
Apolipoprotein A-V dependent modulation of plasma
triacylglycerol: A puzzlement,☆,☆☆

Vineeta Sharma, Robert O. Ryan, and Trudy M. Forte*

Center for Prevention of Obesity, Diabetes, and Cardiovascular Disease, Children's Hospital
Oakland Research Institute, Oakland, CA 94609, USA

Abstract
The discovery of apolipoprotein A-V (apoA-V) in 2001 has raised a number of intriguing
questions about role in lipid transport and triglyceride (TG) homeostasis. Genome wide
association studies (GWAS) have consistently identified APOA5 as a contributor to plasma TG
levels. Single nucleotide polymorphisms (SNP) with-in the APOA5 gene locus have been shown
to correlate with elevated plasma TG. Furthermore, transgenic and knockout mouse models
support the view that apoA-V plays a critical role in maintenance of plasma TG levels. The
present review describes recent concepts pertaining to apoA-V SNP analysis and their association
with elevated plasma TG. The interaction of apoA-V with glycosylphosphatidylinositol-anchored
high-density lipoprotein binding protein 1 (GPIHBP1) is discussed relative to its postulated role in
TG-rich lipoprotein catabolism. The potential role of intracellular apoA-V in regulation of TG
homeostasis, as a function of its ability to associate with cytosolic lipid droplets, is reviewed.
While some answers are emerging, numerous mysteries remain with regard to this low abundance,
yet potent, modulator of TG homeostasis. Given the strong correlation between elevated plasma
TG and heart disease, there is great scientific and public interest in deciphering the numerous
biological riddles presented by apoA-V. This article is part of a Special Issue entitled Triglyceride
Metabolism and Disease.
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1. Introduction
Elevated triglyceride (TG) is strongly and positively correlated with increased risk of
cardiovascular disease. Furthermore, hypertriglyceridemia (HTG) is associated with
enhanced risk of metabolic syndrome and accompanying insulin resistance. Apolipoprotein
(apo) A-V, a minor plasma apolipoprotein (100–250 ng/ml) [1], has been documented to
play a major role in TG metabolism by enhancement of VLDL lipolysis and clearance.
Studies with human APOA5 transgenic and apoa5 knockout mice revealed that apoA-V
concentration is inversely associated with plasma TG levels. Transgenic mice
overexpressing human apoA-V [2] or adenoviral vector-mediated gene transfer of apoa5
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into mice [3] revealed a 60–70% decline in plasma TG, whereas apoa5 knockout mice
manifest 4-fold higher plasma TG than control littermates [2]. These studies make a strong
case that apoA-V plays an important role in regulating plasma TG levels.

In humans, the APOA5 gene locus forms part of the APOA1/C3/A4/A5 gene cluster on
chromosome 11q23. The sole site of apoA-V synthesis is the liver, where it is translated as a
366 amino acid preprotein. Following intracellular cleavage of a 23 amino acid signal
peptide, mature apoA-V (343 amino acids) appears in plasma in association with VLDL and
HDL. Despite considerable effort, the precise mechanism whereby apoA-V influences TG
metabolism is not completely understood. Recent studies have demonstrated both
intracellular, as well as extracellular, effects of apoA-V on TG metabolism [4]. The present
review reports on recent genomic and functional studies of apoA-V that provide insight into
the physiology of this unique apolipoprotein.

2. Genomic studies
Plasma TG is an example of a complex polygenic trait. In addition to environmental factors,
gene variation is a major determinant of TG levels in individuals. Knowledge of the
contribution of genetic variation to plasma TG has increased dramatically through Genome
Wide Association Studies (GWAS), an approach that tests for associations between single
nucleotide polymorphisms (SNPs) and specific traits. While GWAS provide an association,
this method alone is not sufficient to define mechanism. Studies that have examined TG-
associated loci in GWAS of population-based TG concentrations [5–8] provide compelling
data linking apoA-V to TG metabolism. GWAS that identified loci harboring common
genetic variants associated with TG levels have invariably identified apoA-V as a prominent
player. As such, there is growing support for the notion that this minor protein exerts major
effects on TG metabolism.

Common SNPs in the APOA5 locus have been identified in human population studies.
Patients with severe HTG manifest an increase in allelic frequency of certain SNPs
compared to random controls [9]. A summary of common APOA5 SNPs is presented in
Table 1. These SNPs may be coding or noncoding and are located throughout the apoA-V
gene and promoter region. The − 1131T>C SNP, located in the promoter region, is
associated with HTG and its importance in TG modulation is well known [2,10]. The −
3A>G SNP, located in the Kozak sequence of APOA5, is postulated to reduce apoA-V
expression by affecting translation initiation efficiency [11]. The coding SNP, c.56C>G,
results in a substitution of the serine at position 19 with tryptophan (S19W) in the apoA-V
signal peptide. This polymorphism has been shown to be functionally significant since this
substitution reduces apoA-V translocation efficiency to the endoplasmic reticulum and
hence, apoA-V secretion, in vitro [12]. Another coding SNP, c.553G>T, that is uniquely
associated with Asian subjects, has been reported [13–15]. Carriers of this SNP have
elevated plasma TG whereas homozygotes manifest HTG. The c.553G>T SNP introduces a
cysteine for glycine substitution at position 162 in mature apoA-V. Introduction of a
cysteine at this site raises the possibility that an intramolecular disulfide bond forms between
the substituted cysteine and cysteine 204, the sole cysteine in wild type apoA-V (Fig. 1).
Formation of a disulfide bond between these residues would be expected to alter the
conformation of this region of the protein. Cysteine 204 is located within a positively
charged sequence element in apoA-V that is involved in heparin binding [16] and cell
surface receptor interactions [17,18]. An altered conformation in this key region of the
apoA-V sequence may adversely affect TG metabolism by reducing lipolysis and/or VLDL
remnant clearance. Clarification of the functionality of this SNP awaits future studies with
engineered mouse models expressing this variant.
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3. Glycosylphosphatidylinositol-anchored high density lipoprotein binding
protein 1 (GPIHBP1) and apoA-V

GPIHBP1, a unique glycosylphosphatidylinositol-anchored glycoprotein, is required for
lipolytic processing of TG-rich lipoproteins. Indeed, mice lacking this protein have
extremely high plasma TG. ApoA-V has been shown to bind GPIHBP1 in vitro and this
interaction has been postulated to facilitate lipoprotein lipase (LPL) mediated hydrolysis of
the TG component of chylomicrons (CM). The positively charged heparin-binding sequence
within apoA-V (Fig. 1) and the acidic domain in GPIHBP1 are both required for binding
[19]. These authors showed that a mutant apoA-V whose positively charged sequence
element has been disrupted is unable to bind GPIHBP1. It has been proposed that GPIHBP1
dimerizes in such a manner that it presents a highly negatively charged surface capable of
recognizing LPL and apoA-V, promoting efficient lipolytic processing of CM. Thus, it may
be that GPIHBP1 facilitates interaction between LPL and apoA-V associated with the CM
surface. Beigneux et al. [18] suggested that the GPI-anchored complexes might cluster in
subdomains of the plasma membrane of endothelial cells, thereby bringing LPL into contact
with CM. Our laboratory has recently shown that intravenous injection of apoA-V into
apoa5 knockout mice induces an ~60% decrease in plasma TG within 4 h [20]. Similar
studies carried out in gpihbp1 (−/−) mice showed that apoA-V injection fails to reduce
plasma TG levels, suggesting that coordination between GPIHBP1, LPL and apoA-V is a
prerequisite for efficient hydrolysis of plasma TG. Interestingly, apoA-V is cleared over
time following injection into apoa5 −/− mice but this is not the case with gpihbp1 −/− mice.
These data suggest that turnover of apoA-V forms part of a GPIHBP1-LPL-apoA-V axis.
Severely elevated plasma TG and reduced clearance of apoA-V in GPIHBP1 deficiency are
not specific to this metabolic aberration. Vaessen et al. [21] examined plasma TG and apoA-
V levels in lpl −/− mice and noted a parallel elevation of TG and apoA-V. LPL gene
transfer into LPL deficient mice resulted in a simultaneous decrease in TG and apoA-V.
Thus, hydrolysis of TG-rich lipoproteins is necessary for normal clearance of apoA-V
transported on CM and VLDL. While loss of apoA-V is likely to be offset by replenishment
from a pool of newly secreted apoA-V, this supposition requires experimental verification.
In this case, apoA-V sequestration in intracellular lipid droplets (see below), as opposed to
its release into plasma, may serve to modulate LPL-dependent hydrolysis of TG-rich
lipoproteins.

4. ApoA-V as a potential regulator of TG secretion via lipid droplet
interaction

Early studies on apoA-V established its presence, albeit minor, in the plasma compartment
and its critical role in lipolysis of TG-rich lipoproteins and clearance of their remnants.
These physiological properties apparently relate to the ability of apoA-V to facilitate LPL
activity and promote remnant particle clearance via binding to members of the low-density
lipoprotein receptor family. In addition to its function(s) to modulate TG in plasma, apoA-V
also appears to regulate TG secretion from liver. Early studies in mice exploring possible
links between apoA-V and TG secretion from liver revealed that adenovirus-mediated gene
transfer-induced overexpression of apoA-V lowers VLDL TG secretion but not apoB
secretion [22] resulting in the formation of smaller VLDL particles without changing the
number of apoB-containing particles. Current evidence suggests that apoA-V does not
function to regulate apoB-100 production. By the same token, apoA-V may influence TG
flux in hepatocytes such that lipid accrual by nascent VLDL is reduced.

Recent efforts have focused on understanding how apoA-V may regulate intracellular TG
and, subsequently, influence plasma TG levels. Transient overexpression of apoA-V in
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Hep3B cells had no effect on apoB-100 particle secretion or lipidation state [23], consistent
with the results of adenovirus-mediated overexpression of apoA-V in mice [22,24]. On the
other hand, apoA-V was found in association with intracellular lipid droplets (LD) following
transient transfection into Hep3B and McA-RH7777 cell lines [23,25]. Binding to LD
requires the carboxy-terminal region of apoA-V (Fig. 1) [25]. Furthermore, expression of
signal peptide-deficient apoA-V induced major morphological changes wherein cytoplasmic
LD were replaced by amorphous lipid-staining entities. These studies support the view that
intracellular apoA-V plays a role in LD assembly and/or stability as well as in storage and
secretion of hepatocyte TG. Toward this end, it is interesting that apoA-V mRNA is elevated
in hepatectomized rats [3] coincident with increased intracellular lipid accumulation [26,27].
One might argue that overexpression of apoA-V in hepatocytes is non-physiological and
leads to aberrant trafficking of the protein to LD rather than to a lipid pool for export in the
form of VLDL. Studies on LD isolated from livers of wild type mice and APOA5 transgenic
mice have helped to clarify this issue [28]. Even in wild type mice, where apoA-V levels are
extremely low, intracellular apoA-V is associated with LD, providing strong evidence that
apoA-V plays a role in regulating intracellular TG storage and/or mobilization. TG
accumulation in the liver is greater in human apoA-V transgenic mice that express higher
levels of apoA-V than livers from wild type mice. Whether increased levels of intracellular
apoA-V affects LD formation, stability or residence time remains to be determined.
However, the observation of Pamir et al. [29] that APOA5 transgenic mice fed a diet high in
fat and sucrose secrete lower amounts of TG is consistent with high apoA-V expression
fostering cellular TG accumulation.

The seminal studies of Shu et al. [23,25] in cultured hepatocarcinoma cells transiently
transfected with human APOA5 showed that a large proportion of apoA-V (>50%) is
retained within these cells in association with LD. Recently Blade et al. [30] examined the
effect of oleic acid supplementation on apoA-V and TG synthesis and secretion in McA-
RH7777 cells stably transfected with APOA5. These authors observed that intracellular
apoA-V content was increased upon oleate supplementation, along with cellular TG in LD.
Experiments with a doxycycline (Dox) inducible promoter strengthened these observations
by demonstrating that induction of apoA-V expression increased cellular TG and decreased
TG secretion in a concentration dependent manner. Dynamic light scattering studies on
VLDL1 and VLDL2 fractions isolated from media before and after Dox treatment indicated
that VLDL1 particles are substantially decreased in size (~40%). Thus, it is plausible that a
reduction in VLDL maturation is responsible for the decreased TG secretion observed in this
system. Overall, studies employing in vitro cell culture models and vivo mouse studies
provide compelling evidence that apoA-V association with LD is fundamentally involved in
the regulation of TG secretion.

A salient question that emerges, however, is, “how does apoA-V associate with cytoplasmic
lipid droplets since it is synthesized with an N-terminal signal peptide”? Such sequences are
considered to predestine newly synthesized protein for export from the cell. The answer may
come from a combination of the strong lipid surface seeking properties of apoA-V together
with the spatial location LD assembly. LD are dynamic organelles that store excess neutral
lipids for utilization when required. Nascent LD form between leaflets of the endoplasmic
reticulum (ER) bilayer membrane [31,32]. As the primordial droplet increases in size it
bulges in the direction of the cytosol with retention of the phospholipid complement from
the outer leaflet of the ER membrane. Following cleavage of its signal peptide, given its
intrinsic hydrophobicity, apoA-V may localize to the lumenal leaflet of the ER membrane,
specifically binding to defects created by the nascent LD assembly process. ApoA-V may
then translocate to the opposite bilayer leaflet and form a stable association with the budding
LD, an interaction that is retained following “release” of the intact mature organelle (Fig. 2).
Such an association may be facilitated by the lipid-binding, carboxy terminus of apoA-V
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[33], since it has been shown that deletion of this region decreases the protein's lipid binding
affinity [25]. The net effect of this process is diversion some fraction of newly synthesized
apoA-V from the ER–Golgi secretory pathway. Once in the cytoplasm, LD will assimilate
other known LD associated proteins, such as the PAT family proteins (perilipin, adipophilin
and TIP47). The latter protein has structural similarities to apoE, suggesting a common
mode of lipid interaction [34]. While apoA-V is the only known hepatocyte protein to exist
on LD and plasma lipoproteins, it is not unique in its apparent retrograde trafficking to LD.
Studies with apoO, which also possesses a signal peptide, have shown that it traffics to LD
in cardiomyocytes [35]. ApoA-V trafficking in the hepatocyte must, therefore, strike a
balance between secretion and retention and how this is regulated remains a mystery.
Furthermore, there is a lack of information on the nascent lipoprotein particle that transports
apoA-V into the plasma. The work of Shu et al. [23] suggests that association of apoA-V
with apoB-containing, TG-rich lipoproteins, is a post-secretory event, begging the question,
“in what form does apoA-V exit the hepatocyte”?

5. ApoA-V and non-alcoholic fatty liver disease (NAFLD)
The term non-alcoholic fatty liver disease (NAFLD) refers to a spectrum of liver diseases
ranging from simple steatosis (accumulation of hepatic intracellular lipids), to the more
serious non-alcoholic steatohepatitis (NASH), a condition that is accompanied by
inflammation and, finally, cirrhosis, liver failure and hepatocellular carcinoma [36–39].
NAFLD is closely associated with obesity, dyslipidemia and insulin resistance, hallmarks of
the metabolic syndrome. Importantly, accumulation of TG-rich LD in hepatocytes is also a
manifestation of metabolic syndrome. NAFLD is a major disease affecting up to 30% of the
population, not unlike the incidence of obesity and Type 2 diabetes. Recent studies have
shown that there is a link between NAFLD and apoA-V in obese subjects [39]. Prior to
bariatric surgery, liver TG and apoA-V expression were elevated whereas, post surgery,
hepatic steatosis improved and apoA-V expression was significantly reduced. In addition,
Ress at al. [40] transfected human HepG2 cells with a small interfering RNA and noted that
apoA-V knockdown was associated with both decreased apoA-V mRNA and lower
intracellular TG accumulation. These observations are consistent with previous studies in
APOA5 transgenic mice wherein overexpression of apoA-V was associated with increased
liver TG [28]. On the other hand, wild type and apoA-V deficient mice have reduced TG.
Based on these studies, it may be hypothesized that apoA-V is a player in the development
of NAFLD via its effects on intrahepatic lipid metabolism. A conundrum that emerges is
that adenovirus-mediated gene transfer of apoA-V in mice reduces secreted TG, an effect
that should be beneficial since elevated plasma TG is associated with increased risk for
atherosclerosis. However, if intracellular apoA-V drives increased LD assembly in lieu of
TG secretion, lipotoxicity and NASH could ensue. At this juncture it is not clear whether
apoA-V mediated LD retention is causal for NAFLD. Clearly, we are in the early stages of
understanding the functional role of apoA-V in NAFLD. Further studies need to be carried
out to determine whether apoA-V directly contributes to NAFLD or is merely a marker for
increased TG accumulation in the form of LD.

6. Concluding remarks
The involvement of apoA-V in TG metabolism is slowly evolving but puzzles remain with
respect to its primary site of action, intracellular versus extracellular. For a protein whose
presence in the plasma is miniscule, it exerts significant effects on TG homeostasis. Whereas
previous investigations have focused largely on extracellular events, it is now apparent that
the focus is shifting to its intracellular role, since apoA-V may play a role in NAFLD. Such
a role is not inconsistent with apoA-V's ability to bind cytoplasmic LD. Studies designed to
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assess the contribution of apoA-V to lipotoxicity in the liver is a fertile area for future
exploration.
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Fig. 1.
Diagram of apoA-V structural features. The 23 amino acid signal peptide (hatched box) is
cleaved to give rise to mature apoA-V. The N-terminal helix bundle domain is shown in
black while the C-terminal domain, containing a positively charged sequence element
(single letter code is used), a tetraproline motif and terminal peptide, are in gray. The
position of the lone cysteine in apoA-V is shown. HSPG; heparin sulfate proteoglycan.
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Fig. 2.
Model of apoA-V's role in hepatic lipid droplet assembly. (Left) Newly synthesized apoA-V
is translocated to the endoplasmic reticulum (ER) lumen with concomitant cleavage of its 23
amino acid signal peptide (N refers to the N-terminal helix bundle domain and C refers to
the C-terminal domain; see Fig. 1). In the ER lumen, apoA-V has two possible fates, passage
down the secretory pathway and release into the plasma or association with cytosolic lipid
droplets. This latter process (see membrane expanded panels on the right) requires at least 3
steps including: A) adherence of apoA-V to ER membrane defects arising from nascent LD
assembly; B) translocation of apoA-V to the cytosolic side of the ER membrane, most likely
while maintaining contact with the protruding TG droplet and C) stable association of apoA-
V with the surface monolayer of discrete LD, which accrue additional protein components,
such as perilipin, adipophilin and TIP47 (collectively referred to as PAT family proteins).
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