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Abstract To evaluate functional and compositional prop-
erties of HDL in subjects from a kindred of genetic apoA-I
deficiency, two homozygotes and six heterozygotes, with a
nonsense mutation at APOAl codon —2, Q[-2]X, were re-
cruited together with age- and sex-matched healthy controls
(n = 11). Homozygotes displayed undetectable plasma levels
of apoA-I and reduced levels of HDL-cholesterol (HDL-C) and
apoC-II (5.4% and 42.6% of controls, respectively). Hetero-
zygotes displayed low HDL-C (21 = 9 mg/dl), low apoA-I
(79 + 24 mg/dl), normal LDL-cholesterol (132 = 25 mg/dl),
and elevated TG (130 + 45 mg/dl) levels. Cholesterol efflux
capacity of ultracentrifugally isolated HDL subpopulations
was reduced (up to —25%, P < 0.01, on a glycerophospho-
lipid [GP] basis) in heterozygotes versus controls. Small,
dense HDL3 and total HDL from heterozygotes exhibited
diminished antioxidative activity (up to —48%, P< 0.001 on
a total mass basis) versus controls. HDL subpopulations
from both homozygotes and heterozygotes displayed al-
tered chemical composition, with depletion in apoA-I, GP,
and cholesteryl ester; enrichment in apoA-Il, free choles-
terol, and TG; and altered phosphosphingolipidome. The
defective atheroprotective activities of HDL were correlated
with altered lipid and apo composition il These data reveal
that atheroprotective activities of HDL particles are impaired
in homozygous and heterozygous apoA-I deficiency and are
intimately related to marked alterations in protein and lipid
composition.—Rached, F.,, R. D. Santos, L. Camont, M. H.
Miname, M. Lhomme, C. Dauteuille, S. Lecocq, C. V. Serrano
Jr., M. J. Chapman, and A. Kontush. Defective functionality
of HDL particles in familial apoA-I deficiency: relevance of
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Severe forms of genetic HDL deficiency due to defects
in apoA-I synthesis are characterized by very low HDL-
cholesterol (HDL-C; <5 mg/dl) and undetectable plasma
apoA-I concentrations (1). ApoA-I deficiency can occur
either isolatedly or accompanied by deficiency of apoC-
III/apoA-IV or apoC-Il. In addition to low HDL-C and
apo A-I levels, apoA-I/C-III/A-IV deficiency is character-
ized by low plasma TG levels due to lack of apoC-III, a li-
polysis inhibitor, and malabsorption of fat-soluble vitamins
consequent to lack of apoA-IV. Low plasma TG levels and
planar xanthomas were described in apoA-lI/C-II defi-
ciency (1). Santos et al. (2) have previously characterized
the clinical and laboratory profile of a consanguineous
kindred consisting of two homozygous and eight heterozy-
gous subjects with apoA-I deficiency caused by a nonsense
autosomic dominant mutation, named Q[-2]1X. Homozy-
gous subjects presented cutaneous changes secondary to
cholesterol accumulation, such as tuboeruptive or tendon
xanthomas and corneal opacification as well as early onset
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of severe coronary heart disease; such anormalities ap-
pear to represent the consequence of deficient flux
through the reverse cholesterol transport pathway. Analy-
sis of HDL particles from homozygous subjects by two-
dimensional gel electrophoresis showed undetectable
apoA-l, decreased amounts of small a-3 migrating apoA-II
particles, and only modestly decreased amounts of slow a-
migrating apoA-IV- and apoE-containing HDL. In the het-
erozygotes, there was loss of large a-1 HDL particles (2).

Emerging data suggest that genetic factors regulate both
circulating levels of HDL and its functionality (3-5). Grow-
ing evidence indicates that the atheroprotective effects of
HDL are determined by qualitative factors such as the mo-
lecular composition of both the lipidome and proteome, in
addition to HDL quantity (6, 7). Thus, mutations in various
proteins involved in HDL metabolic pathways can poten-
tially affect plasma levels, composition, structure, and func-
tion of HDL. It remains controversial, however, as to
whether HDL function is altered in families with mono-
genic disorders involving low HDL-C (8, 9) Therefore, we
evaluated the functional as well as compositional character-
istics of ultracentrifugally isolated HDL particles in this well-
characterized apoA-I-deficiency kindred. Two major metrics
of HDL functionality, cellular cholesterol efflux capacity
and antioxidative activity, were found to be impaired in
apoA-I deficiency, in parallel to pronounced alterations in
the composition of HDL particles.

MATERIALS AND METHODS

Subjects

Functional and compositional properties of HDL particles
were evaluated in a Brazilian kindred with familial apoA-I defi-
ciency resulting from a nonsense mutation at codon —2, Q[-2]X,
in APOA1 gene (10) and associated with premature cardiovascu-
lar disease (2). As previously described (2), the kindred was com-
posed of two male homozygotes, eight heterozygotes, and two
unaffected subjects. Homozygotes presented markedly decreased
HDL-C levels, undetectable plasma apoA-I, tuboeruptive and pla-
nar xanthomas, mild corneal arcus and opacification, and severe
premature coronary artery disease. For the present study, two
male homozygotes and six heterozygotes (five males and one fe-
male) were recruited.

The apoA-I-deficient subjects were compared with 11 age-
matched healthy male normolipidemic controls recruited at the
same center, Heart Institute (InCor) of the University of Sao
Paulo Hospital, Sao Paulo, Brazil. All subjects had been off lipid-
lowering medication for at least 2 months at the time of
assessment.

Written informed consent was obtained from all subjects, and
the project was approved by the Ethics Committee of the Heart
Institute-InCor in accordance with local institutional guidelines
conformed to the Declaration of Helsinki.

Blood samples

Blood samples were withdrawn from the cubital vein of each
participant at the time of recruitment. Serum and EDTA plasma
(final EDTA concentration; 1 mg/ml) were prepared from ve-
nous blood collected into sterile, evacuated tubes (Vacutainer).
Plasma was immediately separated by low-speed centrifugation at
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4°C; serum and plasma were each mixed with sucrose (final con-
centration, 0.6%) as a cryoprotectant for lipoproteins (11), ali-
quoted, and frozen at —80°C under nitrogen; each aliquot was
thawed only once directly before analyses.

Standard biochemical parameters

Plasma levels of total cholesterol (TC), TG, and HDL-C were
measured using commercially available enzymatic kits; LDL-
cholesterol (LDL-C) was calculated using the Friedewald formula
(12). Plasma apoA-I and apoB were quantitated by immunoturbi-
dimetry (13). Systemic inflammation was assessed as the plasma
level of high-sensitive C-reactive protein (hsCRP) measured by
immunoassay (14).

Determination of endogenous plasma cholesteryl ester
transfer from HDL to apoB-containing lipoproteins
(cholesteryl ester transfer protein [CETP] activity)

Determination of endogenous plasma cholesteryl ester (CE)
transfer from HDL to apoB-containing lipoproteins was per-
formed by modification of the method of Guérin et al. (15) as
previously described (16). CE transfer was determined after incu-
bation of whole unlabeled individual plasmas (500 pl) at 37°C or
0°C for 3 h in the presence of trace amounts of radiolabeled nor-
molipidemic HDL (<5% of the total HDL-CE mass in plasma).
Iodoacetate was present at the final concentration of 1.5 mM to
inhibit LCAT. Under these conditions, the level of endogenous
HDL-CE in the assay does not impact the transfer of the radioac-
tive label (17). The radioactive content of lipoprotein plasma was
quantified by liquid scintillation spectrometry with a Trilux 1450
B counter (Perkin Elmer). CE transferred from HDL was calcu-
lated using the difference between the radioactivity counts at
37°C and 0°C and expressed as % radioactivity recovered in
plasma.

Isolation of lipoproteins

Plasma lipoproteins were isolated from serum and plasma
by single step, isopycnic nondenaturing density gradient ultra-
centrifugation in a Beckman SW41 Ti rotor at 40,000 rpm for
44 h in a Beckman XL70 ultracentrifuge at 15°C by a slight
modification of the method of Chapman et al. (12) as previ-
ously described (18). After centrifugation, each gradient was
fractionated in predefined volumes from the meniscus down-
ward with an Eppendorf precision pipette into 11 fractions
corresponding to VLDL + IDL (d < 1.019 g/ml), LDL (five
subfractions: LDL1, d = 1.019-1.023 g/ml; LDL2, d = 1.023-
1.029 g/ml ; LDL3, d = 1.029-1.039 g/ml; LDL4, d = 1.039-
1.050 g/ml; and LDL5, d = 1.050-1.063 g/ml), and HDL (five
subfractions: HDL2b, d = 1.063-1.091 g/ml; HDL2a, d = 1.091-
1.110 g/ml; HDL3a, d = 1.110-1.133 g/ml; HDL3b, d = 1.133—
1.156 g/ml; and HDL3c, d = 1.156-1.179 g/ml). The validity
and reproducibility of this density gradient procedure, which
facilitates fractionation of HDL particle subspecies in a nonoxi-
dized, native state, have been extensively documented (12, 19).
Lipoproteins were extensively dialyzed against PBS (pH 7.4) at
4°C in the dark, stored at 4°C, and used within 10 days.

Chemical analysis of lipoproteins

Total protein, TC, free cholesterol (FC), glycerophospholipid
(GP), and TG contents of isolated lipoprotein subfractions were
determined using commercially available assays (12, 13). CE was
calculated by multiplying the difference between total and FC
concentrations by 1.67 (12). Total lipoprotein mass was calcu-
lated as the sum of total protein, CE, FC, GP, and TG. ApoA-l,
apoA-II, and apoE content in HDL was quantitated by immuno-
turbidimetry (Diasys, France).



Lipidome

Lipid standards. 1,2-Dipalmitoyl-sn-glycero-3-phosphocho-
line-N, N, N-trimethyl-d9 (PC 16:0/16:0 d9), 1-lauroyl-2-tridecanoyl-
sn-glycero-3-phospho-(1'-myo-inositol) (P112:0,/13:0),1-dodecanoyl-
2-tridecanoyl-sn-glycero-3-phosphoethanolamine (PE 12:0/13:0),
1-dodecanoyl-2-tridecanoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
(PG 12:0/13:0), 1-dodecanoyl-2-tridecanoyl-sn-glycero-3-
phosphate (PA 12:0/13:0), 1-dodecanoyl-2-tridecanoyl-sn-glycero-
3-phospho-1-serine (PS 12:0/13:0), 1-pentadecanoyl-2-hydroxy-
sn-glycero-3-phosphocholine (LPC 15:0), and Nheptadecanoyl-p-
erythrosphingosine (Cer d18:1/17:0) were used as internal stan-
dards. 1-Palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC
16:0), 1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC
18:0), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (PC 14:0/14:0),
1-myristoyl-2-palmitoyl-sn-glycero-3-phosphocholine (PC 14:0/16:0),
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (PC 16:0/16:0),
1-palmitoyl-2-stearoyl-sn-glycero-3-phosphocholine (PC 16:0/18:0),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC 16:0/18:1),
1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine (PC 16:0/18:2),
1,2-distearoyl-sn-glycero-3-phosphocholine (PC 18:0/18:0), 1-stearoyl-
2-oleoyl-sn-glycero-3-phosphocholine (PC 18:0/18:1), 1-stearoyl-
2-linoleoyl-sn-glycero-3-phosphocholine (PC18:0/18:2), 1-stearoyl-
2-arachidonoyl-sn-glycero-3-phosphocholine (PC 18:0/20:4),
1-palmitoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine
(PC 16:0/22:6), 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-
phosphocholine (PC 18:0/22:6), 1-stearoyl-2-hydroxy-sn-glycero-
3-phosphoethanolamine (LPE 18:0), 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine (PE 18:0/18:0), 1-heptadecanoyl-2-
(9Ztetradecenoyl)-sn-glycero-3-phospho-(1'-myo-inositol) (PI17:0/
14:1), N-stearoyl-p-erythro-sphingosine (Cer d18:1/18:0), 1,2-
distearoyl-snglycero-3-phosphate (PA 18:0/18:0), 1,2-distearoyl-sn-
glycero-3-phospho-(1'-racglycerol) (PG18:0/18:0),and 1-palmitoyl-
2-linoleoyl-sn-glycero-3-phospho-L-serine (PS 16:0/18:2) were pur-
chased from Avanti Polar Lipids (Alabaster, AL). LC/MS-grade
solvents were used without further purification and obtained
from Sigma-Aldrich (St. Louis, MO) or VWR (West Chester, PA).

Extraction. HDL subpopulations were extracted according
to a procedure adapted from Larijani et al. (20) Briefly, 30 pg
of total GP mass determined using a commercially available as-
say was added to 4 ml of cold CHCl;/acidified CH;OH (5:2 v/v)
containing 4 pg of PC d9 32:0, 100 ng of PI 25:0, 80 ng of PE
25:0, 80 ng of PA 25:0, 40 ng of PS 25:0, 20 ng of PG 25:0, and
20 ng of Cer 17:0. A blank (PBS) and a control (HDL2 obtained
from a reference normolipidemic plasma) sample were ex-
tracted in parallel with each batch to ensure quality control;
cach sample was corrected for blank readings. K,EDTA (200
mM) solution was added (1:5 v/v), and the mixture was vor-
texed for 1 min and centrifuged at 3,600 g for 10 min at 4°C.
The organic phase was transferred into 5 ml Chromacol glass
tubes and dried under nitrogen. Lipids were reconstituted into
150 pl isopropanol-hexane-water (10:5:2 v/v), transferred into
LC/MS amber vials with inserts, dried under nitrogen, and resus-
pended in 40 pl of isopropanol-hexane-water (10:5:2 v/v). Mo-
lecular lipid species were analyzed and quantitated by LC/MS/MS.

LC/MS analysis. Seven principal GP subclasses [phosphatidyl-
choline (PC), lysophosphatidylcholine (LPC), phosphatidyletha-
nolamine (PE), phosphatidylinositol (PI), phosphatidylglycerol
(PG), phosphatidylserine (PS), and phosphatidic acid (PA)] and
two principal sphingolipid (SL) subclasses [sphingomyelin (SM)
and ceramide (Cer)], which together comprise >160 individual
molecular lipid species and account for >95% of total plasma GP
and SM (21, 22), were assayed by LC/MS/MS. The lipid sub-
classes were divided into major (those whose content was >1% of
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total GP + SL, i.e., PC, SM, LPC, PE, and PI) and minor (those
whose content was <1% of total GP + SL,, i.e., PG, Cer, PS, and PA).

Lipids were quantified by LC-ESI/MS/MS using a QTrap 4000
mass spectrometer (AB Sciex, Framingham, MA) equipped with
a turbo spray ion source (300°C) combined with an LC20AD
HPLC system, a SIL-20AC autosampler (Shimadzu, Kyoto, Japan),
and the Analyst 1.5 data acquisition system (AB Sciex).

Quantification of GPs and SLs was performed in positive-ion
mode, except for PI species that were detected in negative-ion
mode. Sample (4 pl) was injected onto a Symmetry Shield RP8
3.5 pm 2.1 x 50 mm reverse phase column (Waters Corporation,
Milford, MA) using a gradient from 85:15 to 91:9 (v/v) methanol-
water containing 5 mM ammonium formate and 0.1% formic
acid at a flow rate of 0.1 ml/min for 30 min. Lipid species were
detected using multiple reaction monitoring reflecting the head-
group fragmentation of each lipid class. PC, LPC, and SM species
were detected as product ions of m/z 184; PE, PS, PG, and PA as
neutral losses of respectively m/z 141, 185, 189, and 115; and PI
molecular species as product ions of m/z —241. Air was used as
nebulizing gas and Nj as collision gas. PE, PS, PG, PI, PA, and Cer
species were monitored for 18 ms; PC, LPC, and SM species were
monitored for 30 ms at a unit resolution (0.7 amu at half peak
height).

Quandtification. Lipids were quantified using calibration
curves specific for the nine individual lipid classes with up to 12
component fatty acid moieties. Twenty-three calibration curves
were generated in nondiluted and 10-fold diluted matrices to
correct for matrix-induced ion suppression effects. More abun-
dant lipid species that displayed a nonlinear response in nondi-
luted extracts were quantified from a 10- or 100-fold diluted
sample. An in-house-developed Excel Macro script (Microsoft
Office 2010, Redmond, WA) was used to compile data from the
three successive injections.

HDL enrichment in LPC

Total HDL fraction (1,500 pg GP of a mixture of HDL2b, 2a,
3a, 3b, and 3c subfractions at their equivalent plasma concentra-
tions isolated from normolipidemic plasma by density gradient
ultracentrifugation as described previously) was incubated with
LPC suspensions overnight at 4°C under constant stirring. LPC
(50 or 250 pg) was placed as a chloroformic solution in an empty
tube, chloroform evaporated, and PBS (500 pl) added. The sus-
pension was vigorously vortexed for 1 min and sonicated for
20 min at a maximal power in a Branson 2510 sonicator (Branson
Ultrasonics, Danbury, CT) immediately before incubation with
HDL. HDL from the same subject incubated in parallel with PBS
in the absence of exogenous lipid was used as a control. Sub-
sequently, lipid-enriched and control HDL subfractions were
reisolated by density gradient ultracentrifugation as described
previously to remove non-HDL-associated exogenous lipids, and
cholesterol efflux capacity and antioxidative activity of HDL were
measured as described subsequently.

In some experiments, LPC was incubated with whole plasma to
obtain LPC-enriched HDL. LPC (2.5 or 5 mg) was placed as a chlo-
roformic solution in an empty tube, chloroform evaporated, and
plasma (3 ml) added. The suspension was gently mixed for 1 min
and incubated overnight at 4°C under constant stirring. Plasma
from the same subject was incubated in parallel in the absence of
LPCas a control. LPC-enriched and control HDLs were isolated by
density gradient ultracentrifugation as described previously.

Cholesterol efflux capacity of HDL

Cholesterol efflux capacity of HDL subpopulations (HDL2b,
HDIL2a, HDL3a, HDL3b, and HDL3c) and of total HDL were
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characterized in a human THP-1 monocytic cell system (ATCC)
at 15 pg HDL-GP/ml for HDL subpopulations and at 30 pg HDL-
GP/ml for total HDL. THP-1 cells differentiated into macro-
phage-like cells with PMA and loaded with acetylated LDL (acLLDL)
efflux cellular cholesterol predominantly via ABCA1 (23). Total
HDL from each donor was prepared by mixing all five HDL sub-
fractions at their equivalent plasma concentrations. HDL particles
were compared on the basis of their GP concentrations because
GP was shown to represent the key component determining cho-
lesterol efflux capacity of HDL (24). Cholesterol efflux capacity of
whole plasma samples (2.5%) was also assessed.

Assays of cellular cholesterol efflux were performed as previ-
ously described with minor modifications. In brief, THP-1 mono-
cytes were cultured on 24-well tissue culture plates and grown in
RPMI 1640 media with 10% FBS and differentiated into macro-
phage-like cells with 50 ng/ml PMA for 48 h. The cells were
washed and loaded for 24 h with [BH]cholesterol-labeled acL.DL
(1 pCi/ml) in serum-free RPMI 1640 supplemented with 50 mM
glucose, 2 mM glutamine, 0.2% BSA (RGGB), 100 pg/ml penicil-
lin, and 100 pg/ml streptomycin to allow cell cholesterol pools to
equilibrate. The labeling medium was removed, and human mac-
rophages were then equilibrated in RGGB for an additional 16—
24 h period. Cellular cholesterol efflux to 15 pg/ml HDL-GP
for HDL subpopulations and to 30 pg/ml HDL-GP for total HDL
was assayed in serum-free medium for a 4 h chase period. [3H]
cholesterol-labeled cells were also incubated 4 h at 37°C in the
presence of 40-fold diluted total plasma. Finally, culture media
were harvested and cleared of cellular debris by a brief cen-
trifugation. Cell radioactivity was determined by extraction in
hexane-isopropanol (3:2 v/v), evaporation of the solvent, and
liquid scintillation counting (Wallac Trilux 1450 Microbeta, Per-
kin Elmer). The percentage of cholesterol efflux was calculated
as (medium cpm) / (medium cpm + cell cpm) x 100%. Specific
cholesterol efflux was determined by subtracting nonspecific cho-
lesterol efflux occurring in the absence of cholesterol acceptors.

Antioxidative activity of HDL

Antioxidative activities of serum-derived HDL3b and 3c sub-
populations (final concentration of each, 10 mg total mass/dl),
and of total HDL (final concentration, 40 mg total mass/dl),
were assessed toward reference LDL isolated from one healthy
normolipidemic control subject (14, 25, 26). Total HDL from
each donor was prepared as described previously. HDL particles

were compared on the basis of their total mass concentrations
because both protein and lipid components were shown to con-
tribute to the capacity of HDL to inhibit LDL oxidation (29, 28).
Serum was used as a source of HDL for this assay to ensure intact
paraxonase activity, which is inhibited by EDTA (29).

HDL subfractions were added to LDL directly before oxida-
tion by an azo-initiator 2,2'-azo-bis-(2-amidinopropane) hydro-
chloride (AAPH; 1 mM) and accumulation of conjugated dienes
was measured as the increment in absorbance at 234 nm (13, 14,
25, 26). Absorbance kinetics were corrected for the absorbance
of AAPH itself run in parallel as a blank. The kinetics of diene
accumulation revealed two characteristic phases, the lag and
propagation phases. For each curve, the duration of each phase,
average oxidation rates within each phase, and amount of dienes
formed at the end of the propagation phase (maximal amount of
dienes) were calculated (13, 14, 25, 26).

Statistical analysis

Distributions of all variables were analyzed for normality using
the Kolmogorov-Smirnov test. Normally distributed variables are
expressed as means + SD unless otherwise indicated; non-Gaussian
distributed variables are expressed as median (minimum, maxi-
mum). Between-group differences in normally distributed vari-
ables were analyzed using Student’s ttest. For non-Gaussian
distributed variables, the Mann-Whitney U-test was used, or they
were log transformed to ensure normality before statistical analy-
sis. Differences in dichotomous variables were analyzed by Fisher’s
exact test. Spearman’s correlation coefficients were calculated to
evaluate relationships between variables.

RESULTS

Clinical and standard laboratory parameters

Table 1 shows clinical characteristics and biochemical
parameters of controls as well as heterozygotes and homo-
zygotes for apoA-I deficiency. Homozygotes displayed
mean values of HDL-C, apoA-I, and apoC-III that were
5.4%, 0%, and 42.6% of normal plasma levels, respectively
(all P < 0.05). Plasma lipid profiles of heterozygotes re-
vealed characteristics of atherogenic dyslipidemia, with

TABLE 1. Clinical and biological characteristics of apoA-I-deficient subjects and age- and sex-matched controls
Controls Heterozygous Subjects (n = 6) Homozygous Subjects (n = 2)
Age, years 54+ 11 41 +2 41 (40, 42)
BMI, kg/m2 244 +3.1 26.1+7.0 29.3 (32.2, 26.5)
Male/female 11/0 5/1 2/0
Plasma parameters
TC, mg/dl 189 + 24 191 +7 169 (142, 196)
LDL-C, mg/dl 119 = 26 132 + 25 145 (120, 170)
HDL-C, mg/dl 52+ 11 21 £9° 4 (8,5)"
Non-HDL-C, mg/dl 134 + 28 171 = 18° 64 (137, 190)
TGs, mg/dl 87 +27 130 = 42° 4 (86, 101)
GPs, mg/dl 223 + 29 267 + 29" 209 (202, 215)
ApoB100, mg/dl 99 + 23 114 + 14 104 (81 127)
ApoA-L, mg/dl 132+ 17 79 + 24°
ApoC-II, mg/dl 7.5+2.0 6.0 +3.0 3.3 (3.1, 3.4)"
Fasting glucose, mg/dl 91 +8 85+ 10 83 (88, 78)
hsCRP, mg/1 0.60 (0.20; 4.5) 0.93 (0.37; 8.87) 3 (4.7,13.8)"

Data obtained in two heterozygotes are shown as means (individual values).

“P<0.001; versus control subjects.
"P<0.01; versus control subjects.
‘P < 0.05; versus control subjects.
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significantly reduced HDL-C (—62%, P< 0.001) and apoA-I
(—40%, P < 0.001) levels and significantly elevated TG
(+60%, P < 0.01), non-HDL-C (+28%, P < 0.05), and GP
(+20%, P < 0.001) levels relative to normolipidemic con-
trols, with normal fasting glucose plasma levels. No signifi-
cant difference was observed in BMI between groups
(Table 1). Consistent with these data, plasma CETP activ-
ity was significantly increased (+70%, P< 0.001) in hetero-
zygotes versus controls (Fig. 1). Despite normal TG levels
in homozygous subjects, they also revealed elevated plasma
CETP activity (+89%, P < 0.01; Fig. 1). Furthermore, ho-
mozygotes but not heterozygotes displayed significantly
increased plasma levels of hsCRP (15-fold, P< 0.01; Table
1), documenting a proinflammatory state. Importantly,
homozygotes did not present with an acute illness and
were relatively stable during blood collection. Indeed,
plasma samples taken from these subjects at another occa-
sion also revealed elevated levels of hsCRP, with a mean of
4.4 mg/1 (range, 1.8 to 7.0 mg/1).

Plasma levels and total lipid composition of HDL
particles

Table 2 displays total mass, lipid composition, and pro-
tein content of HDL subpopulations in study subjects.
Plasma concentrations of all HDL subpopulations were
decreased in homozygotes with familial apoA-I deficiency
relative to controls (up to —91%, P < 0.001), whereas in
heterozygotes, solely plasma concentrations of large, light,
cholesterol-rich HDL2b and 2a were significantly affected
(up to —57% vs. controls, P< 0.01; Table 2).

Total lipid composition of HDL was markedly altered
in familial apoA-I deficiency. Neutral lipids of the hydro-
phobic HDL core were markedly affected in homozy-
gotes. When expressed as wt%, CE content tended to be
depleted in all HDL subpopulations, reaching significance

+89%

+70% ‘

60 =

-

CETP activity, %[ 3 H]-cholesteryl
esterrecoveredin plasma
y////
%

[ Control

Heterozygotes
I Homozygotes
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Fig. 1. Plasma CETP activity in subjects with homozygous (n = 2)
and heterozygous (n = 6) apoA-I deficiency and control subjects.
[SH]CE—labeled HDL was incubated with unlabeled plasma for 3 h,
and CETP activity was determined as radioactivity recovered in
plasma. The number denotes % increase in CETP activity in apoA-
I-deficient subjects versus control group; *** P < 0.001, ** P< 0.01
versus controls. Data obtained in two homozygotes are shown as
means, and the range of individual values is represented as
min-max.
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in HDL3b (—54%, P< 0.001; Table 2). In parallel, homo-
zygous HDL2a and HDL3a were significantly enriched in
TG, when expressed as wt% (+71%, and +91%, P < 0.05,
respectively; Table 2). As a result, the CE/TG ratio was
significantly reduced in HDL3a and HDL3b (up to —63%,
P < 0.05) and tended to be reduced in all other HDL
subpopulations in homozygous subjects as compared
with controls, consistent with enhanced CETP activity
(Fig. 1).

Polar lipids of the HDL surface monolayer were also
markedly influenced by the apoA-I deficiency in homozy-
gotes. Indeed, decreases in wt% GP content in HDL3a,
HDL3b, and HDL3c (up to —35%, P < 0.001; Table 2)
were found in homozygous relative to controls; relevant
difference in FC content was observed between the groups,
with increased wt% FC content in all HDL subpopulations
(up to 2.9-fold in HDL3c, P< 0.001). Interestingly, altered
relative content of core versus surface lipids, manifested as
a modestly reduced (CE + TG)/(GP + FC) ratio, was only
observed in HDL3b particles (—32%, P< 0.05).

HDL subpopulations from heterozygous subjects
equally displayed altered chemical composition, with en-
richment in core TG (significantly in HDL3a; +48%, P <
0.05) and depletion in CE (significantly in HDL2a and
HDL3c; up to —26%, P < 0.01). As a result, the CE/TG
ratio was significantly reduced in HDL2a, HDL3a, and
HDL3b (up to —46%, P< 0.05; Table 2) and tended to be
reduced in other HDL subpopulations in heterozygous
subjects as compared with controls, consistent with ele-
vated CETP activity (Fig. 1).

As in homozygotes, polar lipids were also affected in
heterozygotes, with depletion in wt% GP content in
HDL2b, HDL3b, and HDL3c (up to —31%, P< 0.001; Ta-
ble 2) and enrichment in wt% FC content in HDL2b and
HDL3c (up to +42%, P< 0.001). Interestingly and in con-
trast to homozygotes, altered relative content of core ver-
sus surface lipids was manifested as an increased (CE +
TG)/ (GP + FC) ratio, as observed in HDL2b and HDL3b
particles (up to +42%, P< 0.01).

Protein composition of HDL particles

The total protein concentrations in all HDL particles
(as mg/dl) were significantly reduced in homozygotes
(Fig. 2), whereas in heterozygotes, significant reduction in
this parameter was only observed in large, light HDL2 (up
to —52%, P < 0.01; Fig. 2). By contrast, HDL content of
total protein expressed as wt% was unchanged in large,
light HDL2 and elevated in small, dense HDL3 in both
homo- and heterozygotes (Table 2), indicating that pro-
tein components can compensate for the deficiency in sur-
face lipid components in HDL from heterozygotes.

Expectedly, apoA-I, the major HDL apo in controls, was
absent from HDL in homozygotes. Circulating levels of
apoA-I were significantly diminished in HDL2b, 2a, and 3c
in heterozygotes (up to —80%, P < 0.05; Fig. 3A). By con-
trast, apoA-II was detected in all HDL subpopulations ob-
tained from homozygotes. Circulating levels of apoA-II
were differentially affected in heterozygotes, with a reduc-
tion observed in HDL2b (—68%, P< 0.05; Fig. 3B) and an
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TABLE 2. Total mass and % lipid and protein composition (wt/wt) of HDL subpopulations from
apoA-I-deficient patients and control subjects

Group HDL2b HDL2a HDL3a HDL3b HDL3c
Total mass (mg/dl)

Control 83.6 £ 33.2 94.5+£12.3 79.6 + 14.6 35.3+7.1 15.1+3.4

Heterozygotes 36.3 + 8.0" 56.5 +19.0° 66.7 £ 23.0 32.0+12.0 12.8 +4.0

Homozygotes  23.0 (23.5,22.6)" 85 (8.1,8.6)° 82(7.4,9.0° 65 (5872 3.1 (2.8, 3.4)"
CE, wt%

Control 28.5+£5.0 23.6 + 3.7 222+4.1 18.8 +3.2 16.6 +2.4

Heterozygotes 31.4+2.6 20.1 + 1.3 18.9+0.9 17.3+2.3 12.4+3.0°

Homozygotes  25.7 (24.0,27.4) 19.1 (18.3,20.4) 16.8 (17.0,16.6) 8.7 (8.9,8.6)°  138.9 (17.15, 10.8)
TG, wt%

Control 5.6+2.3 3.8+1.5 34+1.3 3.1+1.7 34+19

Heterozygotes 72+1.8 49+1.0 47+1.2° 42+1.8 31+0.9

Homozygotes 7.2 (5.5, 8.9) 6.5 (6.9,6.0)° 65 (82,48)° 3.0 (3.0,3.0) 2.9 (4.0, 1.7)
GP, wt%

Control 31.5+5.1 29.0 +4.5 28.1 £3.5 26.1 +2.6 20.0 + 2.6

Heterozygotes 21.9+3.6" 27.8 +2.7 25.7+ 1.7 20.9 + 1.9 15.3+0.7°

Homozygotes  24.1 (26.7,21.6)  25.0 (25.9,24.3) 20.5 (20.8,20.0)° 17.0 (17.4, 16.5)" 12.3 (13.8, 12.0)"
FC, wt%

Control 6.5+0.7 3.9+0.5 29+0.3 25+0.3 2.0+04

Heterozygotes 8.7+1.1° 3.7+0.1 2.9+0.2 2.7+0.3 2.8+0.7°

Homozygotes  12.3 (18.9,10.6)* 8.3 (9.9,6.7)° 4.6 (5.4,3.9° 59 (7.6,48)" 5.7 (5.3,6.1)"
Total protein, wt%

Control 28.1+4.6 39.5+5.2 43.5+4.5 49.1 £5.6 58.3 +4.8

Heterozygotes 30.8+1.2 43.4+2.4 47.7+2.4 54.9 £ 3.0° 66.4 + 3.0"

Homozygotes  30.6 (20.8,31.5)  40.9 (39.0, 42.8) 51.5 (48.6,54.6)° 59.0 (63.1,67.0)" 64.4 (59.7, 69.3)

Data obtained in two heterozygotes are shown as means (individual values).

“P<0.001; versus controls.
'p< 0.01; versus controls.
‘P< 0.05; versus controls.

elevation found in HDL3b and 3¢ (up to +52%, P < 0.05;
Fig. 3B).

HDL content of apoA-I (as wt%) was significantly re-
duced in heterozygous HDL2b and 3b, whereas that of
apoA-II was significantly elevated in both homo- and het-
erozygous HDL3b and 3c (data not shown).

ApoE only provided a minor contribution to the HDL
proteome that did not exceed 2% of total protein and
tended to be elevated in apoA-I-deficient subjects (data
not shown).

As reported earlier (30), HDL2b from both apoA-I-
deficient subjects and controls contained low amounts of
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Fig. 2. Total protein concentration in HDL subpopulations, ex-
pressed as mg/dl, in homozygous (n = 2) and heterozygous (n = 6)
apoA-I-deficient subjects. Note that no apoA-I was detected in HDL
from the homozygous subjects; ** P < 0.01, * P < 0.05 versus con-
trols (n = 11). Data obtained in two homozygotes are shown as
means, and the range of individual values is represented as
min-max.
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Lp(a) (<5% of total HDL protein in control HDL2b; data
not shown), reflecting the presence of Lp(a) whose hy-
drated density overlaps that of HDL2 (31). As a result of
low plasma concentrations of HDL2b in apoA-I-deficient
subjects, such contamination by Lp(a), however, contrib-
uted some 23% of total protein to this subfraction (data
not shown).

Lipidome of HDL subpopulations

Nine GP and SL subclasses were measured in HDL par-
ticles from heterozygous subjects and controls, in the or-
der of decreasing abundance, PC, SM, LPC, PE, PI, Cer,
PS, PG, and PA. We were unable to assay the HDL lipidome
in homozygotes due to the lack of samples as a result of
extremely low HDL levels. When expressed as % of total
GP + SL, a reduction (up to —7%, P< 0.05; Fig. 4A) in the
content of PC, the most abundant GP subclass, was ob-
served in HDL2b, HDL3b, and HDL3c of heterozygous
subjects relative to control HDLs. The content of SM, an-
other key structural GP, was also diminished in HDL2a
and 3a in heterozygotes (up to —18%, P < 0.01; Fig. 4B)
but was increased by +15% (P < 0.05) in HDL2b. All HDL
subpopulations from heterozygotes displayed increased
content of Cer species relative to controls; these differ-
ences reached significance in HDL2b, HDI.2a, and HDL3b
(up to +142%, P< 0.001; Fig. 5A). PS, a negatively charged
minor GP, was increased in heterozygous HDL2b, HDI.2a,
and HDL3c¢ (up to +426%, P < 0.001; Fig. 5B). Finally, all
HDL subpopulations from heterozygotes were enriched in
PG (up to +512%, P < 0.001; Fig. 5C). Interestingly, HDL
% content of LPC, a primary product of PC hydrolysis, was
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markedly elevated in small, dense HDL3 from heterozy-
gotes (up to +310% P< 0.001; Fig. 6A) versus correspond-
ing control HDLs. All HDLs from heterozygous subjects
were also markedly enriched in PA (up to +786%, P< 0.05;
Fig. 6B), another product of GP hydrolysis and a key cel-
lular signaling molecule. In addition, HDL % content of
PI was elevated in all HDL subpopulations from heterozy-
gotes (up to +47%, P < 0.05; Fig. 4C) versus controls, ex-
cept in HDL3b. The reported differences in GP and SL
subclasses were entirely consistent with those in their re-
spective individual isobaric lipid species, notably PC 34:1,
34:2, and 36:2; SM 34:1 and 42:2; PE 36:2, 38:4, and 38:6;
PI 36:2 and 38:4; Cer d18:1 22:0, d18:1 23:0, d18:1 24:0, and
d18:1 24:1; PS 36:1, 36:2, and 38:4; PG 34:1, 34:2, 36:1,
and 36:2; LPC 16:0, 18:0, and 18:2; and PA 34:1, 34:2, 36:2,
and 36:3 (supplementary Fig. I).
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Cholesterol efflux capacity of HDL particles in THP-1
macrophages

The capacity of all HDL subpopulations from homozy-
gous subjects (except for HDL3c, which was not assessed
as a result of the low available amounts) and of total HDL
(assessed at 30 pg total GP/ml) to promote cholesterol ef-
flux from lipid-laden THP-1 macrophages tended to be
reduced relative to their counterparts from normolipid-
emic controls, with more pronounced differences found
in HDL2b (—23%, P = 0.25), HDL3b (—18%, P = 0.12),
and total HDL (—21%, P=0.10) (Fig. 7). Interestingly, all
HDL subpopulations from heterozygous subjects revealed
similarly reduced intrinsic cholesterol efflux capacity
relative to their counterparts from controls; these differ-
ences reached significance in HDL2a (—24%, P < 0.05),
HDL3a (—25%, P< 0.01), and HDL3b (—15%, P< 0.05)
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Fig. 4. Content of PC (A), SM (B), PE (C), and PI (D) in HDL subpopulations, expressed as % of total GP
+ SL, in heterozygous subjects with apoA-I deficiency versus controls; ** P<0.01, * P< 0.05 versus controls.
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versus controls.

(Fig. 7). By contrast, no difference was found in choles-
terol efflux capacity of total HDL and whole plasma in
heterozygous subjects relative to controls (Fig. 7). On the
other hand, a reduction in the capacity of whole plasma
and total HDL to promote cholesterol efflux was ob-
served in homozygous subjects (—16%, P < 0.01, and
—21%, P=0.07, respectively, vs. heterozygotes; Fig. 7).

Antioxidative activity of HDL particles toward LDL
oxidation

When HDL particles isolated from controls or subjects
with familial apoA-I deficiency were added to reference
LDL at physiological HDL/LDL ratios of about 2 to 6
mol/mol for HDL3b and 3¢, and about 13 for total HDL,
LDL oxidation was significantly delayed (Fig. 8). Unex-
pectedly, such antioxidative activity of HDL was markedly
impaired in heterozygous patients but only tended to be
reduced in homozygotes. The inhibitory effects of small,
dense HDL3b and 3¢, and of total HDL on LDL oxidation
were significantly lower in heterozygous patients relative
to their counterparts from controls (impairment in the
HDL-mediated prolongation of the propagation phase
of LDL oxidation of —27%, P< 0.05 and —48%, P< 0.001,
in HDL3b and total HDL, respectively; Fig. 8B). Similarly,
HDL-mediated decrease in the propagation rate of LDL
oxidation was impaired in heterozygotes (HDL3c, —27%,
P < 0.05; total HDL, —21%, P< 0.05) and tended to be
impaired in homozygotes (HDL3c, —17%, P = 0.20;
Fig. 8A).

Correlations

Defective cholesterol efflux capacity and antioxidative activ-
ity of HDL were correlated with altered HDL composition
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in our study population. Cholesterol efflux from THP-1
cells to total HDL was positively correlated with HDL con-
tent of apoA-I and CE and negatively correlated with the
content of FC, whereas the capacity of both small, dense
HDL3c and total HDL to delay LDL oxidation was posi-
tively associated with HDL content of apoA-I, CE, and GP
and negatively associated with the content of apoA-II and
FC (data not shown).

Interestingly, cholesterol efflux to HDL3b, but not to
other HDL particles, was positively correlated with plasma
levels of HDL-C and apoA-I (r = 0.50 and 0.52, P < 0.05,
respectively) and negatively correlated with plasma levels
of hsCRP and TG (r= —0.55 and —0.60, P < 0.05, respec-
tively). Similarly, antioxidative activity of both small, dense
HDL3c and total HDL was positively associated with
plasma levels of HDL-C and apoA-I (data not shown).

Cholesterol efflux to HDL3b was negatively correlated
with HDL content of LPC (r= —0.77, P < 0.05). In addi-
tion, antioxidative activity of small, dense HDL3b and 3c
was negatively correlated with HDL content of LPC (r =
—0.82 and —0.93, P < 0.05, respectively), suggesting that
LPC may contribute to deficient functionality of HDL in
our study.

To directly evaluate the role of LPC for HDL function,
total HDL isolated from control subjects was incubated in
vitro in the presence of LPC. Subsequently, HDL subpopu-
lations were reisolated by density gradient ultracentrifuga-
tion. In parallel, total HDL was incubated with PBS and
equivalent HDL subpopulations reisolated as a control.
Such in vitro HDL enrichment in LPC up to the level of
6.8% of total GP + SL (mean of two independent experi-
ments), which closely corresponded to LPC content
of apoA-I-deficient HDL (Fig. 6A), reduced cholesterol
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efflux capacity of small, dense HDL3 to 62 + 14% of con-
trol incubations (n = 3, P< 0.05). In parallel, antioxidative
activity of HDL3 was diminished by the LPC enrichment to
57% of control incubations (n = 2).

DISCUSSION

In this study, we report for the first time that atheropro-
tective activities of both ultracentrifugally isolated HDL
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Fig. 7. Cholesterol efflux capacity of HDL subpopulations (15 pg
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from subjects with homozygous (n = 2) and heterozygous (n = 6)
apoA-I-deficiency and control subjects (n = 10); ** P<0.01, *P<0.05
versus corresponding HDL type from controls; ## P < 0.01 versus
heterozygous plasma. Data obtained in two homozygotes are shown as
means, and the range of individual values is represented as min—max.
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subpopulations and total HDL are impaired in homozygous
and heterozygous apoA-I deficiency involving a nonsense
mutation at APOA1 codon —2. Two major atheroprotec-
tive activities of HDL evaluated in our study, notably cel-
lular cholesterol efflux capacity from THP-1 macrophages
and antioxidative activity toward LDL, were defective in
apoA-I-deficient subjects. Importantly, the atheroprotec-
tive activities of HDL were assessed either on a unit GP
basis (cholesterol efflux capacity) or on a unit particle
mass basis (antioxidative activity), thereby demonstrating
that the functional impairments observed herein repre-
sent an intrinsic defect of HDL particles independent of
their circulating levels.

HDL subpopulations from apoA-I-deficient subjects dis-
played markedly altered chemical composition, with deple-
tion in apoA-I, GP, and CE, and enrichment in apoA-II, FC,
and TG. Furthermore, the phospho- and sphingolipidome
of HDL was altered in heterozygotes. Depletion of HDL
in apoA-l is an obvious consequence of the mutation at
APOAI1 codon -2, which results in reduced circulating
levels of apoA-I in heterozygotes and complete absence of
the protein in homozygotes. Depletion in GP may reflect
reduction in concentrations of HDL particles secondary to
the decrease in apoA-I; indeed, GP is the major structural
component of HDL. Consistent with these data, the con-
tent of PC and SM, two major contributors to HDL-GP, was
reduced in heterozygous subjects. In parallel, the content
of LPC and PA, two products of PC hydrolysis, was ele-
vated, potentially reflecting enhanced hydrolytic process-
ing of HDL lipids.

Depletion of HDL in CE may result from reduced or
absent LCAT activation as a consequence of low or absent
A-I, which functions as an activator for LCAT. This path-
way is consistent with the HDL enrichment in FC observed
in apoA-I-deficient subjects. ApoA-II, the second major
HDL apo, is known to be able to replace apoA-I as a struc-
tural component to form HDL particles. Elevated content
of apoA-II observed in apoA-I-deficient HDL may there-
fore reflect a compensatory increase in circulating apoA-
II-containing particles aimed to restore normal HDL
metabolism. Finally, HDL enrichment in TG observed in
heterozygotes most probably results from elevated CETP
activity under conditions of moderate hypertriglyceride-
mia, while the source of TG elevation in homozygote HDL
remains to be established.

Altered HDL lipid and apo composition, including de-
pletion of apoA-I, GP, and CE as well as enrichment in
apoA-II and FC, was correlated with defective atheropro-
tective activities of HDL, consistent with direct structure-
function relationships. ApoA-I is the major HDL component
underlying both cholesterol effluxing via ABCA1 and anti-
oxidative properties of HDL toward free-radical-induced
LDL oxidation. Decreased HDL content of apoA-I is there-
fore the most straightforward explanation for the im-
paired functional properties of HDL in apoA-I deficiency.
Correlations of HDL functional metrics with other HDL
components (GP, CE, FC, and apoA-II) might represent
an epiphenomenon, reflecting positive associations of
apoA-I-containing particles with GP and CE and their
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Influence of small, dense HDL3b (10 mg total mass/dl) and HDL3c (10 mg total mass/dl) sub-

populations and of total HDL (40 mg total mass/dl) on AAPH-induced oxidation of reference LDL (LDL,
10 mg TC/dl; AAPH, 1 mM) in subjects with homozygous (n = 2) and heterozygous (n = 6) apoA-I-deficiency
and control subjects (n = 10). Effects of HDL particles on the oxidation rate in the propagation phase of

LDL oxidation (A) and on the duration of this phase

(B) are shown. LDL was oxidized in PBS at 37°C, and

conjugated diene formation was measured by absorbance increment at 234 nm; *** P < 0.001, * P < 0.05
versus corresponding HDL type from controls. Data obtained in two homozygotes are shown as means, and
the range of individual values is represented as min—-max.

negative associations with FC and apoA-II as described
previously. Alternatively, these components can directly
modulate HDL functionality as exemplified by the benefi-
cial role of GP for cellular cholesterol efflux (24). Further
along this line, FC is capable of reducing antioxidative
activity of HDL, acting via decrease in the surface lipid
fluidity (27).

HDL functionality may also be deleteriously influenced
by alterations in the phospho- and sphingolipidome. In-
deed, both cholesterol efflux and antioxidative activity of
HDL were negatively associated with the content of LPC.
Consistent with these data, in vitro enrichment of HDL in
LPC reduced both metrics of HDL functionality, attesting
to LPC as a key component underlying impaired HDL
functionality in familiar apoA-I deficiency.

Alterations in other lipids equally possess a potential to
contribute to deficient HDL functionality in our study. Thus,
elevated HDL content of PI, PS, and PG, three negatively
charged GPs, suggests alterations in the surface HDL charge,
an observation that may lead to impaired interaction of HDL
with membrane proteins, including ABCAl. Furthermore,
increased negative charges at the surface of an HDL particle
would also be expected to affect and perhaps repel nega-
tive charged residues in apoA-I (32). On the other hand,
increased content of Cer may deleteriously impact anti-
inflammatory and antiapoptotic properties of HDL (33).

Another potential mechanism contributing to impaired
HDL functionality in apoA-I deficiency is highlighted by
the presence of chronic proinflammatory state in homozy-
gotes, documented by significantly elevated (15-fold)
plasma levels of hsCRP. Such chronic inflammation may
aggravate antiatherogenic function of HDL, acting via dis-
placement of functional HDL proteins by serum amyloid
A, an acute-phase reagent, and via oxidative modifications
of HDL components.

Interestingly, HDL particles isolated from subjects with
homo- and heterozygous forms of apoA-I deficiency re-
vealed specific differences in their functional properties,
depending on the particle and assay type. Thus, HDL

2518 Journal of Lipid Research Volume 55, 2014

subpopulations from both homo- and heterozygous subjects
displayed reduced intrinsic cholesterol efflux capacity rel-
ative to their counterparts from controls. By contrast, a
significant reduction in the capacity of total HDL, and
equally of the whole plasma, to promote cholesterol efflux
was observed in homozygous subjects when compared
with heterozygous subjects. These data suggest that collec-
tively, HDL subpopulations can compensate for defective
cholesterol efflux to individual HDL subpopulations in
heterozygotes, indicative of a synergistic relationship. Such
plausible interactions between different HDL particles
may, however, become insufficient to maintain a normal
level of cholesterol efflux in homozygotes, consistent with
the more profound alterations in HDL composition in
homo- relative to heterozygotes. It should be noted that
similar between-group differences in the cholesterol efflux
obtained with total HDL and whole plasma indicate that
efflux to ultracentrifugally isolated total HDL correctly re-
flected efflux to whole plasma, thereby validating the rele-
vance of the former metric. This conclusion is further
supported by excellent correlation between cellular choles-
terol efflux capacity of total HDL and apoB-depleted
plasma samples obtained in a separate group of healthy
normolipidemic controls (r=0.98, P=0.004, n =5).

In addition, both small, dense HDL3b and 3c and total
HDL from apoA-I-deficient subjects exhibited diminished
intrinsic antioxidative activity relative to controls. In this
functional assay, the defects observed in homo- and het-
erozygotes did not, however, differ markedly. The intrigu-
ing observation of the maintenance of intrinsic HDL
antioxidative activity in homozygotes suggests that other
than apoA-I, HDL components with potent antioxidative
properties, such as apoA-IV, apo], or others, might accu-
mulate in HDL in this metabolic state at the expense of
apoA-L.

Subjects with homozygous apoA-I deficiency displayed
strongly reduced plasma levels of apoA-I, HDL-C, and
apoC-II. Whereas the decreases in apoA-I and HDL-C ob-
viously result from the genetic apoA-I deficiency, the



mechanism of apoC-III lowering can reflect reduction in
the circulating HDL pool that normally acts as a reservoir
for this protein. The concentrations of HDL-C and apoA-I
were also significantly diminished in the heterozygotes
but to a lesser extent. Importantly, cholesterol efflux to
HDL3b as well as antioxidative activity of both small, dense
HDL3c and total HDL were positively associated with
plasma levels of HDL-C and apoA-I across the study popu-
lation, thereby indicating that reduced plasma levels of
HDL-C and apoA-I reflect defective functionality of HDL
particles in familial apoA-I deficiency. It would, however,
be premature to expand this conclusion to other forms of
apoA-I deficiency, which result from different mutations,
and particularly to other forms of low HDL-C dyslipid-
emia. Indeed, the small number of subjects, primarily of
homozygotes, and the single apoA-I mutation investigated
constitute the limitations of our study. The capacity of
apoB-depleted serum to efflux cellular cholesterol was
shown to better reflect cardiovascular risk as compared
with measurements of circulating HDL-C in one study
(34), an interesting finding that was not, however, fully
confirmed by subsequent work (35). The association of in
vitro metrics of cellular cholesterol efflux with cardiovas-
cular events remains, therefore, controversial at this point.
An important result of our present study is thus the dem-
onstration that under conditions of severe apoA-lI defi-
ciency, plasma HDL-C and apoA-I may still serve as
surrogate biomarkers of HDL function and potentially of
cardiovascular risk.

In conclusion, our findings presented herein document
defective intrinsic HDL functionality in homozygous and
heterozygous apoA-I deficiency involving a nonsense mu-
tation at APOAI codon -2. Multiplied by low circulating
HDL concentrations, such net deficiency in HDL function
can be expected to contribute to accelerated atherogene-
sis observed in this clinical condition. As a corollary, in-
crease in circulating levels of functional HDL, such as, for
example, by infusion of recombinant HDL particles or de-
lipidated HDL, may represent a promising therapeutic
strategy to reduce cardiovascular risk in genetic apoA-I
deficiency Bl
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