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Aim: Apolipoprotein B-48 (apoB-48) is a constituent of chylomicrons and their remnants (chylomi-
cron remnants). A high concentration of serum apoB-48 is suspected to be a major risk factor for the
development of atherosclerotic cardiovascular disease. Proteinuria and a reduced estimated glomeru-
lar filtration rate (eGFR) are independent risk factors for cardiovascular events and renal dysfunction.
In the present study, we examined whether the serum apoB-48 concentration is associated with renal
dysfunction.

Methods: A total of 264 patients was enrolled and classified into four groups according to the eGFR
and level of proteinuria: a high e¢GFR (>60 mL/min/1.73 m?) without proteinuria (21 + by urine dip-
stick) (#=50); a high eGFR with proteinuria (z=75); a low eGFR (>60 mL/min/1.73 m?) without
proteinuria (z=74); and a low eGFR with proteinuria (% =65). Biochemical markers of lipid metabo-
lism, including the fasting serum apoB-48 concentration, were compared between the four groups.
Results: The serum log-apoB-48 and log-apoB-48/TG levels were significantly higher in the patients
with a high eGFR with proteinuria, low eGFR with proteinuria and low eGFR without proteinuria
than in those with a high eGFR without proteinuria, with the most significant differences for these
parameters. The eGFR was found to be significantly correlated with the log-apoB-48 and log-
apoB-48/TG levels, whereas urinary protein was found to be significantly correlated with the log-
apoB-48 level only. A multiple regression analysis indicated that the log-apoB-48/TG level was a sig-
nificant determinant of a reduced eGFR.

Conclusions: Both a low eGFR (< 60) and proteinuria (21 +) are independent determinants of a high
apoB-48 concentration. Taken together, the present results suggest that an increased serum apoB-48
concentration contributes to an increased risk of cardiovascular events.

J Atheroscler Thromb, 2014; 21:974-982.
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Introduction

Proteinuria is an independent risk factor for the

Address for correspondence: Daisaku Masuda, Department of
Cardiovascular Medicine, Osaka University Graduate School
of Medicine, 2-2 Yamadaoka, Suita, Osaka 565-0871, Japan
E-mail: masuda@cardiology.med.osaka-u.ac.jp

Received: January 6, 2014

Accepted for publication: March 17, 2014

341

progression of chronic kidney disease (CKD) and the
development of cardiovascular disease (CVD)" 2.
Patients with CKD are at a substantially increased risk
of developing atherosclerosis, and approximately 40%
of CKD patients have CVD even before they reach
end-stage renal failure requiring hemodialysis®. The
cardiovascular mortality is 30 times higher among
hemodialysis patients than individuals from the gen-
eral population?. In an effort to standardize the stage
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of CKD, a system was recently developed based on the
calculation of the estimated glomerular filtration rate
(eGFR) using the serum creatinine level and age”.
Recent data have demonstrated the impact of albu-
minuria, as well as eGFR, on the incidence of CVD,
and it is evident that both measurements together
confer an enhanced risk of CVD®. Recently, the prev-
alence of CKD has been increasing, approximately
13.3 million adults with CKD living in Japan”.
Therefore, CKD is a major health problem world-
wide, and its prevention is an urgent issue.

Dyslipidemia associated with CKD is character-
ized by an increased level of serum triglycerides (TG)
and a decreased level of high-density lipoprotein
(HDL) cholesterol (HDL-C)¥. A high level of low-
density lipoprotein (LDL) cholesterol (LDL-C) has
been established as a strong risk factor for CVD; how-
ever, it is not consistently observed among patients
with CKD?. It has also been reported that individuals
with CKD have elevated levels of TG-rich lipoproteins
(TRL), including chylomicrons (CM), very-low-den-
sity lipoproteins (VLDL) and their remnant lipopro-
teins”. Furthermore, many basic studies have sug-
gested that remnant lipoproteins are associated with
an increased risk of cardiovascular disease'”. The accu-
mulation of CM remnant (CM-R) particles, the
hydrolyzed products of CMs produced by lipoprotein
lipase (LPL), are related to foam cell formation among
macrophages and may promote the development of
atherosclerosis in the arterial wall'>'?. It is presumed
that measurements of the serum apoB-48 concentra-
tion can be used to evaluate the synthesis and metabo-
lism of CM and CM-R, as each contains one apolipo-
protein B-48 (apoB-48) molecule per particle'?. We
previously developed a novel enzyme-linked immuno-
sorbent assay (ELISA)' ' and chemiluminescent
enzyme immunoassay (CLEIA)'® for conveniently
determining the serum apoB-48 concentration. In our
previous study, we reported that the serum apoB-48
concentrations are substantially elevated in patients
with CKD of stage 4 (eGFR: 15-29 mL/min/1.73 m?
and 5 (eGFR: <15 mL/min/1.73 m?'". Recently,
Japanese guidelines for the diagnosis and treatment of
CKD'® were released that indicate that both an
increased GFR and the existence of proteinuria may
exacerbate the pathogenesis of CKD. However, few
studies conducted to date have investigated the associ-
ation between the fasting serum apoB-48 concentra-
tion and proteinuria and/or eGFR.

In the current study, we examined whether the
serum apoB-48 concentration is associated with renal
dysfunction in patients with a low eGFR and/or pro-
teinuria.
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Materials and Methods

Subjects

The study subjects included 264 patients who
attended the outpatient clinic of Osaka University
Hospital (Osaka, Japan) or who were admitted to the
hospital. Subjects taking lipid-lowering medications
and those with heart, liver or thyroid disease were
excluded. All subjects provided their informed con-
sent, and the research protocol was approved by the
Ethics Committee of Osaka University Hospital.

Measurements of the Renal Function, Serum Lipids
and Apolipoproteins

In each subject, a sample of blood was drawn
from the cubital vein after an overnight fast (over 12
hours), and the serum was collected following brief
centrifugation. The basal performance of the recently
developed CLEIA for apoB-48 measurement kit
(Fujirebio Inc., Tokyo, Japan) used in this study has
been previously reported’®, and the assay was carried
out on the Lumipulse ffully automated immunoassay
analyzer (Fujirebio, Inc.). The serum total cholesterol
(TC), TG and HDL-C levels were determined accord-
ing to enzymatic methods, while the serum LDL-C
levels were determined using the direct method
(Sekisui Medical Co., Ltd., Tokyo, Japan). The non-
HDL-cholesterol levels were calculated by subtracting
the value of HDL-C from that of serum TC. The
serum creatinine levels were measured using a photo-
metric assay (Wako, Osaka, Japan). The urine test
results were classified as (=), (£), (+), (2+) or (3+).

The eGFR values were subsequently estimated
using the new equation proposed by the Japanese
Society of Nephrology'”: eGFR (mL/min/1.73 m?) =
194 x S-Cr 1 x Age™®?7 (for female patients, the
total value was multiplied by 0.739). An eGFR of <
60 mL/min/1.73 m® is generally considered to be
indicative of CKD; therefore, subjects with an eGFR
of <60 mL/min/1.73 m? (eGFR < 60) were defined
as having a low eGFR. As for proteinuria, (-) and (%)
urine test results were defined as normal; all other
results [(=1 +);(+), (2+) or (3 +)] were defined as indi-
cating proteinuria. All samples were treated in accor-
dance with the Helsinki Declaration.

Statistical Analysis

Before the analysis, skewed variables (T'G, apoB-
48 and apoB-48/TG ratio) were logarithmically trans-
formed to improve data normalization. The data are
expressed as the mean=SD for continuous variables
and percentages for categorical variables. The signifi-
cance of differences in the systolic BE, diastolic BB,
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Fig. 1. Distribution of the fasting serum apoB-48 concentrations in the subjects with and without urinary protein, the subjects
with a low and high eGFR and the subjects with both eGFR and proteinuria.

Serum apoB-48 concentration=1 represents a concentration between 0.0 and 1.0 gg/mlL.
A) Fasting serum apoB-48 concentrations in the subjects without urinary protein (open squares, 7z=124) and with urinary protein (closed

squares, 7= 140).

B) Fasting serum apoB-48 concentrations in the subjects with a high ¢GFR (open squares, #=125) and a low eGFR (closed squares, 7=139).
C) Fasting serum apoB-48 concentrations in the subjects with a combination of a high eGFR without urinary protein (open squares, 7=50)

and a high eGFR with urinary protein (closed squares, z=75).

D) Fasting serum apoB-48 concentrations in the subjects with a combination of a low eGFR without urinary protein (open squares, 7=74)

and a high eGFR with urinary protein (closed squares, 7=65).

UA, TC, TG, HDL-C, LDL-C, non-HDL-C, log-
apoB-48 and log-apoB-48/TG values between the
four groups was tested using an analysis of variance
(ANOVA) with the least significant difference (LSD)
test as a post hoc test and the Bonferroni correction
for multiple comparisons. The significance of differ-
ences with respect to the prevalence of diabetes and
drug treatment were tested using the x? test. Correla-
tions between the kidney function parameters (eGFR
and urinary protein) and various other parameters
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were analyzed using Spearman’s rank correlation coef-
ficient, and a stepwise multiple logistic regression
analysis was performed to determine independent pre-
dictors of CKD. The statistical analyses were con-
ducted using the JMP8 software program (SAS Insti-
tute, Cary, NC). Statistical significance was established
at a p value of <0.05.
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Table 1. Clinical characteristics of the four groups based on eGFR and proteinuria

High ¢GFR

(260 mL/min/1.73 m*)

Low eGFR
(<60 mL/min/1.73 m?%

p values®

without with without with
proteinuria proteinuria proteinuria proteinuria

Age (year) 6015 61%17 6512 6313 0.215
Sex (m/f) 26124 38137 39/35 35/30 0.88

BMI (kg/m?) 22+4 22%3 233 23x4 0.362
Diabetes (%) 16 (32) 27 (36) 21(28) 24 (37) 0.581
Prevalence of drug-treated patients (%) 7 (14) 10 (14) 10 (14) 13 (20) 0.666
Systolic BP (mmHg) 12324 12218 12221 1362234 <0.001
Diastolic BP (mmHg) 76%13 74=11 7210 77 %14 0.052
Prevalence of drug-treated patients (%) 10 (20) 26 (35) 30 (41) 43 (66) bed <0.001
e¢GFR (mL/min/1.73 m?) 80%18 79+ 16 36+ 16°¢ 34%17°¢ <0.001
UA (mg/dL) 5.3%1.2 53%1.5 6.8%1.3" 7.0£1.6°¢  <0.001
Prevalence of drug-treated patients (%) 8 (16) 79 10 (14) 25 (38)Cd <0.001
TC (mg/dL) 194+42 205%58 296 %47 20570 0.648
Log-TG 2.0£0.2 22+02° 2.1%0.2" 2.1+02° <0.001
HDL-C (mg/dL) 62x16 55%19 57 =16 6026 0.209
LDL-C (mg/dL) 109 = 44 12149 11441 117 +48 0.495
Non-HDL-C (mg/dL) 133£40 15055 139+33 145+63 0.301
Log-ApoB-48 0.57+0.28 0.74+0.29" 0.780.32° 0.89£0.26°°  <0.001
Log-ApoB-48/TG 0.28+0.13 0.35%0.13" 0.35%0.16" 041£0.11°°  <0.001

Data represent the means+S.D. Comparisons between patients were divided into 4 groups based on ¢GFR and proteinuria. We divided all subjects
(n=264) into low (<60 mL/min/1.73 m* and high (260 mL/min/1.73 m? eGFR levels; these two groups were also divided into those without
or with proteinuria (by dipstick). 2 values refer to the results after analysis after adjusting for age, gender, and BMI. BMI, body mass index; BP,
blood pressure; ¢GFR, estimated glomerular fileration rate; UA, uric acid; TC, total cholesterol; TG, triglyceride; HDL-C, high density lipoprotein-

cholesterol; LDL-C, low density lipoprotein-cholesterol.
*p values for ANOVA test or X ? test.

Bonferroni’s post-hoc analysis <0.05 vs High ¢GFR without proteinuria.

“Bonferroni’s post-hoc analysis <0.05 vs High eGFR with proteinuria

4Bonferroni’s post-hoc analysis <0.05 vs Low eGFR without proteinuria

Results

Distribution of the Serum ApoB-48 Concentrations
in the Patients with Proteinuria and a Low eGFR
The distribution of the serum apoB-48 concen-
trations in the patients with proteinuria was signifi-
cantly shifted toward higher values as compared with
that observed in the patients without proteinuria
(Fig.1-A). Meanwhile, in the patients with a low
eGFR, the distribution was significantly shifted
toward higher values as compared with that observed

in the patients with a high eGFR (Fig. 1-B).

Comparison of Clinical Profiles between the High
eGFR Subjects without Proteinuria, High ¢eGFR
Subjects with Proteinuria, Low eGFR Subjects
without Proteinuria and Low eGFR Subjects with
Proteinuria

Table 1 shows the characteristics of the four
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groups of subjects: those with a high eGFR without
proteinuria (#z=50), high eGFR with proteinuria
(n=75), low eGFR without proteinuria (»=74) and
low eGFR with proteinuria (2=65). The serum uric
acid (UA) levels were significantly higher in the sub-
jects with a low eGFR with and without proteinuria
than in the age-, sex- and body mass index (BMI)-
matched subjects with a high eGFR with and without
proteinuria (Table 1). The fasting serum apoB-48
concentrations ranged from 0 to 17.0 pg/mL in the
subjects with a high eGFR with or without protein-
uria (Fig. 1-C), from 0 to 15.0 pg/mL in those with a
low GFR without proteinuria and from 0 to 20.0 pg/
mL in those with a low GFR without proteinuria
(Fig.1-D). The serum log-apoB-48 and log-apoB-48/
TG levels were significantly higher in the patients with
a high eGFR with proteinuria, low eGFR without
proteinuria and low eGFR with proteinuria than in
those with a high eGFR without proteinuria. The
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Table 2. Correlation coefficients (r) between the urine pro-
tein levels and various parameters in all subjects

Table 3. Correlation coefficients (r) berween eGFR and vari-
ous parameters in all subjects

Coefficient Univariate p value Coefficient Univariate p value
Age -0.1123 0.0826 Age —-0.3938 <0.0001
BMI -0.0195 0.7653 BMI -0.1121 0.0843
Systolic BP -0.2034 0.0017 Systolic BP -0.1208 0.0646
Diastolic BP -0.1151 0.0782 Diastolic BP -0.0223 0.7341
eGFR -0.0240 0.7057 Urin protein -0.0244 0.7057
TC 0.0515 0.4262 TC 0.0489 0.4498
Log-TG 0.2876 <0.0001 Log-TG -0.0218 0.7359
HDL-C —-0.1475 0.0220 HDL-C —-0.0270 0.6764
LDL-C 0.0954 0.1398 LDL-C -0.0106 0.8704
Non-HDL-C 0.0930 0.1502 Non-HDL-C -0.2693 <0.0001
Log-ApoB-48 0.2622 <0.0001 Log-ApoB-48 ~0.3090 <0.0001
Log-ApoB-48/TG 0.0876 0.1751 Log-ApoB-48/TG -0.3161 <0.0001

A univariate analysis was performed using Pearson’s correlation analy-
sis. Abbreviations; BMI, body mass index; BP; eGFR, estimated glo-
merular filtration rate; BB, blood pressure; TC, total cholesterol; TG,
triglyceride; HDL-C, high density lipoprotein-cholesterol; LDL-C,
low density lipoprotein-cholesterol.

average levels of serum log-apoB-48 and log-apoB-48/
TG were higher in the patients with a low eGFR with
proteinuria than in any of the other groups (Table 1).

Correlations between the Kidney Function and
Various Parameters

The correlations between the renal function
parameters (urinary protein and eGFR) and various
other parameters were analyzed using a logistic regres-
sion analysis. According to Pearson’s correlation analy-
sis, significant correlations with urinary protein were
observed for systolic blood pressure (BP), log-TG,
HDL-C and log-apoB-48 (Table 2), while significant
correlations with eGFR were observed for age, non-
HDL-C, log-apoB-48 and log-apoB-48/TG (Table 3).
A multiple regression analysis indicated that the log-
apo-B-48/TG levels were a significant determinant of
a reduced eGFR among the various lipid parameters,
with the most significant differences observed for

these parameters (Table 4).

Discussion

Dyslipidemia in patients with CKD is character-
ized by increased levels of TRL and TG and a
decreased level of HDL-C®. However, it is interesting
to note that the serum LDL-C level is usually normal
or slightly reduced in CKD patients”. In order to
evaluate the accumulation of CM and CM-R quanti-
tatively, we developed the system to measure the
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A univariate analysis was performed using Pearson’s correlation analysis.
Abbreviations; BMI, body mass index; BB, blood pressure; TC, total
cholesterol; TG, triglyceride; HDL-C, high density lipoprotein-cho-
lesterol; LDL-C, low density lipoprotein-cholesterol.

apoB-48 concentration. Both an eGFR of <75 mlL/
min/1.73 m” and the presence of trace urinary protein
or more on a dipstick test are independently associated
with all-cause mortality, cardiovascular mortality and
kidney events in the general population??. In the cur-
rent study, we measured the fasting apoB-48 concen-
trations in CKD patients. As in our former study'”,
the apoB-48 concentrations were significantly higher
in the patients with CKD of Stage 4 (eGFR: 15-25
mL/min/1.73 m*) and CKD of Stage 5 (eGFR: <15
mL/min/1.73 m?*) than in those with CKD of Stage 1
(>90 mL/min/1.73 m?). In accordance with the new
Japanese CKD guidelines both a decreased GFR and
the existence of proteinuria may exacerbate the patho-
genesis of CKD and induce the development of end-
stage renal disease'®. In the current study, we found
that the apoB-48 concentrations were higher in the
patients with proteinuria (21 +) than in those without
proteinuria, and the existence of proteinuria increased
the apoB-48 concentrations in patients with both a
high and low eGFR (Table 1). Recently, many studies
have shown that proteinuria is clustered with a num-
ber of risk factors, including hypertension, dyslipid-
emia, renal dysfunction, hyperhomocysteinemia and
various inflammatory and oxidative stress markers,
and this parameter has been demonstrated to be an
independent predictor of adverse cardiovascular
events, even after adjusting for these factors?0??,
These results indicate that the existence of proteinuria
impairs remnant lipoprotein metabolism and enhances
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Table 4. A stepwise multiple regression analysis of the ¢GFR and various parameters

Model 1 Model 2

Fvalue p value Falue p value
Age 37.38 <0.001 Nort included
BMI Not remain Not included
Systolic BP Not remain Not included
Diastolic BP Not remain Not included
HDL-C Not remain Not remain
Non-HDL-C Not remain 3.48 0.063
Log-ApoB-48/TG 17.13 <0.001 28.19 <0.001

A stepwise multiple regression analysis was used to determine ¢GFR with the p value-to-enter and p value-to-remain set at 0.20. Abbrevi-
ations; BMI, body mass index; BP, blood pressure; HDL-C, high density lipoprotein-cholesterol.

the accumulation of CM-R and that both proteinuria
and accumulated CM-R deteriorate the renal function
in CKD patients, synergistically leading to the devel-
opment of end-stage renal discase.

We also calculated the apoB-48/TG ratio in the
current study. In the postprandial serum, the TG moi-
ety of CMs is promptly hydrolyzed by LPL, resulting
in the subsequent production of CM-R of various
sizes. Small CM-R particles contain a smaller amount
of TG than do large CM-R particles; however, both
sizes of CM-R contain one molecule of apoB-48.
Therefore, it has been suggested that a high apoB-48
concentration is related to the accumulation of CM-R
of all sizes, while a high apoB-48/TG ratio is related
to the accumulation of small CM-R particles. Indeed,
we previously found that the apoB-48/TG ratios are
significantly higher in patients with type Il hyperlip-
idemia, whose remnant lipoproteins accumulate due
to a genetic abnormality in apolipoprotein E, than in
those with other types of HL, although the subjects
received lipid-lowering medications™. In the current
study, the eGFR values were found to be significantly
correlated with the log-apoB-48 and log-apoB-48/TG
levels, whereas urinary protein was found to be corre-
lated with the log-apoB-48 level only. These results
suggest that the number of small CM-R particles is
increased in patients with a low eGFR, while the
number of large CM-R particles is increased in
patients high a ¢GFR and proteinuria. Apolipoprotein
C-II (ApoC-II) has been shown to inhibit the LPL
and hepatic triglyceride lipase (HTGL) activity as well
as the uptake of TRLs and CM-Rs by hepatic lipopro-
tein receptors®?. The plasma apoC-II concentrations
are significantly elevated in patients with CKD?®.
Unfortunately, we did not measure other apolipopro-
teins, although it is suspected that these changes may
hydrolyze CM particles insufficiently, resulting in an
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increased level of large-sized CM-Rs. Remnant parti-
cles are taken up by the liver via LDL receptors and
LDL receptor-related proteins (LRPs)**#7. A previous
study demonstrated a decrease in the LDL-receptor
mRNA levels in rats with chronic renal failure?.
Therefore, the clearance of hydrolyzed small-sized
CM-Rs by LDL-receptors may be delayed. Therefore,
the decreased activity of LPL and HTGL, as well as the
downregulation of LDL-receptors, may be attributed
to the increase in large- and small-sized CM-Rs in
subjects with a low eGFR. The urinary loss of apoli-
poprotein C-II (apoC-II), an activator of LPL, in the
setting of proteinuria-dominant CKD, may decrease
the LPL activity®. A recent study demonstrated the
downregulation of LDL-receptors in the liver in
nephrotic rats®. However, patients with nephrotic
syndrome do not exhibit a decreased LDL apoB frac-
tional catabolic rate®". Therefore, the decreased activ-
ity of LPL, but not decreased catabolism of CM-Rs,
may be associated with the increased level of large
CM-R particles observed in subjects with a high
eGFR and proteinuria.

A number of studies have suggested that CM-Rs
have highly atherogenic properties and that CM-R
accumulation correlates with the development of ath-
erosclerotic cardiovascular disease!?, whereas a
reduced eGFR and proteinuria are independent risk
factors for the development of cardiovascular disease.
According to our multiple regression analysis, the log-
apoB-48/TG level was found to be a significant deter-
minant of a reduced eGFR. Therefore, an increased
serum CM-R level may exacerbate atherosclerotic car-
diovascular disease in patients with a reduced eGFR
and/or proteinuria.

The present study is associated with some limita-
tions. First, the subjects had already been treated with
antidiabetic drugs, antihypertensive drugs and antihy-
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peruricemic drugs. In particular, the subjects with a
low eGFR and proteinuria were treated with antihy-
pertensive and antihyperuricemic drugs at a high fre-
quency. However, it has not been reported whether
the serum apoB-48 concentration is affected by treat-
ment with any antihypertensive or antihyperuricemic
agents. Second, we did not measure the levels of other
apolipoproteins, which play a key role in regulating
CM catabolism. Finally, it was not possible to clarify
whether an increased serum apoB-48 concentration
contributes to atherosclerosis and CHD in patients
with CKD. In our recent study, a high concentration
of fasting apoB-48 was found to be significantly corre-
lated with the intima-media thickness in subjects with
normal but relatively high TG levels (100 < TG < 150
mg/dL) and the fasting serum apoB-48 concentration
was found to be significantly correlated with the prev-
alence of coronary artery disease®> %%,

In conclusion, both a low eGFR (<60) and pro-
teinuria (21 +) are independent determinants of a high
apoB-48 concentration. Taken together, the present
results suggest that an increased serum apoB-48 con-
centration contributes to an increased risk of cardio-
vascular events.
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Clinical and Population Studies

Lipoprotein Subfractions Highly Associated With
Renal Damage in Familial Lecithin:Cholesterol
Acyltransferase Deficiency

Masayuki Kuroda, Adriaan G. Holleboom, Erik S.G. Stroes, Sakiyo Asada, Yasuyuki Aoyagi,
Kouju Kamata, Shizuya Yamashita, Shun Ishibashi, Yasushi Saito, Hideaki Bujo

Objective—In familial lecithin:cholesterol acyltransferase (LCAT) deficiency (FLD), deposition of abnormal lipoproteins in
the renal stroma ultimately leads to renal failure. However, fish-eye disease (FED) does not lead to renal damage although
the causative mutations for both FLD and FED lie within the same LCAT gene. This study was performed to identify the
lipoproteins important for the development of renal failure in genetically diagnosed FLD in comparison with FED, using
high-performance liquid chromatography with a gel filtration column.

Approach and Results—Lipoprotein profiles of 9 patients with LCAT deficiency were examined. Four lipoprotein fractions
specific to both FLD and FED were identified: (1) large lipoproteins (>80 nm), (2) lipoproteins corresponding to large low-
density lipoprotein (LDL), (3) lipoproteins corresponding to small LDL to large high-density lipoprotein, and (4) to small
high-density lipoprotein. Contents of cholesteryl ester and triglyceride of the large LDL in FLD (below detection limit
and 45.8+3.8%) and FED (20.7+6.4% and 28.0+6.5%) were significantly different, respectively. On in vitro incubation
with recombinant LCAT, content of cholesteryl ester in the large LDL in FLD, but not in FED, was significantly increased
(to 4.2+1.4%), whereas dysfunctional high-density lipoprotein was diminished in both FLD and FED.

Conclusions—Our novel analytic approach using high-performance liquid chromatography with a gel filtration column
identified large LDL and high-density lipoprotein with a composition specific to FLD, but not to FED. The abnormal
lipoproteins were sensitive to treatment with recombinant LCAT and thus may play a causal role in the renal pathology
of FLD. (Arterioscler Thromb Vasc Biol. 2014;34:1756-1762.)

Key Words: chromatography, gel m LDL m lecithin acyltransferase deficiency m renal insufficiency

Lecithin:cholesterol acyltransferase (LCAT)—deficiency
syndromes are rare autosomal recessive diseases, charac-
terized by hypo-a-lipoproteinemia and corneal opacity.!? They
are caused by mutations in the LCAT gene, of which 88 have
been reported to date.® Severe mutations lead to familial LCAT
deficiency (FLD), mild mutations lead to fish-eye disease
(FED). In FLD, the mutant LCAT enzyme is either absent in
plasma (not secreted from the hepatocyte or rapidly degraded
on secretion) or exhibits no catalytic activity on any lipopro-
tein; in FED, LCAT cannot esterify cholesterol on high-density
lipoprotein (HDL; loss of a-activity) but retains its activity on
lipoproteins containing apolipoprotein B (3-activity).!? Likely,
the molecular difference is causal to the major clinical differ-
ence between FLD and FED: patients with FLD develop renal
failure, whereas patients with FED do not.>*

To prevent renal failure in patients with FLD, replace-
ment therapy with recombinant enzyme is currently being

developed.>® Alternatively, we are developing a long-last-
ing gene therapy by transplantation of human LCAT gene-
transduced autologous adipocytes.”® Recombinant LCAT
(rLCAT) secreted by the LCAT gene-transduced adipocytes
corrected abnormal HDL subpopulations in sera of FED
patients in vitro.'°

LCAT catalyzes the esterification of cholesterol with acyl
groups hydrolyzed from phospholipids, predominantly on
HDL particles. This leads to mature lipoproteins with cores
filled with cholesterol ester. LCAT dysfunction leads to
decreased maturation of the HDL particle and to increased
levels of both its substrates: unesterified cholesterol and
phosphatidylcholine. In the absence of LCAT activity, abnor-
mal lipid particles have been observed throughout lipopro-
tein fractions.''* The HDL fraction contains disk-shaped
particles in rouleaux and small spherical particles. Density-
gradient ultracentrifugation followed by electron microscopy
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Nonstandard Abbreviations and Acronyms
CE cholesteryl ester

FC free cholesterol

FED fish-eye disease

FLD familial lecithin:cholesterol acyltransferase deficiency
GFC gel filtration column

HDL high-density lipoprotein

HPLC high-performance liquid chromatography
LCAT lecithin:cholesterol acyltransferase

LDL low-density lipoprotein

Lp lipoprotein

LpX lipoprotein-X

rLCAT recombinant LCAT

revealed that the low-density lipoprotein (LDL) fraction
contains 3 abnormal particles with different sizes, lipid com-
position, and associated apolipoproteins,'"'? which were
proposed to be important in the pathogenesis of renal mani-
festation in patients with FLD.""""® Of these, lipoprotein-X
(LpX)'"? have been postulated to accumulate in glomeruli,
potentially causing the renal damage observed in patients
with FLD.'*"® [n | patient with FLD, lipid-lowering therapy
led to a reduction of LpX and a concomitant reduction in
proteinuria.”! LpX is phospholipid (PL)-rich and free choles-
terol (FC)-rich but triglyceride (TG)-poor particle without
apolipoproteins, ranging in size between very low density
lipoprotein and large LDL.*

To characterize the abnormal lipoproteins associated with
the renal pathology of FLD, we characterized lipoprotein
fractions by analyzing patients with different mutations and
manifestations in comparison with another LCAT-deficiency
syndrome, FED. We applied high-performance liquid chro-
matography with a gel filtration column (HPLC-GFC) for
the first time to characterize the above abnormal lipoproteins
and in fact identified lipoprotein subfractions specific to FLD.
The lipid contents and particle size were biochemically deter-
mined, and the responsiveness of the lipoproteins against
incubation with rLCAT was investigated in vitro.

Materials and Methods

Materials and Methods are available in the online-only Supplement.

Large LDL and Renal Damage in LCAT Deficiency 1757

Results
Lipoprotein Subfractions Specific to
LCAT-Deficiency Syndromes
Five patients with FLD (1-5) and 4 patients with FED
(6-9) were compared with 4 nonaffected normolipidemic
controls. Clinical and molecular characteristics and lipid pro-
files of the patients are given in Tables 1 and 2, respectively.
Ultracentrifugation fractionation followed by determination of
lipid contents was performed in patients 1, 2, and 5 (Table I in the
online-only Data Supplement). LCAT a-activities in the patients’
sera were all <2% of reference. As expected in LCAT deficiency,
mature HDL particles found at fraction (Fr.) 16 and 17 of unaf-
fected controls were absent in the 9 patients (Figure 1). Although
the lipid profiles of patients were heterogeneous, HPLC-GFC
showed 4 lipoprotein fractions in sera of patients with FLD and
FED that were not present in sera of unaffected controls: large
lipoproteins (>80 nm) in Fr. 1 (Lpl), lipoproteins corresponding
to large LDL in Fr. 8 (or Fr. 7-10; Lp8), lipoproteins correspond-
ing to very small LDL and large HDL in Fr. 12 to 16 (Lp12-16),
and lipoproteins corresponding to small HDL in Fr. 18 to 20
(Lp18-20). The levels of cholesterol, TG, and PL in these specific
fractions varied among the 9 patients (Figure 1). Serum apolipo-
protein analyses of Fr. 7 to 10, Fr. 13 to 15, and Fr. 18 to 20 in 3
patients (1, 2, and 5) showed that Fr. 13 to 15 and Fr. 18 to 20 were
rich in apolipoprotein A as normolipidemic control although var-
ied among patients (Figure I in the online-only Data Supplement).
Apolipoprotein Cs were also rich in Fr. 18 to 20 but not in Fr. 13 to
15. Apolipoprotein B was mostly distributed in Fr. 8 to 10 among
the 3 fraction categories. Apolipoprotein E was abundant in all 3
fraction categories when compared with that in the control.

Abnormal Lipoproteins Are Present in FLD
Regardless of Degree of Proteinuria

To study the relationship between lipoproteins and the degree
of proteinuria in patients with FLD, lipoproteins between 2
sibling patients with FLD homozygous for the C337Y muta-
tion in LCAT were compared (Figure 1, patients 1 and 3).
Patient 1 had proteinuria in the nephrotic range (6 g/24 h),
whereas patient 3 had only mild proteinuria (0.45 g/L).%
All 4 abnormal lipoproteins were present in both patients
(Figure 2A), although 3 lipoproteins (Lp1, Lp8, and Lp18-20)
were lower in the younger patient.

Table 1. Clinical and Molecular Characteristics of Patients With Lecithin:Cholesterol Acyltransferase Deficiency
Patient Sex Age, Y Race Renal Failure/Proteinuria Corneal Opacity Anemia CAD Phenotype AA Substitution References
1 F 17 White (Morocco) 69/24 h + 11.49/dL - FLD C337Y 23

2 F 61  Japanese 29/24h + 95g/dL - FLD C98Y 24

3 F 12 White (Morocco) 0.45 g/L + 9.2¢g/dL - FLD C337Y 23

4 F 63 Japanese 0.23g/24h + 103 ¢g/dL - FLD G203R 25

5 M 68  Japanese 0.59/L + 6.6g/dL - FLD G54S 26

6 M 38  Japanese - + - - FED T147I 10

7 M 58  White (Dutch) - + - - FED T1471 None

8 M 36  White (Dutch) - + - - FED W99S/T1471 27

9 F 30 White (Dutch) - + - - FED T147IN333M 28

Patients 8 and 9 are compound heterozygotes; others are homozygotes for the indicated mutations. AA indicates amino acid; CAD, coronary
artery disease; F, female; FED, fish-eye disease; FLD, familial lecithin:cholesterol acyltransferase deficiency; and M, male.
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Table 2. Lipid Profiles of Patients With Lecithin:Cholesterol
Acyltransferase Deficiency

Patients TC TG HDL-C LDL-C CE/TC
1 109 179 5.8 67 0

2 123 307 9.3 52 0.13
3 47 56 10.1 26 0

4 47 89 6.3 23 0.13
5 56 59 2.0 42 0

6 85 120 4.0 57 0.57
7 133 120 4.7 104 0.54
8 144 205 3.9 99 0.57
9 98 118 4.9 70 0.39

Values for LDL-C were calculated according to Friedewald et al.?® CE/TC
indicates cholesteryl ester/total cholesterol ratio; HDL-C, high-density lipoprotein-
cholesterol; LDL-C, low-density lipoprotein-cholesterol; TC, total cholesterol; and
TG, triglyceride.

Next, lipoprotein profiles of a patient with FLD with
homozygous for the C98Y* mutation before and after a fat-
restricted diet, which led to a reduction of proteinuria from 2.0
g/gCr to 0.6 g/gCr, were compared (Figure 1, patient 2). All 4
lipoproteins remained present after the diet although Lpl and
Lp8 were decreased to some extent (Figure 2B).

Lp8 and Lp12 to 16 Are Specific

to FLD and Not to FED

Next, composition of the 4 Lps was analyzed (Figure II in the
online-only Data Supplement). In all lipoproteins, cholesteryl
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ester (CE) was absent in FLD and low in Lpl, Lpl2 to 16,
and Lp18 to 20 in FED (panel A). PL in Lp8 was significantly
lower in FLD when compared with that in FED (panel D). PL
and FC were increased in Lp12 to 16 in FLD when compared
with that in FED (panels B and D). FC, TG, and PL in both
Lpl and Lp18 to 20 did not differ between FLLD and FED.

Lp8 Is a Large LDL, Rich in FC, PL,

and TG, and Different From LpX

In comparison with unaffected controls and to patients with
FED, CE in the LDL fractions of FLD sera was significantly
decreased, whereas TG was increased (Figure 3A). In patients
with both FLD and FED, FC, TG, and PL in Fr. 8 were signifi-
cantly higher than in Fr. 9, whereas in controls, FC, TG, and
PL in Fr. 8 were significantly lower than in Fr. 9 (Figure 3B).
As a result, average sizes of Lp8 (Fr. 7-10) in FLD were sig-
nificantly increased when compared with normal, whereas
averaged particle size in FLD was lower than those in FED
because of the severe deficiency of CE (Figure 3C). The com-
position of Lp8 in our patients with FLD is consistent with
the previously reported FLD-LDL, and not consistent with the
lipid characteristics of LpX.

Abnormal Lipid Compositions of FL.D-

Specific Lps Are Ameliorated by In

Vitro Incubation With rLCAT

In vitro rLCAT incubation was performed followed by HPLC-
GFC analyses (Figure III in the online-only Data Supplement).
Incubation of patients’ sera with rLCAT increased CE, TG,
and PL in Fr. 16 to 18 in both FLD and FED (Figure IV in
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Figure 1. Lipoprotein profiles in patients with familial lecithin:cholesterol acyltransferase deficiency (FLD) by high performance liquid
chromatography (HPLC) with gel filtration column (GFC). Sera from patients with 5 FLD (patients [Pts.] 1-5) and 4 Fish-eye disease (FED;
Pts. 6-9) were subjected to lipoprotein size fractionation with concomitant determination of lipid concentrations in each fraction by high-
performance liquid chromatography-GFC analyses. Representative result is shown for normolipidemic subjects. Concentrations of total
cholesterol (@), triglyceride (m), free cholesterol (¢), and phospholipid (4; y axis) in each fraction (x axis) are shown.
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Figure 2. Differences in lipoproteins in patients with familial lecithin:cholesterol acyltransferase deficiency (FLD) with or without renal
insufficiency. A, Lipoprotein profiles were compared between a patient with FLD with nephrotic range proteinuria (patient 1, o) and patient
3 with mild proteinuria (@). B, Lipoprotein profiles were compared between before (o) and after (@) fat-restricted diet.

the online-only Data Supplement), indicating LCAT-mediated
maturation of HDL. CE and PL contents of Lp8 were sig-
nificantly increased and decreased, respectively, in FLD after
incubation with rLCAT, whereas TG content was not signifi-
cantly altered (Figure 4A and 4B). In FED, composition of
Lp8 was not significantly altered by the treatment (Figure 4A
and 4B). On incubation with rLCAT, Lp8 increased in size in
FLD and it decreased in size in FED (Figure 4C). However,
FC and PL in Lp12 to 16 decreased on incubation (Figure 4D).

Discussion
In this study, 4 lipoprotein fractions specific to LCAT-deficiency
syndromes were identified by the HPLC-GFC analysis of sam-
ples from genetically diagnosed patients with different muta-
tions and manifestations. Two of these had lipid compositions

that were specific to FLD and thus may be involved in causing
the renal damage that characterizes FLD. In vitro incubation
with rLCAT corrected the abnormal fractions.

Lpl, one of the abnormal lipoproteins characteristic to
LCAT-deficiency syndrome, was rich in TG and PL, and asso-
ciated with the degree of proteinuria in 2 siblings with FLD,
and was decreased on fat restriction in another patient with FLD
(Figure 2). Indeed, abnormal lipoproteins with size of =100
nm corresponding to Lpl have been identified in patients with
LCAT deficiency with renal failure.*'"'"* The lipid composi-
tion of Lp1 did not change on incubation with rLCAT (data not
shown). Together, this suggests that Lp1 is most likely secondary
to renal failure rather than directly caused by LCAT deficiency.

As opposed to controls, Fr. 8 was richer in total choles-
terol, TG, FC, and PL than Fr. 9 in the patients with LCAT
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Figure 3. Characterization of lipid profiles in Lp8 of familial
lecithin:cholesterol acyltransferase deficiency (FLD) and Fish-eye
disease (FED). A, Lipid compositions of Fr. 7 to 10 fractions (Lp8)
were compared among FLD (closed column), FED (gray column),
and normal (open column). *P<0.05. B, Lipid concentrations of
fractions 8, 9, and 10 were compared in FLD (n=5), FED (n=4),
and controls (n=4). “P<0.05. Cholesteryl ester (CE) concentra-
tions in FLD are not shown because levels were undetectable.

C, Size distribution of lipoproteins in Lp8 (Fr. 7-10) was com-
pared among FLD (closed column), FED (gray column), and
normal (open column) based on total cholesterol (TC) and phos-
pholipid (PL) concentrations. *P<0.05. FC indicates free choles-
terol; and TG, triglyceride.

deficiency (Figures 1 and 4B). Lp8 also differed in composi-
tion between FLD and FED: in FLD, it contained increased
TG and decreased CE in comparison with FED (Figure 3A).
Importantly, although the levels varied with the severity of
renal damage as did those in Lpl, the buoyance of the peak
at Fr. 8 did not vary with severity of renal damage (Figure 2),
strongly suggesting that Lp8 directly results from a lack of
LCAT and not from metabolic disturbances that occur during
proteinuria and progressive renal failure.

In addition to the above-mentioned characteristics for Lp8
in LCAT-deficiency syndrome, HPLC-GFC analyses clarified
novel unique lipid properties of Lp8 in FLD in comparison
with that in FED; the averaged sizes of Lp8 are smaller in
FLD than those in FED (Figure 3C). The lipid compositions
of Lp8 in FLD were, in part, ameliorated by rLCAT incubation
(Figure 4A). The averaged sizes of the Lp8 increased in FLD,
whereas those in FED decreased (Figure 4C). rtLCAT increased
the CE formation in both LDL and HDL fractions in FLD sera.
Thus, these findings indicated that the abnormal compositions
were most likely caused primarily by the dysfunction of LCAT
in the patients, and that the abnormal characteristics of Lp8
were not because of metabolic disturbances that occur during
proteinuria and progressive loss of kidney function.

Previous extensive analyses using electron microscopy
have identified 3 abnormal lipoproteins in the LDL fraction
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Figure 4. Effects of in vitro familial lecithin:cholesterol acyltrans-
ferase (LCAT) supplementation on the lipid profiles of abnor-

mal lipoproteins in LCAT-deficiency syndrome. After analyses
described in Figure Il in the online-only Data Supplement, lipid
composition (A), cholesteryl ester (CE)/TC ratio (B), averaged par-
ticle size based on total cholesterol (TC) and phospholipid (PL)
concentrations (C), in Lp8, and lipid concentrations in Lp12 to 16
(D), were compared between culture media containing recom-
binant LCAT (rLCAT; closed column) and media without rLCAT
(open column). *P<0.05. FC indicates free cholesterol; FED, Fish-
eye disease; and TG, triglyceride.

of FLD'™: TG-rich and CE-poor particles of sizes similar to
normal LDL (FLD-LDL); FC- and PL-containing particles of
sizes distributing from 40 to 60 nm (LpX-like particle)?; par-
ticles with a diameter of 100 nm (designated as LM-LDL)!73°
that were later reported to be identical to LpX."> LpX is FC-
and PL-rich but TG-poor lipid particles (30%, 60%, and 2%,
respectively)* without apolipoproteins, which range from
very low density lipoprotein to large LDL fractions in fast
performance liquid chromatography analysis.*! The abnormal
particles have been shown to be decreased by lipid-lowering
therapy in a patient with FLD.?! Lipoproteins in Lp8 were dif-
ferent from LpX in the lipid contents; the fractions were rich
in FC and PL and also rich in TG (13.2+1.3%, 41.4+3.3%,
and 45.8+3.8%, respectively). The composition analyses sug-
gested that Lp8 corresponds to FLD-LDL, but the calculated
sizes of Lp8 were larger than normal LDL using the data
obtained by size fractionation with HPLC-GPC in the present
study. Thus, the identified Lp8 in LCAT-deficiency syndrome
was most likely not identical to LpX in the characteristics.
There is a limitation for the interpretation of the quantita-
tive measurement of LpX in the frozen samples collected in
our study because the abnormal lipoproteins were known to
be labile to freezing-and-thawing treatment. In this context,
fresh sera were collected from patients 2 and 4 and analyzed
by agarose gel electrophoresis. The lipid staining of lipopro-
teins electrophoresed in agarose gel detected the abnormally
slowly migrating TG-poor lipoproteins, LpX, at the expectedly
migrating position, as well as TG-rich abnormal B-lipoproteins
(LDL) in the once-frozen sample, as well as the fresh sample
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in patient 4, although the staining intensity tended to decrease
in comparison with the fresh counterpart. However, LpX was
not detected in either sample with or without freeze-and-
thaw treatment from patient 2. Thus, LpX was indeed labile
to freeze/thawing, and the frozen samples were not adequate
for the quantitative measurement. However, the presence was
still able to be evaluated after once-freezing treatment. On the
basis of background data, HPLC-GFC analysis showed that
lipid contents in Lp8 were not largely affected by once-freez-
ing treatment in both patients 2 and 4: in contrast, the contents
of TG and PL were slightly decreased in lipoproteins with
peak of Fr. 5 (data not shown). Additional studies using fresh
samples of patients with distinct mutations and manifestations
are needed to interpret the significance of novel lipoproteins
in comparison with LpX for the development of renal insuf-
ficiency in LCATOdeficiency syndrome quantitatively.

In FLD but not in FED, Lp12 to 16 were heterogeneous in
size and rich in PL. rLCAT decreased PL in these fractions
specifically (Figure 5D; Figure II in the online-only Data
Supplement). This may suggest that the heterogeneous-sized
PL-rich particles in Fr. 12 to 16 converge to normal-sized
HDL (Fr. 16-18) on incubation with rLCAT, with concomi-
tant esterification of FC.

In conclusion, 4 lipoprotein fractions specific to LCAT-
deficiency syndromes were identified by the HPLC-GFC
analysis of samples from genetically diagnosed patients with
different mutations and manifestations. The composition of 2
of these was unique to only FLD; these were not likely com-
patible with the previously reported LpX. These abnormal
lipoproteins may be causal to the renal pathology in FLD,
the main cause of increased morbidity and mortality in this
condition. The regular evaluation of these specific lipid frac-
tions during LCAT enzyme replacement therapy in patients
with LCAT deficiency may provide guidance for success of
the intervention. The value of these lipid fractions for risk of
future renal disease needs to be addressed in prospective fol-
low-up studies in patients with FLD with various mutations in
the LCAT gene before the onset of proteinuria.
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Significance

Lecithin:cholesterol acyltransferase-deficiency syndromes are classified into 2 forms: familial lecithin:cholesterol acyltransferase deficiency
and fish-eye disease. Patients with familial lecithin:cholesterol acyltransferase deficiency develop renal failure, whereas fish-eye disease
patients do not. This study was performed to identify abnormal lipoproteins associated with the renal damage of patients with different
mutations and manifestations. Size fractionation with gel filtration of patients’ sera and in vitro incubation experiments with recombinant
lecithin:cholesterol acyltransferase showed abnormal lipoproteins associated with the renal damage. Thus, our novel analytic approach
identified large low-density lipoprotein and high-density lipoprotein with a composition specific to familial lecithin:cholesterol acyltransferase
deficiency but not to fish-eye disease. The identification of abnormal lipoproteins may shed light on the clarification of renal pathology and
the development of treatment for the patients with familial lecithin:cholesterol acyltransferase deficiency.
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Materials and methods
Identification of FLD and FED patients

Patients were referred because of a clinical suspicion of LCAT deficiency
due to the presence of corneal opacification and HDL deficiency, with or without
proteinuria and/or renal insufficiency (Table 1). Lipid profiles of the patients are
also given in Table 2. In our clinics, the definitive molecular diagnoses were
established for all patients. The renal biopsy analyses were performed to make a
diagnosis for renal damage in some patients. Patient(Pt)s 1 and 3 are Morroccan
sister®®. Other patients are unrelated. Pt.2 was treated with a fat-restricted diet
(1570 kcal; fat 10 g and protein 45 g) during admission, with the prescription of
losartan 50 mg/day for 8 months. Younger sister of Pt. 2 also shows corneal
opacification. Informed consent from her was not obtained for genetic analysis
and current study. Proteinuria for FLD patients were 6g/24h (Pt. 1), 2 g/24h (Pt.
2), 0.45 g/l (Pt. 3), 0.23g/24h (Pt. 4), and 0.5 g/l (Pt. 5).

Analysis of patient samples

This study was approved by the Ethics Committees of Chiba University
School of Medicine and Academic Medical Center, University of Amsterdam, and
informed consent was obtained from the participants including unaffected
normolipidemic controls. Blood samples were obtained from participants, and
serum was prepared and stored at -80 °C until use. LCAT activity (a-activity) was
measured using artificial proteoliposomes as substrate’. Serum lipoproteins
were fractionated by high-performance liquid chromatography with gel filtration
column (HPLC-GFC)*® and analyzed simultaneously by online enzymatic
method to quantify total cholesterol (TC), free cholesterol (FC), triglyceride (TG),
and phospholipid (PL) (Skylight Biotech, Akita, Japan). The resulting raw
chromatograms (elution time versus lipid concentration) were further processed
by computer program with the modified Gaussian curve fitting for resolving the
overlapping peaks by mathematical treatment. Finally, the system subdivided the
lipoprotein particles of normal subjects by size into the following 20 subclasses:
chylomicron (CM, >80 nm, fractions 1-2), very low density lipoprotein (VLDL,
30-80 nm, fractions 3-7), low density lipoprotein (LDL, 16-30 nm, fractions 8-13),
and high density lipoprotein (HDL, 8-16 nm, fractions 14-20). In this fractionation
analysis, standard particle diameters have been reported to be >90, 75, 64, 53.6,
445, 36.8, 31.3, 28.6, 25.5, 23.0, 20.7, 18.6, 16.7, 15.0, 13.5, 12.1, 10.9, 9.8,
8.8, 7.6 nm for fraction 1 through 20, respectively?. Average sizes of lipoprotein
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