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Abstract To determine the relative contribution of obesity
and/or insulin resistance (IR) in the development of dys-
lipidemia in chronic kidney disease (CKD), we investigated
the transport of apolipoprotein (apo) B-100 in nonobese,
nondiabetic, nonnephrotic CKD subjects and healthy con-
trols (HC). We determined total VLDL, VLDL,, VLDL,, in-
termediate density lipoprotein (IDL), and LDL-apoB-100
using intravenous D3-leucine, GC-MS, and multicompart-
mental modeling. Plasma apoC-III and apoB-48 were immu-
noassayed. In this case control study, we report higher
plasma triglyceride, IDL-, VLDL-, VLDL;-, and VLDL,-apoB-
100 concentrations in CKD compared with HC (P < 0.05).
This was associated with decreased fractional catabolic rates
[FCRs (pools/day)] [IDL:CKD 3.4 (1.6) vs. HC 5.0 (3.2),
P<0.0001; VLDL:CKD 4.8 (5.2) vs. HC 7.8 (4.8), P=0.038;
VLDL;:CKD 10.1 (8.5) vs. HC 29.5 (45.1), P = 0.007;
VLDL,:CKD 5.4 (4.6) vs. HC 10.4 (3.4), P = 0.001] with no
difference in production rates. Plasma apoC-III and apoB-48
were significantly higher in CKD (P < 0.001) and both cor-
related with impaired FCRs of VLDL, VLDL,, and VLDL,
apoB-100 (P < 0.05). In CKD, apoC-III concentration was
the only independent predictor of clearance defects in
VLDL and its subfractions.llfi Moderate CKD in the absence
of central adiposity and IR is associated with mild hyper-
triglyceridemia due to delayed catabolism of triglyceride
rich lipoproteins, IDL, and VLDL, without changes in pro-
duction rate. Altered apoC-III metabolism may contribute
to dyslipidemia in CKD, and this requires further
investigation.—Chan, D. T., G. K. Dogra, A. B. Irish, E. M.
Ooi, P. H. Barrett, D. C. Chan, and G. F. Watts. Chronic kid-
ney disease delays VLDL-apoB-100 particle catabolism: po-
tential role of apolipoprotein C-III. J. Lipid Res. 2009. 50:
2524-2531.
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Cardiovascular (CV) morbidity and mortality is in-
creased in patients with mild renal dysfunction (1). While
the precise mechanisms for this increase in CV event are
unknown, both traditional and novel CV risk factors com-
mon to both disease processes have been implicated. Re-
nal dyslipidemia is characterized by raised triglyceride, low
HDL, and normal total cholesterol concentration. How-
ever, dysregulation of lipoprotein metabolism can develop
early in renal disease with alteration in apolipoprotein
concentrations in spite of normal plasma lipid levels (2).

Raised plasma triglyceride concentration is now recog-
nized as an independent risk factor for cardiovascular dis-
ease (CVD) in nonrenal subjects (3) and may reflect the
direct atherogenic potential of triglyceride-rich lipopro-
teins (TRLs), particularly VLDLs and intermediate density
lipoproteins (IDLs) (4). VLDL and IDL apolipoprotein
(apo) B-100 accumulation has been reported in kinetic
turnover studies of dialysis patients (5-7) and in obese
chronic kidney disease (CKD) patients not yet on dialysis
(8). However, the mechanism for altered apoB-100 me-
tabolism in CKD remains uncertain with inconsistent re-
ports of either delayed catabolism alone (7) or combination
of reduced clearance and overproduction of VLDL apoB-
100 particles (8). Dyslipidemia of CKD is phenotypically
similar to that seen in the metabolic syndrome and obe-
sity. Insulin resistance (IR), which is evident in early CKD
(9, 10) and central adiposity, may therefore contribute to
the observed dyslipidemia in these populations. Studies in

Abbreviations: apo, apolipoprotein; BMI, body mass index; CKD,
chronic kidney disease; CV, cardiovascular; CVD, cardiovascular dis-
ease; eGFR, estimated glomerular filtration rate; FCR, fractional cata-
bolic rate; IDL, intermediate density lipoprotein; IQR, interquartile
range; IR, insulin resistance; sCr, serum creatinine; TRL, triglyceride-
rich lipoprotein.
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hemodialysis (11) and nonrenal subjects (12) have dem-
onstrated a role for IR and adiposity in the development of
abnormal lipoproteins particles. Furthermore, several ki-
netic studies have shown that IR increases FFA availability,
which then stimulates the release of large triglyceride-rich
VLDL, particles without a change in the small dense
cholesterol-rich VLDL, subfraction secretion (13, 14).

Inhibitors of lipolytic enzymes, such as plasma apoC-III,
inflammation, oxidative modification, and carbamoyla-
tion of apolipoproteins, may also contribute to the devel-
opment of dyslipidemia in CKD. The increased plasma
apoC-II of CKD (15) delays the catabolism of TRL by in-
hibiting the action of lipolytic enzymes (i.e., LPL and HL)
(16) and interfering with apoE-mediated binding to re-
ceptors, which impairs hepatic remnant clearance (17).
Inflammation is common in CKD and has been associated
with the development of an abnormal lipid profile (18).
Inflammation upregulates apoC-III gene expression (19)
and promotes protein carbamoylation, which may inter-
fere with lipoprotein cell receptor recognition resulting in
reduced clearance (20).

The kinetics of VLDL (total and subfractions), IDL-,
and LDL-apoB-100 in nonobese predialysis CKD subjects
controlled for the presence of IR has not previously been
studied. We hypothesized that patients with moderate
CKD exhibit clearance defects in TRLs, particularly, total
VLDL, VLDL,, and VLDL, and IDL apoB-100 metabolism,
with relatively preserved LDL kinetics. We aimed to inves-
tigate the transport of VLDL (total and subclasses), IDL,
and LDL apoB-100 in nondiabetic, nonnephrotic stage 3
CKD subjects without central adiposity and/or IR. We also
explored the association between plasma apoC-III, plasma
apoB-48, inflammatory markers, and lipoprotein kinetics.

METHODS AND MATERIALS

Subjects

Ten CKD [estimated glomerular filtration rate (eGFR) 30-60
ml/min by modified Modification of Diet in Renal Disease Study
equation] subjects and 20 healthy controls were recruited from
the community and a department of nephrology (Royal Perth
Hospital, Western Australia), respectively. Healthy controls were
selected to match the CKD subjects based on age, sex, and waist
circumference. Total VLDL, IDL, and IDL kinetic data from 12
of the 20 control subjects were obtained from previous studies
carried out in our department (21); these studies did not include
kinetic data on VLDL,; and VLDL, metabolism. We recruited
eight additional healthy, control subjects in whom we measured
total VLDL and VLDL subfraction kinetics. Only seven of these
healthy controls could be pair-matched, based on age, sex, and
waist circumference, to seven CKD subjects, in whom we also had
VLDL, and VLDL, kinetic data. All subjects were nonobese [body
mass index (BMI) <30 mkg/m2] and nondiabetic and did not
have central adiposity (waist circuamference of <102 cm in men
and <88 c¢m in women as defined by the National Cholesterol
Education Program Adult Treatment Panel III criteria) (22). All
underwent complete physical examination and laboratory inves-
tigations. Healthy control subjects had no clinical or laboratory
evidence of renal disease or any chronic disorder that required
the use of regular medications. CKD subjects were excluded if

they had nephrotic syndrome (or proteinuria >3g/d), significant
CV disease, hypothyroidism, abnormal liver function tests, and
alcohol consumption of >30g alcohol/day and presence of the
apolipoprotein E2/E2 genotype. ApoE genotyping was not car-
ried out in the control subjects, but none of these exhibited a
dyslipidemic phenotype. Secondary causes of dyslipidemia were
excluded in the CKD subjects. None had a family history of pre-
mature CVD in a first-degree relative. CKD subjects on lipid mod-
ifying agents, who did not have significant CV or cerebrovascular
disease, underwent a 4-6 week statin wash-out prior to the study.
Six of the 10 CKD subjects who were on statin underwent a 4-6
week wash-out period. Two CKD subjects were smokers. Causes
of renal disease included glomerulonephritis, interstitial nephri-
tis, previous nephrectomy, adult polycystic kidney disease, vascu-
litis, and systemic lupus erythematosus. In one CKD subject, the
cause of renal dysfunction was unknown.

The study was approved by the Royal Perth Hospital Ethics
Committee and was performed in accordance with the ethical
standards set by the Helsinki Declaration of 1975 (as revised in
1983). Written informed consent was obtained from all partici-
pants. This trial is registered with the Australian New Zealand

Clinical Trials Registry (ACTRN12605000726651).

Study design and clinical protocols

All subjects presented to the metabolic ward in the morning of
the scheduled kinetic study after a 12 h fast. Body weight and
height were measured, and arterial blood pressure was obtained
using a Dinamap1846 SX/P monitor (Critikon, Tampa, FL). Di-
etary intake was assessed using a 24 h dietary diary and analyzed
using DIET 4 Nutrient Calculation Software (Xyris Software,
Queensland, Australia).

A Teflon cannula was inserted into an antecubital vein, and
venous blood samples were collected into Vacutainer tubes for
biochemical analysis. Participants received a single bolus of Ds-
leucine (5 mg/kg) intravenously over 2 min and allowed water
only for the first 10 h of the study. Venous blood samples were
taken at baseline and at 5, 10, 20, 30, and 40 min and 1, 1.5, 2,
2.5,3,4,5,6,8,and 10 h after the isotope injection. Additional
blood samples were obtained after a 12 h fast in the morning at
24, 48, 72, and 96 h. All samples were immediately centrifuged
at 4°C for 15 min at 3500 rpm to obtain plasma and then stored at
4°C until processed.

Isotopic enrichment of apoB

Total VLDL, VLDL,, VLDL,, IDL, and LDL concentrations
were measured using a modification of the method as described
by Beghin et al. (23) In brief, total VLDL, IDL, and LDL were
first isolated from 2 ml of plasma by ultracentrifugation (42,000
rpm, 23°C, 16 h; Beckman 50.4Ti fixed angle rotor; Beckman
Instruments, Palo Alto, CA). VLDL, and VLDL, were isolated
from total VLDL in a six-step discontinuous salt gradient of densi-
ties 1.0988-1.0588 g/ml (24). ApoB was precipitated and delipi-
dated by isopropanol, hydrolyzed with 6 M HCl at 110°C for 16 h,
and dried and derivatizated to an oxazolinone derivative (25).
The free amino acid in plasma was isolated by cation-exchange
chromatography (AG 50W-X8 resin; Bio-Rad, Richmond, CA)
following removal of protein with 60% perchloric acid. Isotopic
enrichment was determined using negative chemical ionization
GC-MS with selected ion monitoring at m/z of 212 and 209.
Tracer-to-tracee ratios were derived from isotopic ratios of each
sample.

Biochemical analyses

All biochemical analyses were measured in samples obtained
at baseline. Plasma cholesterol and triglyceride concentrations
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were determined by standard enzymatic methods (Hitachi, To-
kyo, Japan; Roche Diagnostic, Mannheim, Germany). HDL-cho-
lesterol was measured by an enzymatic colorimetric method
using a commercial kit (Boehringer Mannheim, Mannheim, Ger-
many), while nonHDL-cholesterol was calculated by subtracting
HDL-cholesterol from total cholesterol. LDL-cholesterol was cal-
culated by the Friedewald calculation. Plasma total apoA-I,
apoA-Il, and apoB concentrations were determined by immu-
nonephelometry (Dade Behring, Illinois). Plasma apoC-III,
apoC-lI, and apoE were measured by the turbidimetric immuno-
assay kit (Wako Pure Chemicals Industries, Osaka, Japan). Plasma
apoB-48 concentration was measured in a 12 h fasting plasma
sample by sandwich enzyme-linked immunoassay using a vali-
dated commercially available anti-human apoB-48 monoclonal
antibodies (interassay coefficient of variation 5%) (26). LPL mass
was measured in preheparin plasma using sandwich enzyme im-
munoassay (LPL Elisa Daiichi; Daiichi Pure Chemicals, Tokyo,
Japan) (coefficient of variation <10%). Plasma adiponectin was
determined using an enzyme immunoassay kit (interassay coeffi-
cient of variation <7%, Quantikine; R and D Systems, Minneapo-
lis, MN). Plasma insulin was measured by solid-phase two-site
sequential chemiluminescent immunometric assay (Diagnostic
Products, Los Angeles, CA) and glucose by hexokinase method
(Hitachi, Tokyo, Japan). Insulin resistance was estimated by the
homeostasis model assessment (HOMA) score [fasting insulin
(nU/ml) x fasting glucose (mmol/1)/22.5]. High-sensitivity
Crreactive protein was assayed using a high-sensitivity immunon-
ephelometric method (Dade Behring Marburg, Marburg,
Germany). Tumor necrosis factor-a and interleukin 6 were mea-
sured using enzyme immunoassay technique (Quantikine HS; R
and D Systems). Genomic DNA was extracted from whole blood,
and apoE genotypes were determined using the TagMan assay on
an ABI PRISM® 7000 sequence detection analyzer.

Kinetic analyses

Total VLDL, IDL, and LDL apoB-100 kinetics. The SAAM 11
program (SAAM Institute, Seattle WA) was used for modeling
the data. The details and assumptions of the model for the
VLDL-, IDL-, and LDL-apoB were described previously (21). In
brief, part of the model consists of a four-compartment subsys-
tem that describes plasma leucine kinetics (compartments 1-4)
(see Fig. 1, model 1a). This subsystem is connected to an intrahe-
patic delay compartment (compartment 5) that accounts for the
time required for the assembly, synthesis, and secretion of apoB-
100 into plasma. Five compartments (compartments 6-10) are
used to describe the kinetics of apoB-100 in VLDL, which also
takes into account the delipidation cascade (compartments 6-9)
and a slowly turning over VLDL apoB-100 pool (compartment
10). The kinetics of plasma IDL was described by compartments
11 and 12. Compartment 11 represents the conversion of IDL to
LDL (compartment 13) or its removal directly from plasma.
Compartment 12 represents a slowly turning-over pool of IDL
particles. LDL apoB is described by compartment 13 and an ex-
travascular compartment, compartment 14. The fractional cata-
bolic rates (FCRs) of VLDL, IDL, and LDL-apoB were derived
from the model parameters giving the best fit. The correspond-
ing production rates were calculated as the product of FCRs and
pool size, which equals the plasma concentration multiplied by
plasma volume. Plasma volume was estimated as 4.5% of body
weight.

Total VLDL,, VLDL,, IDL, and LDL apoB-100 kinetics. The
SAAM II program (SAAM Institute, Seattle WA) was also used for
modeling the data. This model consisted of 13 compartments
(27), which includes a four-compartment subsystem that de-
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scribes plasma leucine kinetics (compartments 1-4) (see Fig. 1,
model 1b) This subsystem is connected to an intrahepatic delay
compartment (compartment 5) that accounts for the synthesis
and secretion of apoB-100 into plasma. Compartments 6 and 7
describe the kinetics of apoB-100 in the VLDL,, corresponding to
fast and slowly turning-over VLDL, apoB-100 pools, respectively.
The kinetics of apoB-100 in VLDL, are described by compart-
ments 8 and 9, which also takes into account the fast and slowly
turning over VLDL; apoB-100 pools. IDL apoB-100 kinetics is de-
scribed by compartments 10 and 11. IDL apoB-100 is either
cleared from plasma or converted to LDL (compartment 12).
LDL-apoB-100 is cleared from this compartment or exchanges
with an extravascular LDL pool (compartment 13). VLDL,,
VLDL,, IDL, and LDL apoB-100 FCRs were derived from the
model parameters giving the best fit. The corresponding produc-
tion rates were calculated as the product of FCR and pool size, as
described above.

Statistical analyses

Statistical analyses were performed using SPSS version 15.0
(SPSS Software, Chicago IL). Data are presented as median and
interquartile range (IQR) to account for the skewed nature of
the parameters given the small sample size. Group comparisons
were performed using the Mann-Whitney test. Statistical associa-
tions were examined using simple, stepwise, and multiple linear
regression methods. Statistical significance was defined as P <
0.05.

RESULTS

Subject characteristics

The clinical and biochemical characteristics of the CKD
subjects and healthy controls are shown in Table 1. The two
groups were well matched for age, body weight, BMI, and
waist circumference. Blood pressure, plasma glucose, insu-
lin, HOMA score, adiponectin, and alanine transaminase
did not differ significantly between groups (see Table 1).
There was no significant between group difference in mark-
ers of inflammation, including high-sensitivity C-reactive
protein, interleukin-6, and tumor necrosis factor-a (all P>
0.05). Of the 10 CKD subjects, six did not have the apoE2/
E2 allele and four were heterozygous for the apoE2/E3.
Average daily energy intake and the proportion of energy
from protein, fat, carbohydrates, and alcohol were not dif-
ferent between groups. [CKD: total energy median 8,333
(IQR 3270) K], protein 19 (8)%, fat 35 (13)%, carbohy-
drates 39 (10) %; alcohol 2 (11) % vs. controls: total energy
7,215 (5,102) k], protein 20 (11)%, fat 32 (7) %, carbohy-
drates 50 (12) %, and alcohol 0 (4) %; all P> 0.05)].

As expected, the CKD group had significantly higher se-
rum creatinine (sCr) and lower eGFR (P < 0.001) (see
Table 1). CKD subjects had significantly higher serum trig-
lyceride, apoB, apoC-III, and apoB-48 concentrations com-
pared with healthy controls (P < 0.05). Since plasma
apoC-II concentration was not different between groups,
the ratio of apoC-II/apoC-II was significantly reduced
in the CKD subjects (P < 0.05). Total cholesterol, LDL-
cholesterol, HDL-cholesterol, apoA-I, apoA-II, apoE con-
centrations, and LPL mass were not significantly different
between CKD and healthy control subjects (see Table 2).



TABLE 1. Clinical and biochemical characteristics of CKD and control subjects

CKD (n =10) Controls (n =20) P
Age (years) 57 (21) 58 (10) 0.98
Male/female (n) 7/3 14/6 0.90
Body weight (kg) 73.5 (25.9) 73.9 (16.6) 0.91
Waist circumference (cm) 93.5 (19.2) 89.8 (16.1) 0.59
BMI (kg/m?) 24.4 (5.5) 23.6 (7.0) 0.98
Systolic blood pressure (mm Hg) 126 (10) 124 (19) 0.85
Diastolic blood pressure (mm Hg) 72 (3) 74 (11) 0.71
Serum creatinine (pmol/L) 130 (56) 78 (24) <0.001
Estimated glomerular filtration rate (ml/min) 51 (17) 89 (23) <0.001
Urine protein:creatinine ratio (mg/mmol) 17.0 (12.5) - -
Glucose (mg/dl) 90.0 (3.6) 90.0 (16.2) 1.0
Insulin (pU/ml) 6.7 (4.2) 7.0 (4.4) 0.85
HOMA Score 1.5 (1.1) 1.5 (1.1) 0.85
Alanine transaminase (U/L) 14.5 (8.5) 18.5 (7.0) 0.15
Adiponectin (mg/L) 5.6 (2.4) 4.3 (2.8) 0.53
High sensitivity C-reactive protein 2.7 (6.3) 1.4 (1.3) 0.27
Interleukin-6 (pg/ml) 1.0 (3.2) 1.0 (1.2) 0.85
Tumor necrosis factor-a (pg/ml) 3.0 (9.1) 3.1 (4.2) 0.56

Data are presented as median (IQR). To convert estimated glomerular filtration rate in ml/min to ml/s,
multiply by 0.01667; glucose in mg/dl to mmol/L, multiply by 0.05551; insulin in pU/ml to pmol/L, multiply by
7.175.

Table 3 shows plasma VLDL-, IDL-, and LDL-apoB-100
concentrations and corresponding kinetic parameters in
the CKD subjects and healthy controls (as derived from
model la in Fig. 1). Table 4 shows the plasma VLDL, and
VLDL, apoB-100 concentrations and kinetic parameters
in a subgroup of CKD subjects and pair-matched healthy
controls (as derived from model 1b of Fig. 1). Serum tri-
glyceride levels were significantly different between the
subgroup of CKD (n = 7) and healthy control (n = 7) sub-
jects with VLDL subfraction data [CKD: 150 (257) vs. HC
62 (35), P=0.004]. Compared with controls, CKD subjects
had significantly higher total IDL, VLDL, VLDL,, and
VLDL, apoB-100 concentrations. These kinetic changes
were related to lower FCRs (P < 0.05) without a change in
corresponding production rates. LDL concentration and
kinetics were not significantly different between groups.
There were no differences in the percentage of conversion
rates of VLDL to IDL apoB, IDL to LDL apoB, VLDL, to
IDL apoB, VLDL, to VLDL, apoB, and VLDL, to IDL apoB
(Tables 3 and 4).

To confirm the validity of our kinetic analysis, Fig. 2
shows representative VLDL, and VLDL, apoB-100 tracer
curves in a CKD subject with high apoC-III and a control
subject with low apoC-III. This shows good agreement be-
tween the model fit and the VLDL, and VLDL, apoB-100
tracer data over a 12 h period. The average coefficient of
variation [percentage + SD (range)] for estimates of
VLDL, and VLDL, FCRs in the CKD and control subjects
are as follows: CKD: VLDL,, apoB-100 [4.39 + 1.17%
(2.98-6.12%)1, VLDL, apoB-100 [6.20 = 1.91% (3.84-
9.16%)1; controls: VLDL; apoB-100 [2.93 + 0.88% (2.08-
4.41%)1], VLDL, apoB-100 [3.69 + 0.94% (2.92-5.66%) ].

There was a significant positive correlation between sCr
and triglyceride concentrations in the CKD subjects (r =
0.71, P = 0.022). sCr and eGFR in the CKD subjects cor-
related with total VLDL apoB-100 FCR (sCr: r=-0.75, P=
0.013; eGFR r = 0.62, P = 0.056), but this did not reach
statistical significance for the FCRs of VLDL, apoB-100
(sCr: r=—0.63, P=0.13; eGFR r=0.48, P=0.28) and VLDL,
apoB-100 (sCr r= —0.72, P=0.06; eGFR r= 0.63, P= 0.13).

TABLE 2. Plasma lipid, lipoprotein, and apolipoprotein concentrations in CKD and control subjects

Lipid, Lipoprotein, Apolipoprotein CKD (n =10) Controls (n =20) P
Total cholesterol (mg/dl) 218 (86) 203 (70) 0.18
LDL cholesterol (mg/dl) 133 (66) 117 (43) 0.91
Triglycerides (mg/dl) 124 (142) 71 (53) 0.004
HDL cholesterol (mg/dl) 59 (35) 59 (35) 0.95
apoB (mg/dl) 120 (40) 92 (30) 0.035
apoA-I (mg/dl) 160 (70) 160 (50) 0.62
apoA-II (mg/dl) 30 (7) 30 (10) 0.65
apoC-II (mg/1) 34.2 (26.7) 32.4 (13.0) 0.71
apoC-III (mg/1) 200 (74) 98 (34) <0.0001
apoC-I1/C-1I ratio 0.21 (0.12) 0.32 (0.2) 0.001
apoB-48 (mg/1) 4.5 (2.2) 2.2 (2.6) <0.0001
apoE (mg/I) 62.2 (51.5) 43.6 (52.8) 0.21
Lipoprotein lipase mass (ng/ml) 51.0 (31.6) 42.7 (41.0) 0.81

Data are presented as median (IQR). To convert cholesterol, HDL-cholesterol. and LDIL-cholesterol in mg/dl
to mmol/L, multiply by 0.02586; triglycerides in mg/dl to mmol/L, multiply by 0.01129; apoC-III in mg/dl to

mg/L, multiply by 10.
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TABLE 3.

Kinetic estimates of total VLDL, IDL, and LDL apoB-100 in the CKD and control subjects

CKD (n = 10)

Controls (n = 20) P

Plasma concentrations (mg/1)

VLDL apoB 73.1[17.2,371.9] 46.4 [23.7, 85.7] 0.039
IDL apoB 86.5 [39.6, 224.0] 55.2 [11.7, 135.2] 0.006
LDL apoB 814.2 [581.6, 1070.7] 839.9 [595.0, 1042.7] 0.98
FCR (pools/day)

VLDL apoB 4.3 [0.63, 17.99] 6.8 [4.3, 14.4] 0.008
IDL apoB 3.4 [1.0, 4.3] 5.0 [2.2,21.6] <0.0001
LDL apoB 0.39 [0.16, 0.49] 0.45 [0.24, 0.76] 0.31
Production rate (mg/kg/day)

VLDL apoB 14.4 [10.0, 31.0] 17.0 [11.0, 25.5] 0.18
IDL apoB 13.6 [7.2,18.2] 13.6 [9.6, 25.3] 0.53
LDL apoB 12.7 [5.8, 22.0] 14.9 [7.5, 24.4] 0.13
Conversion rate (%)

VLDL to IDL apoB 71.7 [39.8, 96.5] 70.4 [44.9, 99.9] 0.71
IDL to LDL apoB 92.2 [60.6, 100.0] 99.1 [64.4, 100.0] 0.14

Kinetic data presented as median [minimum, maximum].

Plasma apoC-III and apoB-48 concentrations were sig-
nificantly and inversely correlated with the total VLDL
apoB-100 (apoC-IIIL: r = —0.79, P = 0.007; apoB-48: r =
—0.80, P=0.005), FCR of VLDL, apoB-100 (apoC-III: r =
—0.76, P=0.049, apoB-48: r= —0.75, P=0.05), and FCR of
VLDL,; apoB-100 (apoC-III: r= —0.80, P= 0.029, apoB-48:
r=—0.86, P=0.012) in the CKD subjects. Furthermore,
there was positive correlation between plasma apoC-III
and plasma apoB-48 concentration (r=0.72, P=0.02) in
the CKD subjects. In a stepwise regression model that in-
cluded apoB-48 and creatinine, apoC-III was the only sig-
nificant independent predictor of the FCRs of total VLDL
(adjusted R =52%, P= 0.01), VLDL,; (adjusted R =62%,
P = 0.038), and VLDL, (adjusted R =65%, P = 0.029)
apoB-100. ApoC-11/apoC-II ratio was only correlated with
total VLDL apoB-100 FCR (r=0.64, P=0.045) but not with
VLDL,; apoB-100 (r= 0.41, P= 0.36) nor VLDL, apoB-100
(r=0.612, P=0.14) FCRs.

DISCUSSION

We have demonstrated that nonobese subjects with
moderate CKD have mild hypertriglyceridemia that relates
to higher plasma concentrations of total VLDL, VLDL,,

Leucine

6 VLDL

13 14

LDL

Fig. 1.
apoB-100 kinetics (b).
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VLDL,, and IDL apoB-100. This could be a consequence
of impaired clearance of IDL apoB-100, and of total VLDL
apoB-100, including its major subclasses, with no signifi-
cant difference in corresponding production rates. We
also demonstrated that elevated plasma apoC-III levels in
CKD independently predicted clearance defects in total
VLDL, VLDL,, and VLDL, apoB-100 particles. Our kinetic
inferences are based on multicompartmental models of
VLDL (total and subfractions) apoB-100 that accords well
with previous studies (28, 29).

IR contributes to changes in lipoprotein metabolism
and development of dyslipidemia in subjects with diabetes
mellitus and the metabolic syndrome. A previous kinetic
study by Batista et al. (8) in predialysis obese CKD subjects
reported higher VLDL and IDL apoB-100 concentrations,
which related to a change in clearance but not a change in
production rate. The presence of the metabolic syndrome
and obesity could have contributed to uremic dyslipidemia
in that study, but it was also confounded by a very small
sample size of three predialysis CKD subjects. Hence, the
relative contributions of visceral adiposity or IR could not
be determined. Other radio-iodine tracer studies by Chan
etal. (b) in 12 dialysis patients reported increase in VLDL
apoB-100 concentration due to decreased VLDL apo-B100

Multicompartmental models employed for analysis of total VLDL, IDL, and LDL apoB-100 kinetics (a) and VLDL,; and VLDL,



TABLE 4. Kinetic estimates of VLDL,; and VDL, apoB-100 in the CKD and control subjects as derived

from model 1b

CKD (n=7) Controls (n=7) P
Plasma concentrations (mg/1)
Triglyceride 150 (257) 62 (35) 0.004
VLDL, apoB 17.0 [8.2,94.4] 8.4 [5.4, 18.1] 0.035
VLDL, apoB 65.3 [35.3, 277.6] 34.5 [18.3, 57.6] 0.013
IDL apoB 105.2 [39.6, 224.0] 59.3 [32.5, 80.1] 0.013
LDL apoB 811.7 [585.1, 1050.8] 857.1 [669.4, 1029.6] 0.34
FCR (pools/day)
VLDL,; apoB 10.8 [2.0, 25.7] 29.5 [13.3, 70.3] 0.009
VLDL,; apoB 5.4 [1.1, 8.5] 10.4 [7.5, 14.4] 0.003
IDL apoB 3.3 [1.9,5.1] 6.4 [4.5,9.0] 0.003
LDL apoB 0.38 [0.20, 0.58] 0.47 [0.36, 0.56] 0.3
Production rate (mg/kg/day)
VLDL, apoB 9.5 [5.6, 17.5] 13.0 [9.0, 19.7] 0.18
VLDL, apoB 15.4 (7.4) 15.0 (3.4) 0.95
IDL apoB 16.1 [11.3, 22.0] 16.8 [12.2, 18.7] 0.85
LDL apoB 14.1 [7.3, 19.8] 17.8 [12.3, 21.5] 0.08
Conversion rate (%)
IDL to LDL apoB 83.6 [59.1, 100.0] 96.6 [83.0, 99.3] 0.18
VLDL, to IDL apoB 96.3 [55.1, 97.8] 68.9 [7.8, 98.6] 0.085
VLDL, to VLDL, apoB 96.7 [55.1, 97.8] 68.9 [7.8, 98.6] 0.085
VLDL,; to IDL apoB 100 [95.9, 100.0] 100 [ -] 0.32

Data are presented as median (IQR). Kinetic data presented as median [minimum, maximum].

fractional catabolic rate and increased production rate. A
stable isotope study in 12 Japanese hemodialysis patients
reported impaired catabolism of IDL apoB, delayed clear-
ance and decreased production of LDL apoB, and no dif-
ference in the metabolism of VLDL apoB (6). In a study of
peritoneal dialysis patients, Prinsen et al. (7) reported in-
creased VLDL; apoB-100 pool size due to increased syn-
thesis and decreased clearance, while increased VLDL,
apoB-100 pool size was a consequence only of delayed ca-
tabolism. The increase in VLDL; apoB-100 synthesis was
partially explained by IR and increased FFA availability.
Our data extends these kinetic findings in a larger group
of nonobese, nondialyzed CKD subjects using a nonradio-
active labeled technique. We observed clearance defects in
total VLDL, VLDL,, and VLDL, apoB-100 without changes
in production rates, suggesting that VLDL (total and sub-
class) apoB-100 overproduction in CKD subjects is possibly
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Fig. 2. Representative VLDL, and VLDL, apoB-100 tracer to
trace ratios for CKD subject with high apoC-III and control subject
with low apoC-III concentration.

driven by visceral adiposity and IR. Thus, the presence of
IR may further exacerbate the lipid abnormalities associ-
ated with CKD.

Accumulation of intact and/or partially metabolized
triglyceride-rich apoB-containing lipoproteins (TRLs) in
CKD has been related to defective lipolytic degradation
(30). Elevated total plasma apoC-III concentration and ac-
cumulation of apoC-II in VLDL particles can occur in
early CKD (31). Compositional changes in apoB-100-
contaning lipoproteins may render them less suitable sub-
strates for lipolysis and resultin reduced receptor mediated
uptake (32). In this study, we noted that higher apoC-III
concentration was associated with slower VLLDL, VLDL,,
and VLDL, apoB-100 catabolism. This could mean that de-
layed catabolism of TRLs resulted in increased plasma
apoC-III concentration or that elevated apoC-III led to re-
duced clearance of these TRLs.

There are several potential mechanisms for the increase
apoC-IIT in CKD. Renal impairment is associated with
excess sialylation of apoCIIl, which may render these
triglyceride-rich particles less suitable substrate for LPL (33).
The kidney is partly involved in clearing apoC-III from
plasma (33), so elevated apoC-III could be secondary to
early CKD. In advanced CKD, where there is greater de-
gree of inflammation (34), inflammatory mediators have
been shown to increase the gene expression of apoC-III
(35). However, markers of inflammation were not differ-
ent in our CKD subjects who had early uncomplicated dis-
ease and were not insulin resistant. Thus, inflammation is
an unlikely mechanism for the raised plasma apoC-III and
delayed catabolism of VLDL apoB-100 and its subclasses in
subjects with early CKD.

We did not observe a reduction in LPL mass that could
account for the slower VLDL apoB-100 catabolism in the
CKD subjects. While the value of measuring LPL mass may
be questioned, LPL mass is highly correlated with posthep-
arin lipolytic activity (r = 0.777, P < 0.001) (36). Collec-
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tively, our findings suggest that in early CKD subjects
without IR, change in LPL mass is an unlikely contributing
factor to defective catabolism of apoB-100-containing
particles.

Protein carbamoylation (37) and accumulation of ad-
vanced glycation end products (38) in the setting of CKD
can lead to alteration in protein structure, enzymatic activ-
ity, and binding to cell surface receptors. Covalent modifi-
cation of LPL in the setting of uremia could decrease LPL
activity. This may also involve modification of hepatic
VLDL apoB-100 and remnant receptors and their ligands.
Measurement of LPL activity in postheparin plasma may
better clarify changes in in vivo LPL activity in CKD.

Dysregulation of intestinal lipoprotein metabolism with
accumulation of intestinally derived apoB-48-containing
lipoproteins is known to occur in diabetes, obesity, and
insulin-resistant states (39, 40). Although raised plasma
apoB-48 concentration has been reported in end-stage re-
nal disease in nondiabetic patients (40), we report for the
first time that plasma apoB-48 concentration is elevated in
nondiabetic predialysis subjects and that this is inversely
associated with VLDL apoB-100 FCR. This suggests that
early CKD impairs the metabolism of remnant lipopro-
teins, which may involve competing with apoB-100-
containing lipoproteins for common clearance pathways
(21, 41). ApoB-48 concentration after a 12 h fast is found
mainly in IDL and chylomicron remnants and is predictive
of intestinally derived TRLs in the postprandial state. Fur-
ther studies should investigate postprandial lipoprotein
metabolism in early CKD.

Our study has several limitations. The observational de-
sign limits inferring causal associations. The small sample
size could have confounded an adequate test of the null
hypothesis, particularly with the VLDL; and VLDL, kinet-
ics. There is also the potential for selection bias, given that
control subjects were selected for having normal lipid lev-
els, while there were no lipid criteria for inclusion in the
CKD subjects. However, the cases were not selected for
having dyslipidemia and secondary causes for dyslipidemia
beyond CKD were excluded. Another potential limitation
is the technical difficulty in isolating pure apoB-100 VLDL
particles. However, it has previously been reported that in
the fasted state, apoB-48 contributes to only ~1% of total
plasma VLDL apoB fraction (42). In our study, the contri-
bution of apoB-48 to total VLDL mass was at most 6%,
which is consistent with other reports (42). Additional
studies of apoB-48 in lipoprotein fractions in the postpran-
dial state could be of interest. The kinetics of VLDL triglyc-
eride was not studied, and further isotopic investigations
would be required to increase our understanding of lipo-
protein metabolism in CKD. A strength of our study, how-
ever, is the exclusion of obese subjects with diabetes and
proteinuria. This provided us with an opportunity to dis-
sect the contribution of CKD alone to the dysregulation of
lipoprotein metabolism.

We conclude that moderate CKD per se, in the absence
of central adiposity, may lead to mild hypertriglyceridemia
with accumulation of TRLs, particularly VLDL and IDL,
and that this is related to defective catabolism. In CKD,
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this relationship may partly relate to abnormal metabolism
of apoC-II or a hitherto unidentified uraemic toxin. The
association between apoC-III and apoB-48 in the CKD sub-
jects suggest that apoC-III may contribute to postprandial
hypertriglyceridemia and accumulation of chylomicron
remnants (43, 44). This needs further investigation. To
clarify the relationship between apoC-III and VLDL kinet-
ics, future ex vivo studies should examine the ability of
VLDL isolated from CKD to act as a substrate for LPL.

Increased plasma triglyceride is increasingly recognized
as an important risk factor for CVD in the general popula-
tion (45) and may be an important target in CKD subjects
who have the characteristic dyslipidemia. Increased
VLDL,, a source of plasma triglyceride, promotes the for-
mation of atherogenic small dense LDL particles and may
contribute to the accumulation of remnant particles and
to changes in HDL composition (29, 46). Modification of
VLDL catabolism may be a new therapeutic target for re-
ducing CV risk in early CKD .HE
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