goal of the study was to examine the nature of the particles that are isolated in the
LDL density range in E2/2 subjects, based on their lipid and apoprotein composition in order
to determine whether the lipoproteins were typical plasma LDL or were a different type of
lipoprotein that varied in composition. In E2/2 subjects, in accordance with other studies, we
found LDL to be substantially reduced, as indicated by the reduced amount of apo B, CE, UC
and PL in both the buoyant and dense LDL fractions, but we also observed that there was no
distinct LDL peak present as compared to all other homozygous or heterozygous apo E
genotypes. On examination of the composition of the LDL of the E2/2 subjects and comparing
it to that of E3/3 subjects, we found that the LDL particles were TG and apo E enriched. The
fact that the fractions were also enriched in PL and UC relative to apo B and had a higher TG/
CE ratio, which are all characteristic of remnants, suggests that the lipoproteins, though found
in the LDL density range in the E2/2 subjects, may consist primarily of dense IDL remnant
particles rather than true LDL. The composition of buoyant LDL and dense LDL in the E2/2
subjects were similar to that of the dense IDL fractions of the E3/3 subjects and the UC/apo B
ratios were similar to that of plasma IDL, closer to plasma IDL than LDL for the TG/CE ratio
and substantially higher than plasma LDL for TG/apo B and PL/apo B ratios. The presence of
dense IDL remnants in the LDL region is likely due to the fact that the remnants cannot be
converted to true LDL due to the lack of processing associated with apo E binding to the
hepatocyte, and thus the remnants remain in plasma. Thus, conversion of VLDL to “LDL” may
be reduced [8] but the particles that are present in the LDL density range appear to be mainly
dense IDL. It is interesting to note that similar particles were formed in vitro [33] as a result
of VLDL lipolysis by lipoprotein lipase (LPL), in the presence of cholesteryl ester transfer
protein (CETP) and phospholipid transfer protein (PLTP) but in the absence of the liver and
thus absence of apo E processing and hepatic lipase activity (Murdoch and Breckenridge,
unpublished data). The particles formed under these conditions in vitro were isolated in the
IDL, light LDL density range by ultracentrifugation and were enriched in apo E, TG, PL and
UC, as were those of the E2/2 subjects observed in the present study. Although the enrichment
in TG in the remnants which isolated in the LDL density range in the E2/2 subjects would have
been expected to result in particles of decreased density relative to normal LDL, the increase
in density of these particles may be accounted for by the enrichment with apo E and other
apolipoproteins. Upon calculation of the density of the combined lipid and protein added per
particle in the E2/2 subjects as compared to the E3/3 subjects, we found the resultant density
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of the additional lipid and protein to be 1.04 g/I, that of LDL, in concurrence with our findings.
Itis notable that, in the case of the E2/2 subject that became dyslipidemic, the increase in mass
in the LDL density range appears to be due to an increase in these remnants and not an increase
in LDL. Lp(a) was also present in the LDL density range in the buoyant but particularly in the
dense LDL fractions and there was an increased amount in all E2/2 subjects relative to apo B.
Since there was a decrease in apo B mass in buoyant and dense LDL, this does not imply that
Lp(a) is higher in E2/2 subjects but indicates that Lp(a) makes up a greater percentage of the
total lipoprotein mass in the buoyant and dense LDL fractions compared to E3/3 subjects. The
apo E content in the dense LDL of the E2/2 subjects was 10 times that of the E3/3 and exceeded
aratio of 1 relative to apo B, as expected for IDL remnants. The ratio in dense IDL/very buoyant
LDL and buoyant LDL was five to six times that of the E3/3 subjects but was somewhat less
than anticipated if at least one apo E per particle is expected for remnants. One reason for this
may be due to the presence of Lp(a) in the buoyant and dense LDL fractions which would
effectively reduce this ratio. It should also be noted that it is possible that some typical plasma
LDL may be present. If so, and assuming the Lp(a) is of normal composition, then the remaining
particles which we refer to as dense IDL remnants would be even further enriched in TG, UC,
PL and apo E relative to apo B than reported here.

These results are in concurrence with the findings of Chait et al. [9,10] in terms of their
observation of very low conversion of IDL to LDL occurring in the E2/2 subjects since the
lipoproteins that were isolated in the LDL density range in the present study appear to be more
characteristic of IDL remnants than of plasma LDL. Possibly remnants were not detected in
the LDL range in the studies of Chait et al. due to their precipitation method of isolation. The
results of the present study are in contrast to those of Demant et al. [8] with respect to the
composition of the particles that isolated at an LDL density. They reported that the LDL was
similar to plasma LDL other than being triglyceride enriched and slightly lower in unesterified
cholesterol. The reason for this discrepancy may be that their LDL was isolated sequentially
with prolonged ultracentrifugation spins at 23 °C, a temperature at which CETP and PLTP are
active as well as any LPL present on plasma lipoproteins. This is in contrast to our method of
isolation, which is a rapid one-step technique and is carried out at 4 °C with the samples being
consistently maintained at this temperature. Thus, the lipoprotein composition of the LDL
isolated by Demant et al. may have been altered with processing and the values may not reflect
that of the native particle composition. Furthermore they expressed the LDL compaosition as a
percentage so that a change in the percentage composition of one parameter necessarily results
in a change in that of the other parameters, whereas our measurements were reported on a mass
basis and relative to apo B mass.

We also observed that it is not only the E2/2 genotype, associated with low LDL cholesterol,
or the E4/4 genotype, associated with higher LDL cholesterol, that impact the LDL cholesterol
concentration but that there appears to be a continuum of LDL cholesterol levels when
comparing the various genotypes. As the genotype changes from E4/4 to E2/2, the LDL
cholesterol concentration, determined by DGUC, decreases in a stepwise manner presumably
because the apo e alleles are expressed co-dominantly. Thus the E2/4 subjects demonstrate
LDL cholesterol similar to that of the E3/3 subjects. Furthermore, the separation of LDL by
DGUC allowed for the analysis of the LDL density distribution which demonstrated that as
LDL cholesterol decreased from E4/4 to E3/4, E3/3 = E2/4, E2/3, the decrease was in the total
LDL peak and was not selective for a particular LDL subspecies such as buoyant or dense
LDL. The only genotype that appeared to vary is that of the E2/2 subjects because there is no
true LDL peak. Another important conclusion from our measurements of LDL mass across the
genotypes is that subjects with only one e2 allele exhibited lower LDL cholesterol as compared
to those with the e3 or e4 allele, indicating that it is not only the homozygotes that demonstrate
an effect of the apo E allele on LDL cholesterol concentrations but heterozygotes are affected
as well. Finally, it is noteworthy that E2/3 heterozygotes do not demonstrate remnant
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accumulation but have typical LDL indicating that the amount of apo E3 present is adequate
for formation of LDL in these individuals. Our results pertaining to the impact of the e2 versus
the apo e4 allele on LDL cholesterol are in agreement with studies of non-diabetics. Sing and
Davignon [12] first published the observation that the presence of the e2 allele significantly
reduced LDL cholesterol and the e4 allele increased it. This was later reported in several other
studies [13-17] including an extensive analysis by Schaefer of a larger population stratified by
sex and age [18]. There were no studies in Type 1 diabetics that investigated such a large
population as that of the present study. Consequently, differences were determined in
genotypes between groups based on the presence of E2 or E4 in most studies and the various
genotypes were not individually compared [19-21,34]. In contrast to these studies, as well as
those in non-diabetic subjects, we have demonstrated statistically significant differences
between LDL cholesterol in almost all genotypes for the sum of the cholesterol in the LDL
peak distribution, or between the concentrations of cholesterol in the individual LDL fractions.

The present study has demonstrated that the presence of the apo e2 allele significantly impacts
the lipoprotein distribution and composition and, as observed in non-diabetics, most E2/2
subjects have low lipids, with a predominance of remnants isolating in the LDL density range.
It confirms that only with a second hit, such as the weight gain with intensive diabetes therapy
[32] that occurred in the one hyperlipidemic E2/2 subject, that the effect of the e2 allele is
manifested as hyperlipidemia and severe remnant removal disease.

This study was carried out in Type 1 diabetics who have low-normal lipids but are
hyperglycemic in some cases. Although hyperglycemia may result is a shift in LDL from
buoyant to dense [35] associated with insulin resistance and hypertriglyceridemia [36], it does
not account for the differences in the comparisons between genotypes carried out in this study
nor does it negate the extrapolation of these results to the normal non-diabetic population. In
the comparison of the LDL composition of the E2/2 subjects with the E3/3 subjects there was
no significant difference in HbAlc between the two groups, thus hyperglycemia did not account
for the differences between the groups. Furthermore the effect of hyperglycemia on LDL
density cannot account for the difference between the remnant-like composition of the LDL
in E2/2 subjects and the composition typical of LDL observed in the E3/3 subjects when
comparing the two groups or extrapolating the results to the normal population. Hyperglycemia
cannot account for the differences in the LDL in the all genotype comparison in that there were
no significant differences in HbAlc between the groups. Furthermore we did not observe a
shift in the LDL density in the comparison of the E4/4 to E3/4, E3/3, E2/4, E2/3 subjects, but
rather a progressive decrease in mass of the overall LDL peak. In the E2/2 subjects there is a
flattening of the LDL peak with more mass in the buoyant fractions as well as the fractions
that contain IDL and less in the dense. However this difference appears to be accounted for by
the fact that there is a preponderance of remnants rather than LDL in this region.

In summary, upon investigation of the LDL composition of apo E2/2 subjects as compared to
that of E3/3 subjects, we found that the small amount of apparent “LDL” in the E2/2 subjects
appears to be largely made up of very dense IDL remnants and some Lp(a) and the results
suggest that true plasma LDL may not be present as the major lipoprotein constituent. Finally,
the fact that the apo E genotype has a marked effect on LDL cholesterol (but not density other
than in the E2/2 subjects) in the heterozygotes as well as the homozygotes is an important
observation with respect to the effect of apo E on LDL metabolism.
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Fig. 1.

Lipoprotein distribution of apo E2/2 subjects compared to matched E3/3 subjects. Plasma
lipoproteins from the subjects were separated by density gradient ultracentrifugation. The mean
cholesterol content of each fraction is listed. VLDL isolates in fractions 28-37, IDL in fractions
17-30 with tailing into fractions 31-34, LDL isolates in fractions 7-18, with the majority of the
mass in fractions 9-14, and HDL in fractions 1-7. The distribution of the hyperlipidemic apo
E2/2 subject (n =1)(©) is shown separately from that of the normolipidemic E2/2 subjects (n
=5)(#). The distribution of the E3/3 subjects (n =6)( A ) represents those matched with the E2/2
subjects.
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Fig. 2.

Peak LDL cholesterol concentration by apo E genotype. The cholesterol concentrations of the
LDL peak (sum of cholesterol concentration in fractions 9-14 comprising the majority of the
peak) of the E4/4 subjects (n = 22), E3/4 subjects (n = 262), E2/4 subjects (n = 30), E3/3 subjects
(n=710), E2/3 subjects (n = 151) and E2/2 (n = 6) were obtained from the lipoprotein
distribution isolated by density gradient ultracentrifugation. The median (—) and the mean (-
-) are indicated. The lower and upper end of the box indicates the 25th and 75th percentile,
respectively. The lower and upper end of the error bars represent the 10th and 90th percentile,
respectively. The lower and upper dots are the 5th and 95th percentile, respectively. See Table
3 for significance of differences between the cholesterol in the LDL peak between apo E
genotypes.
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(A) Plasma lipoprotein distribution of E4/4, E3/4, E3/3 and E2/4 genotypes obtained by density
gradient ultracentrifugation. Plasma lipoproteins of E4/4 subjects (n = 22) (), E3/4 subjects
(n =262) (), E3/3 subjects (n = 710) (A) and E2/4 subjects (n = 30) (e) were isolated by
density gradient ultracentrifugation and the cholesterol content of each fraction was analyzed.
See Fig. 1 legend for location of VLDL, IDL, LDL and HDL. (B) Cholesterol distribution in
LDL peak (Fractions 9-14). The LDL cholesterol distribution of fractions 9-14 of E4/4 subjects
(n = 22) (M), E3/4 subjects (n = 262) (), E3/3 subjects (n = 710) (A) and E2/4 subjects (n =
30) (®) was magnified from (A) and significance differences in the cholesterol content of the
fractions relative to E4/4 are indicated (*p<0.05, **p <0.01, ***p <0.001). Lipoproteins were
isolated by density gradient ultracentrifugation and the cholesterol content of each fraction was
analyzed. (C) Plasma lipoprotein distribution of E3/3 and E2/3 subjects obtained by density
gradient ultracentrifugation. Plasma lipoproteins from E3/3 subjects (n = 710) (A) and E2/3
subjects (n = 151) (@) were isolated by density gradient ultracentrifugation and the cholesterol
content of each fraction was analyzed. Significance differences in the cholesterol content of
the fractions of E3/3 compared to E2/3 are indicated (***p < 0.001). See Fig. 1 legend for
location of VLDL, IDL, LDL and HDL.
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