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Abstract Our understanding of apolipoprotein A-II (apoA-
II) physiology is much more limited than that of apoA-I.
However, important and rather surprising advances have
been produced, mainly through analysis of genetically mod-
ified mice. These results reveal a positive association of
apoA-II with FFA and VLDL triglyceride plasma concentra-
tions; however, whether this is due to increased VLDL syn-
thesis or to decreased VLDL catabolism remains a matter of
controversy. As apoA-II-deficient mice present a phenotype
of insulin hypersensitivity, a function of apoA-II in regulating
FFA metabolism seems likely. Studies of human beings have
shown the apoA-II locus to be a determinant of FFA plasma
levels, and several genome-wide searches of different popu-
lations with type 2 diabetes have found linkage to an apoA-II
intragenic marker, making apoA-II an attractive candidate
gene for this disease. The increased concentration of apoB-
containing lipoproteins present in apoA-II transgenic mice
explains, in part, why these animals present increased ath-
erosclerosis susceptibility. In addition, apoA-II transgenic
mice also present impairment of two major HDL anti-
atherogenic functions: reverse cholesterol transport and
protection of LDL oxidative modification. The apoA-II lo-
cus has also been suggested as an important genetic deter-
minant of HDL cholesterol concentration, even though
there is a major species-specific difference between the ef-
fects of mouse and human apoA-II. As antagonizing apoA-I
antiatherogenic actions can hardly be considered the apoA-II
function in HDL, this remains a topic for future investiga-
tions.  We suggest that the existence of apoA-II or apoA-I
in HDL could be an important signal for specific interaction
with HDL receptors such as cubilin or heat shock protein
60.

 

—Blanco-Vaca, F., J. C. Escolà-Gil, J. M. Martín-Campos,
and J. Julve.
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THE GENE

 

Structural organization

 

Apolipoprotein A-II (apoA-II) is a member of the apolipo-
protein multigene superfamily, which includes genes en-

 

coding soluble apolipoproteins (apoA-I, apoA-II, apoC’s,
and apoE). The human 

 

apoA-II

 

 gene has been cloned and
sequenced in several organisms and has been mapped in
humans to chromosome 1 in the region 1p21

 

→

 

1qter (1).
Interestingly, in the mouse, the 

 

apoA-II

 

 gene was also
shown to reside on mouse chromosome 1 in a fairly large
region of synteny (2). ApoA-II shares with other soluble
apolipoproteins its genomic structure of four exons and
three introns (

 

Fig. 1

 

), the latter located at similar posi-
tions. The first intron is situated in the 5

 

9

 

 untranslated re-
gion of the gene, 24 bp upstream of the initiator methionine
codon. The second intron is positioned close to the signal
peptidase cleavage site, whereas the third intron, the larg-
est, divides the region encoding the mature protein into
two portions, possibly with different functions. Exon 4 en-
codes the C-terminal domain of the protein, containing
several 

 

a

 

-helical repeats of 22 amino acids. These similarities
in the structural organization of soluble apolipoproteins
suggest that they have evolved from a common ancestor
by duplication/deletion of a 22-amino acid repeat (1).

Some polymorphisms in the 

 

apoA-II

 

 gene region have
been identified (Fig. 1). Close to the acceptor splice site
of intron 2 is located a polymorphic GT repeat (3), which
does not appear to have an effect on the splicing process
(4). This intragenic polymorphism is used as a marker in
linkage studies. Also, three single-nucleotide polymor-
phisms have been described in the 

 

apoA-II

 

 gene region: a

 

Abbreviations: apo, apolipoprotein; ABC-1, ATP-binding cassette
transporter 1; ARP-1, apolipoprotein regulatory protein 1; CAD, coro-
nary artery disease; C/EBP, CCAAT enhancer-binding protein; CERP,
cholesterol efflux regulatory protein; CLA-1, CD36 and LIMPII analo-
gous 1; EAR, v-Erb-related receptor; HL, hepatic lipase; HFN-4, hepatic
nuclear factor 4; Hsp60, heat shock protein 60; LpA-I, HDL containing
apoA-I but not apoA-II; LpA-I/A-II, HDL containing apoA-I and apoA-
II; LpA-II, HDL containing apoA-II but not apoA-I; PLTP, phospholipid
transfer protein; PPAR, peroxisome proliferator-activated receptor;
PAF-AH, platelet-activating factor acetylhydrolase; RXR, retinoid X re-
ceptor; SR-BI, scavenger receptor class B type I; SREBP, sterol regulatory
element binding protein; USF, upstream stimulatory factor.
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G-to-A transition affecting the donor splice site of intron
3, named apoA-II

 

Hiroshima

 

 and associated in homozygosis with
familial apoA-II deficiency (5), a C-to-T transition near
the acceptor splice site of intron 3, modifying a 

 

Bst

 

NI re-
striction site (6), and a C-to-T transition within the 3

 

9

 

 

 

Alu

 

element, modifying an 

 

Msp

 

I restriction site (7). The possible
importance of these polymorphisms is discussed below.

 

Transcriptional regulation

 

In humans, mice, and rats, apoA-II is synthesized mainly
by the liver and, to a much lesser extent, by the intestine
(8). Several studies have shown that the transcription of
the human 

 

apoA-II

 

 gene is controlled by a complex array
of proximal, middle, and distal regulatory elements, desig-
nated from A to N, situated in the 

 

apoA-II

 

 promoter re-
gion (Fig. 1). These elements, located between nucle-
otides 

 

2

 

903 and 

 

2

 

33, can be separated into eight
proximal and middle (AIIA to AIIH) and six distal (AIII
to AIIN) elements (9). This region is sufficient to restrict

 

apoA-II

 

 gene expression to the liver in transgenic mice
(10). The distal elements, between nucleotides 

 

2

 

903 and

 

2

 

680, act as enhancers when placed in front of homolo-
gous and heterologous liver-specific promoters (11, 12).
Thus, liver-specific expression of the 

 

apoA-II

 

 gene is con-
trolled by the synergistic interactions of factors that bind
to the proximal and distal regulatory elements (13). Also,
regulatory elements exist outside the promoter region.
Transfection of HepG2 and CaCo-2 cells has shown that
the first intron of the 

 

apoA-II

 

 gene acts as a silencer, reduc-
ing the transcription driven by of the 

 

apoA-II

 

 promoter to
15–18% of its original value (14).

An important factor for the activity of the 

 

apoA-II

 

 pro-
moter is the ubiquitous heat-stable upstream stimulatory
factor (USF), previously designated CIIIBI, which binds to
the regulatory elements AIIB, AIIK, and AIIL (9). Cotrans-
fection studies performed in HepG2 cells have established
that the USF1/USF2a heterodimer, which is expressed in
the liver, is as efficient as the USF2a homodimer in the

 

trans

 

-activation of 

 

apoA-II

 

 promoter-enhancer constructs
(15). Elements AIIA and AIIK bind, in addition to the
USF, a heat-labile activity designated AIIABI (13). Also,
the CCAAT enhancer-binding protein (C/EBP), a heat-
stable protein that was initially identified in rat liver nu-
clear extracts, binds with high affinity to regulatory ele-
ments AIIL, AIIC, and AIID and with less affinity to IIF,
AIIG, and AIIA (16).

An important role in 

 

apoA-II

 

 gene regulation is also ex-
erted by the hormone response element present in the
regulatory element AIIJ, which contains two imperfect
copies of a motif related to the consensus steroid hor-
mone receptor half-site TGACCT with one-nucleotide spac-
ing (17, 18). Several studies have shown that orphan nuclear
receptors, such as hepatic nuclear factor 4 (HNF-4), v-Erb-
related receptor 2 (EAR-2), EAR-3, and apolipoprotein
regulatory element 1 (ARP-1), also interact with this J site
(16, 17). HNF-4 induces, whereas EAR-2, EAR-3, and ARP-1
reduce, 

 

apoA-II

 

 gene transcription on binding to this ele-
ment (17). Interestingly, cotransfection experiments in
COS-1 cells showed that HNF-4 synergized with USF2a in the

 

trans

 

-activation of the 

 

apoA-II

 

 promoter and that they bind
to the enhancer cooperatively (15). The 

 

apoA-II

 

 promoter
is also 

 

trans

 

-activated by retinoid X receptor (RXR) 

 

a

 

 ligands

Fig. 1. Schematic representation of the apoA-II gene. Several regulatory elements are located in the pro-
moter region (2911 to 129), which can be divided into three functional regions (see text for details). Ar-
rows indicate the presence of direct repeats in the promoter region. Also, the first intron appears to contain
negative regulatory elements (NRE I and II). ca, CAAT box; ta, TATA box; pa, polyadenylation signal. Poly-
morphic sites are indicated by an asterisk: 1*, GT repeat region; 2*, G-to-A transition that affects the donor
splice site of third intron; 3*, C-to-T transition near the acceptor splice site of intron 3 that also modifies a
BstNI restriction site; 4*, C-to-T transition that modifies an MspI restriction site within the 39 Alu element.
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(9-

 

cis

 

-retinoic acid and its precursor all-

 

trans

 

-retinoic acid)
and agonists (i.e., LGD 1069) (18), and also, by fatty acid de-
rivates and fibrates that act on the element AIIJ in vivo via
activation of the peroxisome proliferator-activated receptor

 

a

 

 (PPAR

 

a

 

) (19), strongly suggesting that the heterodimer
RXR-PPAR

 

a

 

 could be a positive physiological regulator of
the 

 

apoA-II

 

 transcriptional rate.
Several studies have shown that sterol regulatory element

binding protein 1 (SREBP-1) and SREBP-2 recognize reg-
ulatory elements AIIB, AIICD, AIIDE, and AIIK and that
SREBP-1 also binds to AIIHI (20, 21). These elements
contain inverted palindromic or direct repeat motifs and
bind SREBP with different affinities. However, their role
in the in vivo transcription of the 

 

apoA-II

 

 gene has not
been established.

From these data, it can be deduced that plasma levels of
apoA-II can be altered by altering its gene transcription
levels in response to intra- and extracellular stimuli (me-
tabolites and hormones) and this may be physiologically
important as apoA-II plasma levels are more influenced,
at the population level, by its synthesis rate rather than by
its catabolism (22). A good example of this is the report of
low apoA-II, apoC-III, lipoprotein [a], and triglyceride lev-
els of individuals heterozygous for an HNF-4

 

a

 

 mutation
(23). From a pharmacological point of view, fibrates have
been shown to increase human apoA-I and apoA-II synthesis
through a PPAR-RXR-mediated mechanism, whereas the
same mechanism caused a decrease in these HDL apolipo-
proteins in mice (18).

Further details about the contribution of all these factors
to the transcriptional regulation of apoA-II synthesis can be
obtained from an excellent review (9). Much less is known
about posttranscriptional regulation of apoA-II (24).

THE PROTEIN

 

Structural characteristics, synthesis, and secretion

 

The human apoA-II protein sequence is known (25).
The major molecular species of human apoA-II in plasma
is the homodimer formed by two polypeptide chains of 77
amino acids linked by a disulfide bond at residue 6 (25).
Other molecular species containing apoA-II also exist in
plasma. These are the apoA-II-apoE (which exists in in-
dividuals with at least one allele, 

 

apoE2

 

 or 

 

apoE3

 

, encoding
one and two cysteines, respectively) (26, 27) and apoA-II-
apoD heterodimers, and the apoA-II monomer (28). The
theoretical basis of disulfide bond formation among
cysteine-containing apolipoproteins has been discussed
elsewhere (28).

Early studies showed that association of phospholipids
with apoA-I and apoA-II results in an increase in the 

 

a

 

-
helical content of the protein as measured by circular
dichroism (1). Computer analysis of the different classes
of amphipathic helices has led to classification of the phys-
icochemical properties associated with each class (29).
Class A is characterized by a high mean hydrophobic mo-
ment and by its unique charge distribution. Positively
charged residues are clustered at the polar-nonpolar in-

terface, whereas negatively charged residues are found at
the center of the polar face (29). Three such helices with
this specific amino acid distribution (helices 7–30, 39–50,
and 51–70) had been identified in apoA-II (29). Experi-
ments with synthetic peptides have suggested that there
are at least two lipid-associating domains in apoA-II lo-
cated at opposite ends of the molecule, between amino
acids 12–31 and 40–77 (29). All these studies, and the
fact that soluble apolipoproteins act as protein detergents,
support the idea that these amphipathic helices serve in
general as lipid-associating protein detergent domains.

The primary translation product of apoA-II mRNA con-
sists of 100 amino acids containing an 18-residue-long sig-
nal peptide (1). The newly secreted apoA-II consists of 82
amino acid residues and is converted to the mature form
by proteolytic cleavage of a 5-residue-long prosegment
(Ala-Leu-Val-Arg-Arg) attached to the NH

 

2

 

 terminus (1).
This prosegment is cleaved intra- and extracellularly by a
thiol protease to produce the mature protein form (1).
The prosegment may serve as a signal for apolipoprotein
targeting along the secretory pathway, extracellular pro-
cessing, or maturation of nascent lipoproteins (8). ApoA-
II has no consensus sequence for N-linked glycosylation
and in plasma is not significantly glycosylated. However, in
lymph and in HepG2 culture medium about half of the
apoA-II is O-glycosylated. O-linked glycosylation has been
shown not to be necessary for secretion, but reduces asso-
ciation with HDL of the newly synthesized apoA-II (30).

 

Plasma concentration, association with
lipoproteins, and metabolism

 

ApoA-II is the second major protein constituent of HDL,
accounting for about 20% of HDL protein. The mean
apoA-II plasma concentration in normolipidemic humans
is about 30–35 mg/dl (31), although more than 20% of
patients with coronary artery disease (CAD) seem to have
concentrations between 40 and 60 mg/dl (18, 31).

ApoA-II is mainly found associated with HDL, with a
(usually small) fraction associated with chylomicrons and
VLDL (32). The major HDL subclasses are those contain-
ing apoA-I but not apoA-II (LpA-I) and those containing
both apoA-I and apoA-II (LpA-I/A-II) and can be deter-
mined directly with an enzyme-linked differential anti-
body immunosorbent assay (33). A minor part of apoA-II
is in HDL particles that do not contain apoA-I (LpA-II)
(34). The relative proportion of LpA-I is greater in HDL

 

2

 

and that of LpA-I/A-II is greater in HDL

 

3

 

 (33). The concen-
tration of LpA-I/A-II appears to be related to the synthesis
of apoA-II in normolipidemic humans (22). In support
of that, there exists a mouse polymorphism of apoA-II
that affects apoA-II translational efficiency and, indeed,
increases the apoA-II/apoA-I ratio (35). Formation of
LpA-I/A-II seems to take place in plasma and could re-
quire an LCAT-dependent LpA-I/LpA-II particle fusion
process (36). Other possible mechanisms for the forma-
tion of LpA-I/A-II include the displacement of apoA-I by
free apoA-II (22, 29, 36). There is no evidence that free
apoA-II is formed during LpA-I/A-II metabolism, and
whether catabolism affects the whole LpA-I/A-II particle
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or its parts is unknown (36). Furthermore, in contrast to
apoA-I, no renal excretion of apoA-II has been demon-
strated (36).

 

Comparison among different animal species

 

ApoA-II is present in the plasma of humans, simians,
mice, rats, and fish. However, for unknown reasons, apoA-
II is either absent or expressed at a low level in dogs, pigs,
chicken, and rabbits (1, 37).

The two animal species in which apoA-II has been stud-
ied most are humans and mice. There are marked differ-
ences between human and murine apoA-II. Human apoA-
II exists as a disulfide-linked homodimer, whereas murine
apoA-II (and apoA-II of other known animal species) exists
exclusively as a monomer because of the absence of a cys-
teine residue at position 6 (38). Furthermore, human and
murine apoA-II amino acid sequences differ by approxi-
mately 40%, which explains why monomeric human
apoA-II expression in transgenic mice does not have ef-
fects similar to those of murine apoA-II (38, 39).

ROLES IN LIPID AND LIPOPROTEIN METABOLISM

 

Roles in HDL structure-function and metabolism

 

Role in determining HDL particle size and HDL cholesterol 
concentration.

 

HDL are subjected to continual remodeling
in plasma and there is evidence suggesting that apoA-II
may play an important role in this process. As analyzed in
detail below, HDL remodeling may be determined in part
by the influence of apoA-II on the reactivity toward lipid
transfer proteins, enzymes, and the receptors involved in
HDL metabolism and, also, by its ability to displace apoA-I
from the HDL surface even though this changes HDL re-
activity toward one of the above-mentioned enzymes,
LCAT. The latter effect has been described in vitro in both
isolated and reconstituted HDL (40–42). Studying the effect
of overexpression, or knocking out, of apoA-II in geneti-
cally modified mice has provided insight into the species-
specific role of this apolipoprotein in HDL remodeling.
Overexpression of human apoA-II in transgenic mice in-
duced the appearance of smaller HDL particles that were
heterogeneous in size, similar to those present in human
plasma and in contrast to the monodisperse HDL popula-
tion typical of the mouse (43, 44). Interestingly, human
apoA-I expression in transgenic mice also induced HDL
size heterogeneity (45), suggesting that HDL particle size
species-specific differences depend at least on apoA-I and
apoA-II structure. In support of this interpretation, mu-
rine apoA-II expression in transgenic mice induced the
presence of HDL particles larger than those of control
mice (46), and apoA-II-deficient mice presented HDL of
decreased particle size (47). In all these studies, the pres-
ence of larger HDL particles in plasma was concomitant
with increased concentrations of HDL cholesterol, whereas
smaller HDL particles were associated with decreased
HDL cholesterol (

 

Table 1

 

) (43, 44, 46, 47). However, the
only human family known to have apoA-II deficiency ex-
hibited normal levels of plasma lipids and lipoproteins (5).

Despite the marked differences in the effects of human
and murine apoA-II on plasma HDL (5,43, 44, 46, 47), the
different behavior of mouse and human apoA-II provides
us with a unique species-specific perspective of apolipo-
protein function. It is likely that the different effects of
mouse and human apoA-II depend, at least in part, on dif-
ferent interaction with other proteins involved in lipopro-
tein metabolism such as enzymes, lipid transfer proteins,
and receptors.

 

Role in cholesterol efflux.

 

HDL apolipoproteins located in
the extracellular space are potentially important players in
cholesterol efflux from peripheral cells, which is the first
step of reverse cholesterol transport (48). Cholesterol
efflux can occur either by a passive slow diffusion-type
mechanism or by a fast specific energy-dependent mecha-
nism that results in the transfer of cholesterol to lipid-poor
apolipoproteins (49). Past controversies about the role of
LpA-I and LpA-I/A-II could have been due, at least in part,
to use of different cell types, different acceptors (free apo-
lipoproteins, isolated lipoproteins, or whole serum), and
different incubation times. There is now some consensus
that LpA-I is more active than LpA-I/A-II in reverse cho-
lesterol transport. This is likely to be due to its ability to in-
duce both fast specific and slow nonspecific cholesterol
efflux, whereas LpA-I/LpA-II would induce mainly the latter
(49). Also, and perhaps in relation to this reduced ability
to induce cholesterol efflux, apoA-II has been specifically
found to induce decreased phospholipid efflux compared
with that induced by apoA-I (50). Several studies of genet-
ically modified mice that express or do not express hu-
man apoA-I and apoA-II have provided additional insights
into this topic. Expression of murine apoA-II in transgenic
mice did not increase cholesterol efflux from macro-
phages compared with controls, which is in contrast to the
results obtained in human apoA-I transgenic mice (51). In
one study by our group, cholesterol efflux induced by
serum of mice overexpressing human apoA-II from NRK
fibroblasts was decreased compared with respect to con-
trol mice when they were fed a regular chow diet but not
when they were fed a high fat, high cholesterol-containing
diet (52). The former diet was concomitant with the pres-
ence of smaller HDL particles and greater LCAT and
HDL deficiency (in both cholesterol and phospholipid
content) of the transgenic mice (52). However, other
studies of our transgenic mice ( J. Julve, J. C. Escolà-Gil, C.
Mayoral, and F. Blanco-Vaca, unpublished results) and of
independently generated apoA-II transgenic mice found a
decrease in efflux in both types of diets using the same assay
and Fu5AH hepatoma cells (53). In addition, another
study showed that plasma from human apoA-I transgenic
mice was more effective in inducing efflux from the Fu5AH
hepatoma cells and Ob1771 adipose cells than plasma from
human apoA-I/apoA-II transgenic mice (54). Nevertheless,
probably the single most convincing study addressing this
point was performed with apoA-I-deficient mice in which
efflux, measured also in Fu5AH cells, was decreased com-
pared with control mice (55). Expression of human apoA-I,
but not expression of apoA-II, improved cholesterol efflux
in apoA-I-deficient mice (55).
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To date, the main HDL receptor known to be related to
cholesterol efflux is ATP-binding cassette transporter 1 or
cholesterol efflux regulatory protein (ABC-1/CERP),
whereas scavenger receptor class B type I or CD36 and
LIMPII analogous 1 (SR-BI/CLA-1) may also be of impor-
tance in this process (48). Apolipoprotein acceptor speci-
ficity for lipid efflux induced by ABC-1 has been exam-
ined in stably transfected HeLa cells expressing human
ABC-1 product (56). Like apoA-I and other soluble apo-
lipoproteins, apoA-II was shown to display greater choles-
terol and phospholipid efflux capacity from ABC-1-trans-
fected cells than with control cells (56). This increase in
efflux seems to correspond to increased binding of both
apolipoproteins to a common binding site (56). In con-
trast, we know of no data regarding the role of apoA-II in
SR-BI-mediated cholesterol efflux.

Role in modulating HDL interaction with lipid transfer pro-
teins and enzymes. cetp. The effect of the apoA-II moiety of
HDL on CETP activity has been studied in vitro by mea-
suring the rate of radiolabeled cholesteryl ester transfer
between LDL and HDL3 containing various proportions
of apoA-I and apoA-II (57). In this study, the rates of cho-
lesteryl ester exchange induced by purified human CETP
from apoA-II-enriched HDL3 to LDL and from LDL to
apoA-II-enriched HDL3 were both significantly reduced
(57). As observed with HDL3 artificially enriched with
apoA-II, cholesteryl ester transfer rates to LpA-I/A-II were
significantly decreased with respect to those of LpA-I (57).
However, no effect depending on apoA-I or apoA-II con-
tent was seen when using reconstituted HDL (58). When
studying transgenic mice expressing human apoA-I and/
or apoA-II, heat-labile lipid transfer inhibitory activity was
found in human apoA-II transgenic mice but not in mice
expressing human apoA-I or both human apoA-I/apoA-II
(59). However, this study used isolated HDL and inhibi-
tion of CETP activity was not evident in vivo in two other
studies of apoA-II/CETP transgenic mice (60, 61). In both
studies, an important redistribution of cholesterol from
HDL to VLDL and triglyceride from VLDL to HDL was
seen even though the accumulation of triglyceride in
HDL could have been influenced by hepatic lipase (HL)
inhibition (60).

phospholipid transfer protein (pltp). PLTP binds
both purified apoA-I and apoA-II (62). The PTLP effect on
HDL size conversion was seen both in LpA-I and in LpA-I/
A-II (63). However, an in vitro study showed that a de-
creased apoA-I/A-II molar ratio in the HDL particle inhib-
ited PLTP-mediated HDL conversion, but not phospholipid
transfer reactivity, suggesting that apoA-I is necessary for
particle fusion (64).

lcat. LCAT reactivity is higher in HDL reconstituted
with apoA-I than in those reconstituted with apoA-II (42).
This is due to the ability of apoA-II or its C-terminal end to
displace apoA-I (at high apoA-II/apoA-I ratios) or to de-
stabilize apoA-I (at the physiological apoA-II/apoA-I ratio
of 0.5:1), which, in the latter case, becomes more easily
exchangeable although this would not result in HDL par-
ticle rearrangement (41, 42, 65). This has been attributed,
depending on the study, to a decrease in Km or to a de-

crease in Vmax (41, 42, 65). This could indicate that LCAT
binding is sterically hindered by portions of apoA-I and
apoA-II and would not bind to HDL lipids (41, 42, 65).
Therefore, apoA-II could modulate the reaction of HDL
with LCAT by decreasing binding to LpA-I/A-II and mak-
ing the enzyme available for reaction with other lipopro-
tein particles (65). This interpretation is consistent with
the fact that a larger proportion of LCAT is bound to LpA-I
rather than to LpA-I/A-II in human plasma (66) and with
a report showing, in LCAT transgenic mice with concomitant
expression of human apoA-I, human apoA-II, or both, a
significant preference of human LCAT for LpA-I particles
(67). In addition, another study found a partial apoA-I de-
ficiency with a concomitant functional LCAT deficiency in
transgenic mice overexpressing human apoA-II probably
because LCAT, although was present in the plasma of the
mice, was largely not functional (44, 52). This induced a
mild but significant accumulation of free cholesterol in
the cornea of these animals (52).

hl. ApoA-II has been suggested to inhibit, to activate,
or to have no effect on HL-catalyzed hydrolysis of phos-
pholipids and triglycerides when using artificial lipid
emulsions, reconstituted HDL, or HDL isolated from
plasma (68). At least part of the contradictory results ob-
tained by these studies may have been due to the different
lipoprotein complexes used and to the different measure-
ments performed (hydrolysis of triglycerides, phospholipids,
or both). More detailed studies have shown that HL has
much more affinity (considering hydrolysis of either phos-
pholipids or triglycerides) for LpA-II whereas, in general,
Vmax was higher for LpA-I (69). However, apoA-I (irrespec-
tive of whether it was present in the same particle—as
LpA-I/A-II—or was added as LpA-I to the incubation of
HL and LpA-II) increased the hydrolysis of phospholipid
from LpA-II (70). To shed further light on the in vivo role
of apoA-II in HL activity, studies using apoA-II transgenic
and knockout mice have been reported. Whereas studies
of human apoA-II transgenic mice reached contradictory
conclusions, reporting either HL activation (71) or inhibi-
tion (60), others using mouse apoA-II transgenic (72) and
apoA-II-deficient mice crossed with HL-knockout mice
provided convincing evidence that mouse apoA-II inhibits
HL (47, 73). However, apoA-II deficiency causes HDL de-
ficiency in mice (47) but not in humans (5), suggesting
that the effect of apoA-II on HL could be different in hu-
mans and mice. In fact, one study performed with plasma
HDL isolated by immunoaffinity chromatography showed
higher reactivity of HL toward LpA-I/A-II than toward
LpA-I (74) and expression of murine and human apoA-II
transgenic mice—in the latter, independent of whether
or not they caused LCAT deficiency—originated opposite
effects in HDL particle size (43, 44, 46, 47). One of the
differences between the HL of both species is that an im-
portant proportion of HL is bound to HDL in mouse
plasma whereas in humans HL is bound to the liver.

Role in modulating HDL interactions with receptors. The role
in modulating HDL interactions with receptors has been
reviewed (75). HDL interaction with receptors presents
characteristics that render their study difficult. One is that
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HDL receptors usually exhibit broad specificity for soluble
apolipoproteins, a phenomenon that may be explained by
the existence of common domains. A second is that the re-
lationship between HDL and cell receptors does not in-
volve “classic” receptor interaction (75).

sr-bi/cla-1. SR-BI-mediated HDL cholesteryl ester-se-
lective uptake appears to require direct binding of the
HDL particle by SR-BI. The influence of apoA-II on selec-
tive cholesteryl ester uptake has been addressed (76–78).
It has been reported that LpA-I/A-II was associated to a
lesser extent than LpA-I with HepG2 cells and fibroblasts
and promoted less selective lipid uptake than LpA-I (76).
In vitro apoA-II enrichment of HDL was found to actually
increase HDL cell association but, in an inverse manner,
to decrease selective uptake of cholesteryl ester in an adre-
nal cell line (77). These results contrast with another
study that found reduced association but increased lipid
uptake of reconstituted HDL containing apoA-II in SR-BI-
transfected Chinese hamster ovary (CHO) cells (78). Com-
parisons among studies are difficult given the differences
in HDL and cell systems used in the three studies. How-
ever, in contrast to the studies of CHO cells (clone ldlA7)
stably transfected with human SR-BI (CHO-SRBI), studies
of HepG2 (76) and adrenal (77) cells did not determine
SR-BI-specific events and other HDL receptors could have
contributed to the results obtained. The same reasoning
can be applied to our observations that autologous HDL
labeled with cholesteryl oleyl ether, isolated from and re-
injected into mice overexpressing apoA-II or into control
mice, are catabolized faster in the former because of in-
creased liver clearance that is concomitant with increased
excretion of bile lipids ( J. Julve, J. C. Escolà-Gil, F. González-
Sastre, and F. Blanco-Vaca, unpublished results). Experi-
ments are being conducted in our laboratory to ascertain
whether increased SR-BI-mediated lipid uptake is the
cause of these findings.

cubilin. Cultured yolk sac cells incubated with puri-
fied apoA-II have reduced HDL uptake (79), but purified
apoA-II shows no significant binding to cubilin (79). The
inhibitory effect of apoA-II on HDL uptake by cubilin
might, therefore, have been due to displacement of apoA-I
from the HDL particle instead of direct competition with
apoA-I for binding to cubilin (79).

heat shock protein 60 (hsp60). Hsp60 has been shown
to be a high affinity HDL-binding protein, especially
through binding of apoA-II (80). This is of interest be-
cause it is another receptor showing a clearly different
preference either for apoA-I or apoA-II. Hsp60 is a highly
conserved protein that is most abundant in mitochondria,
although it is also expressed in the plasma membrane of
at least some of the numerous tissues in which it is ex-
pressed (80). Hsp60 forms an oligomeric cagelike struc-
ture with two rings of eight subunits, with each ring sur-
rounding a central cavity that is too small to accommodate
mature HDL particles. Another aspect of interest in rela-
tion to this topic is that autoimmunity toward Hsp60 in-
duces atherosclerosis (80), as is commented on later in
this review in the case of apoA-II transgenic mice.

Role in HDL protection against LDL oxidative modification.

HDL protection of LDL oxidative modification is thought
to involve the HDL-associated enzymes paraoxonase and
platelet-activating factor acetylhydrolase (PAF-AH), which
may act coordinately, and LCAT. Paraoxonase and LCAT
are contained mainly in LpA-I particles, whereas PAF-AH
is principally in LDL and, in a minor proportion, in very
high density lipoproteins (81). This enzyme distribution
does not indicate critical participation of LpA-I/A-II parti-
cles in the prevention of LDL oxidation. In fact, HDL from
murine apoA-II transgenic mice is not only unable to pro-
tect against LDL oxidation, but is also a proinflammatory
particle, only in part owing to a decrease in paraoxonase
content (51, 72). Our data on human apoA-II transgenic
mice with LCAT functional deficiency indicate decreased
HDL protection against LDL oxidative modification, even
though isolated HDL would not become more oxidized
than control HDL (V. Ribas, J. L. Sánchez-Quesada, J.
Ordoñez, and F. Blanco-Vaca, unpublished data). 

Role in triglyceride and FFA metabolism. Some population
studies of the apoA-II MspI polymorphism, located within
an Alu element 538 bp downstream the coding region,
have shown significant associations with plasma triglycer-
ides (Table 2) (82–84), whereas other population studies
failed to find this association (6, 85–89). Because the mu-
tation responsible for the MspI polymorphism does not
alter the protein sequence, the possible effect of the muta-
tion would be produced at the expression level. Only two
studies have found a significant association between MspI
polymorphism and apoA-II plasma level (7, 83). Curiously,
although the effect of the rare allele (M2) on the level of
plasma apoA-II concentration is different in both studies,
the apoA-I/apoA-II ratio was found to be significantly de-
creased in the homozygous M2/M2 state in both cases, a
reduction that was observed in another study (86). Thus,
a possible explanation for the relation between MspI poly-
morphism and plasma triglyceride concentration is the
effect that a decrease in the apoA-I/apoA-II ratio could
have on the triglyceride-rich particles, but this point is
controversial. What does not seem so controversial is the
possibility that the MspI rare allele is in linkage disequilib-
rium with a functional mutation that influences the trans-
lational efficiency of apoA-II mRNA (7, 89). Indeed, the
apoA-II locus has been linked to a locus controlling plasma
levels of apoA-II and FFA in both mice and humans (90).
However, the MspI polymorphism determines only 7.2%
of the variation of plasma apoA-II in the population and
this may be too low to obtain consistent results in different
studies (91). Interestingly, an early report showed a posi-
tive correlation (r 5 0.71, n 5 14) between the synthesis
of apoA-II and VLDL-apoB in human beings, whereas the
latter parameter did not correlate with plasma apoA-II
concentrations (92). A locus in the vicinity of the human
apoA-II gene has been linked to type 2 diabetes in genome-
wide searches of French whites, Utah whites of northern
European ancestry, and Pima Indians (93–95).

A direct effect of apoA-II on triglyceride and FFA me-
tabolism is, in general, supported by the studies per-
formed in transgenic mice. Mice expressing human apoA-II
present a clear increase in cholesterol and/or triglycerides
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of apoB-containing lipoproteins (44, 52, 60, 61, 96, 97), al-
though not in all studies (43, 53). Overexpression of mu-
rine apoA-II in transgenic mice (46, 72, 98) or knocking
out apoA-II also consistently caused increased or decreased
plasma VLDL concentration, respectively (47, 73) (Table
1). Furthermore, the apoA-II-deficient mice presented de-
creased FFA, glucose, and insulin levels and increased rem-
nant catabolism (47). On the other hand, murine apoA-II
transgenic (developed with a genomic construction) mice
had been shown to induce insulin resistance and in-
creased adiposity when fed a 6% fat diet (99). Insulin re-
sistance was characterized by normal fasting glucose levels
and a 2-fold increase in insulin levels, concomitant with
delayed plasma clearance of a glucose bolus and reduced
muscle uptake of 2-deoxyglucose (99). Increased adiposity
was probably due to a 50% decrease in triglyceride hydrol-
ysis of transgenic adipose tissue (99). This insulin resis-
tance and increased adiposity were not found in human
apoA-II transgenic mice fed a high fat, high cholesterol
cholate-containing diet (100), in double simian CETP/
human apoA-II transgenic mice (61), or in apoE-deficient
mice expressing human apoA-II (96). To date, we have
found no signs of insulin resistance in human apoA-II trans-
genic mice fed a Western diet for 16 weeks ( J. C. Escolà-Gil,
J. Julve, C. Trocho, and F. Blanco-Vaca, unpublished re-
sults). This could be because a similar concentration of the
transgenic protein leads to a much more important in-
crease in plasma FFA in murine apoA-II than in the hu-
man counterpart (61, 72, 96, 99, 100), because it is likely
that this increase in FFA is critical in the induction of insu-
lin resistance (99). One of the reasons underlying this dif-

ference could be the displacement of mouse apoA-II seen
in human apoA-II transgenic mice (44).

As stated previously, other studies exist that relate hyper-
triglyceridemia and increased FFA both in families en-
riched for CAD and in mice (90). In the latter there is,
however, some degree of controversy as to whether the in-
crease in triglycerides is found mainly in fed (97) or fasted
animals (46, 61, 96, 99, 100). This also may imply differ-
ences in the mechanisms invoked to explain the origin of
the hypertriglyceridemia. The report showing dramatic
hypertriglyceridemia in human apoA-II transgenic mice
fed a regular chow diet also demonstrated a significant in-
crease in plasma human apoA-II in fed compared with
fasted mice. In the former, their VLDL were a poor sub-
strate for lipoprotein lipase and HL (97), an observation
that has some precedents in human studies (32). How-
ever, our human apoA-II transgenic mice presented a con-
siderable degree of fasting hypertriglyceridemia only
when fed a high fat diet and autologous postheparin li-
polytic activities were similar to those of the control mice.
Furthermore, our apoA-II transgenic mice had a clear-
ance of radioactively labeled triolein or oleyl ether VLDL
and a concentration of human apoA-II in plasma that did
not differ depending on fed or fasted status (96, 100).
The hypertriglyceridemia in these apoA-II transgenic
mice and apoE-deficient mice expressing human apoA-II
was shown to be caused by increased VLDL triglyceride
synthesis without changes in catabolism (96, 100). Double
CETP/apoA-II transgenic mice induced a dramatic hyper-
lipidemia, especially when the animals were fed a high fat
diet, by increasing VLDL triglyceride production (with re-

TABLE 2. Allele frequencies of MspI polymorphism in the apoA-II gene as determined in various studies

n M1/M1 M1/M2 M2/M2 M1 M2 Reference

Control population
British 87 0.71 0.20 0.09 0.81 0.19 7
British 59 0.66 0.31 0.03 0.81 0.19 82
British 101 0.67 0.31 0.02 0.83 0.17 113
British 85 0.69 0.28 0.02 0.84 0.16 85
Norwegian 170 0.72 0.26 0.02 0.85 0.15 88
British 70 0.74 0.21 0.04 0.85 0.15 89
Irish 155 0.66 0.30 0.04 0.81 0.19 6
French 316 0.66 0.30 0.04 0.81 0.19 6
American 160 NA NA NA 0.89 0.11 114
American 255 0.77 0.20 0.03 0.87 0.13 86
American 404 NA NA NA 0.82 0.18 115
Canadian 145 0.70 0.28 0.01 0.84 0.16 87
Korean 91 0.49 0.47 0.03 0.73 0.27 84
Chinese 125 0.49 0.42 0.10 0.70 0.30 83

Hypertriglyceridemic
British 98 0.84 0.14 0.02 0.91 0.09 82
British 52 0.73 0.23 0.04 0.85 0.15 89
Korean 75 0.53 0.35 0.12 0.71 0.29 84

Coronary artery disease
British 46 0.72 0.26 0.02 0.85 0.15 82
British 47 0.66 0.30 0.04 0.81 0.19 89
Irish 169 0.66 0.31 0.04 0.81 0.19 6
French 242 0.64 0.34 0.01 0.82 0.18 6
American 168 0.64 0.32 0.04 0.80 0.20 86
American 444 NA NA NA 0.83 0.17 115

Abbreviations: NA, not available.
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spect to both progenitors) and impairing VLDL triglycer-
ide clearance (with respect to CETP transgenic mice)
(61). In all cases, our transgenic mice presented concomi-
tant increases in fasting FFA (61, 96, 100). We speculate
that the differences in the mechanisms of hypertriglyceri-
demia between these two independently generated trans-
genic mice used in these studies (61, 96, 97, 100) are due
to the fact that the 3-kb genomic human apoA-II injected
into mice were not the same. One, ours, was obtained by
digestion with MspI (44), whereas the other was obtained
by digestion with HindIII (97). This leaves our construc-
tion 260 bp longer at the 59 end, but 174 bp shorter at the
39 end, compared with that used by Boisfer et al. (97). As
is shown in Fig. 1, the upstream HindIII cleavage site is lo-
cated adjacent to the regulatory element AIIN. This could
be of relevance in the regulation of human apoA-II syn-
thesis in transgenic mice if the lack of sequences located
upstream of the HindIII cleavage site influences the inter-
action of factors binding to the distal regulatory elements.

It is remarkable that in the two other reports of inde-
pendently generated human apoA-II transgenic mice that
did not present hypertriglyceridemia, the human apoA-II
transgene construction contained the promoter of other
genes (apoA-I and antithrombin III) or consisted of a 3-kb
genomic construct prepared with HindIII (43, 53, 101). In
the case of transgenic mice developed with the fusion
product of a 3-kb fragment (which contained a 59 end re-
gion and part of the first intron of the apoA-I gene fused
with a 2-kb genomic construction of the human apoA-II
gene cut with HindIII and containing its last three exons),
the animals did not show hypertriglyceridemia when only
2-month-old males were studied under fasting conditions
(43). However, these mice showed increased triglycerides
when they were studied by other investigators under fed
conditions at an age of 4–7 months (60).

Taking all these data together, and considering that an
apoA-II intragenic marker excluded the apoA-II gene as the
major familial combined hyperlipidemia locus found in
chromosome 1q21-q23 (102), we propose that the apoA-II
locus could be a modifier gene for familial combined hyper-
lipidemia. In this respect, it is worthy to note that apoA-II
transgenic mice have been found to present several char-
acteristics of the metabolic syndrome. One that has not
been previously mentioned in this review is fatty liver (61,
100). Probably related to this capability of apoA-II to in-
duce steatosis, the hepatitis C virus core protein, whose
expression also produces steatosis, has been shown to
bind apoA-II and, like apoA-II, its secretion was modu-
lated by fibrate treatment (103).

ROLE IN ATHEROSCLEROSIS SUSCEPTIBILITY

Although most studies show normal or decreased apoA-II
levels in patients with CAD (104, 105), two Japanese pa-
tients from a single family with inherited apoA-II defi-
ciency presented no clinical evidence of coronary athero-
sclerosis (5). In fact, several studies suggest that elevation
of apoA-II may be proatherogenic (Table 1). In one study,

elevated apoA-II-containing VLDL was related to the pro-
gression of CAD in patients treated with lovastatin (106),
and in another the apoA-II/HDL cholesterol ratio was ele-
vated in patients with this disease (107). Also, increased
concentrations of apoA-II have been found in interstitial
fluid of patients with myocardial infarction compared
with those of controls (108).

Population studies of the apoA-II polymorphisms MspI
(6, 89, 86, 82, 115) and BstNI (6) in control and CAD pa-
tients (Table 2) have found significant differences in geno-
type distribution only in one case (86). However, in this
case there was no association of the MspI polymorphism
with lipid and apolipoprotein levels in the CAD population.

The development of transgenic mice expressing either
human or murine apoA-II has provided novel insights into
the role of apoA-II in atherosclerosis susceptibility. An
early report showed that double human apoA-I/apoA-II
transgenic mice lost part of the protection against athero-
sclerosis shown by human apoA-I transgenic mice fed a
high fat atherogenic diet (109). In contrast, studies of
mouse apoA-II transgenic mice revealed an increase in
atherosclerosis susceptibility, even when the mice were fed
a regular chow diet (98). This observation has been repli-
cated and is fully consistent with the previous effects re-
ported for natural variants of apoA-II synthesis in recom-
binant and congenic strains of mice (51, 72, 110). In
addition, human apoA-II transgenic mice and double hu-
man apoA-II/CETP transgenic mice showed increased
atherosclerosis susceptibility both when fed an athero-
genic diet (71, 61) and when they were cross-bred with
apoE-deficient mice and fed a regular chow diet (96).
Only one study using independently generated human
apoA-II transgenic mice showed decreased atherosclerosis
susceptibility (53). Thus, the conclusion emerges that
overexpression of apoA-II is proatherogenic and that,
therefore, elevation of apoA-II is not a target for new drug
therapies. The mechanisms of this proatherogenic capabil-
ity of increased human apoA-II could be due to increased
concentration of apoB-containing lipoprotein and de-
creased HDL cholesterol, impairment of reverse choles-
terol transport due to decreased cholesterol efflux and es-
terification (44, 54, 55, 60, 67, 71, 96, 97, 100), as well as
decreased protection toward LDL oxidation (51, 72) and
insulin resistance (99). Therefore, apoA-II does not ap-
pear to play a protective role against atherosclerosis, and el-
evation of its concentration is likely to be harmful at least
with respect to cardiovascular disease.

CONCLUSIONS AND PERSPECTIVES

Analyses of genetically modified mice have, surprisingly,
found a more consistent relationship between apoA-II
and FFA and VLDL triglyceride metabolism than with
HDL. These findings may be due in part to species-
specific differences in the effect of mouse and human
apoA-II on HDL. Nevertheless, the effects on triglyceride
metabolism show enough consistency to postulate a func-
tion of apoA-II in the regulation of liver (which is a specu-
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lation based on the main site of apoA-II expression) FFA
and triglyceride metabolism. In this regard, a major aim
for future research is to define this function in detail. To
study liver gene expression of apoA-II transgenic and
knockout mice and compare it with that of control mice
could be worthwhile. Also of interest are the possible im-
plications of these findings for human pathology. The
study of apoA-II structure and expression could be of in-
terest in at least three diseases: 1) familial combined hyper-
lipidemia, in which apoA-II could be a modifier gene, that
is, determines the degree of hypertriglyceridemia or de-
velopment of metabolic syndrome; 2) type 2 diabetes, in
which its potential role as a susceptibility gene warrants
further study; and 3) in type V hyperlipidemia, a poorly
known disease in which plasma apoA-II seems to be in-
creased. Knowledge of whether this increased apoA-II
concentration is a cause or an effect is necessary, espe-
cially considering that two types of predisposing condi-
tions for type V hyperlipidemia, alcoholism and diabetes
mellitus, could be associated with increased levels of
apoA-II (99, 111, 112).

The role of apoA-II in HDL remains, despite many
studies, unclear. It is apparent that increased apoA-II
deteriorates two major antiatherogenic properties of HDL:
reverse cholesterol transport and protection against LDL
oxidative modification. Studies have begun to show that
the presence of apoA-II in HDL may also be a determinant
in receptor interaction and this could be of pathophysio-
logical importance. In this regard, apoA-II interaction with
Hsp60 and SR-BI is a topic of special interest. The apoA-II
locus is an important genetic determinant of HDL cho-
lesterol concentration. This may depend mainly on the
synthesis of apoA-II; however, major gaps still remain to
be filled in our understanding of apoA-II synthesis and
catabolism.

The studies commented on in this review have clearly
shown that raising human apoA-II does not raise HDL
cholesterol or prevent atherosclerosis. Drugs that increase
apoA-I, but not apoA-II, may be more powerful in the pre-
vention of atherothrombotic cardiovascular disease. A bet-
ter understanding of apoA-I and apoA-II gene regulation
may be of help in the design of new and selective anti-
atherogenic drugs.

NOTE ADDED IN PROOF

Yuhanna et al. (113) have reported that antibodies
against apoA-I, but not antibodies against apoA-II, inhib-
ited the HDL activation of endothelial nitric oxide syn-
thase mediated through SR-BI binding.
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