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Abstract

ApoD is a 25 to 30 kDa glycosylated protein, member of the lipocalin superfamily. As a
transporter of several small hydrophobic molecules, its known biological functions are mostly
associated to lipid metabolism and neuroprotection.

ApoD is a multi-ligand, multi-function protein that is involved lipid trafficking, food intake,
inflammation, antioxidative response and development and in different types of cancers.

An important aspect of ApoD’s role in lipid metabolism appears to involve the transport of
arachidonic acid, and the modulation of eicosanoid production and delivery in metabolic tissues.
ApoD expression in metabolic tissues has been associated positively and negatively with insulin
sensitivity and glucose homeostasis in a tissue dependent manner.

ApoD levels rise considerably in association with aging and neuropathologies such as Alzheimer’s
disease, stroke, meningoencephalitis, moto-neuron disease, multiple sclerosis, schizophrenia and
Parkinson’s disease. ApoD is also modulated in several animal models of nervous system injury/
pathology.
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1. Introduction and characteristics of apolipoprotein D

Apolipoprotein D (ApoD) is a 29 kDa glycoprotein first detected in 1963, as a distinct
component of the human plasma lipoprotein system (Ayrault-Jarrier, Levy, and Polonovski
1963), and partially characterized in 1973 (McConathy and Alaupovic, 1976). The deduced
amino acid sequence from the cloned human cDNA (Drayna et al, 1986) revealed that it is
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an atypical lipoprotein. It harbors a high degree of homology with the lipocalins, a family of
proteins that transport small hydrophobic molecules. Several studies have shown that ApoD
is poorly expressed in the liver and intestines, the organs that normally produce
apolipoproteins. Instead, ApoD is widely expressed in several other tissues across many
species (Drayna et al., 1986, Smith et al., 1990; Provost et al., 1990; Séguin et al., 1995). A
large number of potential ligands of different structure and function have been identified.
Due to this apparent ligand heterogeneity and wide tissue distribution, a role as a multi-
ligand, multi-function protein has been proposed for ApoD.

2. ApoD structure

2.1. The gene

The ApoD gene is located on human chromosome 3 (Drayna et al., 1987) and mouse
chromosome 16 (Warden et al., 1992). The promoter of the human ApoD gene contains a
large number of regulatory elements among which response elements to steroids, oestrogen,
progesterone and glucocorticoids. It also contains response elements to fatty acids, liver X
receptors (LXR), acute phase and serum as well as elements involved in the immune
response such as Nuclear Factor kappa B (NF-xB) (Lambert et al., 1993; Do Carmo et al.,
2002; Hummasti et al., 2004; Do Carmo et al., 2007). The presence of such a large number
of regulatory elements contributes to the complex regulation of ApoD expression.

2.2. The protein

ApoD is highly conserved amongst mammalian species. The human protein shares 87.3%
identity with the Rhesus monkey protein and is remarkably similar to the rabbit (79.3%), the
mouse (73.1%) and the rat (73.1%) ApoD (source: Uniprot Database). The amino acid
sequence also shares significant similarity with the lipocalin family: 25% with retinol
binding protein and 30 to 40% with insect bilin binding protein (Drayna et al., 1987; Weech
etal., 1991). The protein is composed of 169 residues, including a secretion peptide signal
of 20 amino acids. Two glycosylation sites (asparagines 45 and 78) account for the
molecular weight of the mature protein varying from 20 to 32 kDa (Weech et al., 1991; Yang
et al., 1994; Schindler et al., 1995; Rassart et al., 2000). An intriguing characteristic of
ApoD is that its glycosylation level varies depending on its production site. Cerebral ApoD
has a lower molecular weight compared to peripheral ApoD. N-glycosylation removal
revealed that this is due to differential glycosylation. Interestingly, this difference in
glycosylation level could influence ApoD’s function and might be an evidence of different
functional roles between brain and peripheral ApoD (Li et al., 2016).

The tertiary structure of ApoD is formed from 8 antiparallel p-sheets creating a hydrophobic
cavity capable of receiving different ligands (Peitsch and Boguski, 1990; Eichinger et al.,
2007) (Fig. 1). The human ApoD contains 5 cysteine residues, 4 of which are involved in
intramolecular disulfide bonds. The last cysteine residue can form intermolecular disulfide
bridges with another ApoD protein (dimers) or with proteins associated with High density
lipoproteins (HDL) namely apolipoproteins A-I and A-Il (apoA-I, apoA-11) and Lecithin
cholesterol acyltransferase (LCAT) (Fielding and Fielding, 1980; Weech et al., 1991,
Blanco-Vaca et al., 1992; Yang et al., 1994). While ApoD has mostly been described in its
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monomeric form, dimers (Bhatia et al., 2013) and tetramers (Kielkopf, 2018) have been
observed. Oligomerization is a common feature of lipocalins and is known to impact
lipocalin ligand binding. ApoD has been shown to dimerize during oxidative stress
especially in the hippocampal region of late stage Alzheimer’s disease patients. ApoD
dimerization seems to occur as an antioxidative response following the interaction of
methionine 93 with lipid hydroperoxides, unstable lipid species produced in response to
excessive free radical production (Bhatia et al., 2012) which must be cleared from the
organism to prevent membrane and tissue damage.

Also, disulfide linked ApoD homodimers have been found in urine (Blanco-Vaca and
Pownall, 1993) and tears (Holzfeind et al., 1995), while tetramers have been observed in
breast cyst fluids (ApoD’s main form in that fluid) (Kielkopf, 2018). Additionally,
hydrophobic residues are located in close proximity to the open end of ApoD’s binding
pocket and may facilitate interactions with cell membranes and lipoproteins (Eichinger et al.,
2007). ApoD associates most strongly with HDL and to a lower extent to low and very low
density lipoproteins (LDL and VLDL) (Perdomo et al., 2010). Biosensor experiments have
shown that ApoD mediates HDL2 and 3 interactions with LDL and the cell surface
(Braesch-Andersen et al., 2014). In addition to its association with plasma lipoproteins,
ApoD appear to be a very specific marker of the exosome-containing fraction of the central
nervous system (Pascua-Maestro et al., 2018).

2.3. ApoD ligands

2.3.1. Arachidonic acid—Arachidonic acid (AA) is the ligand that binds to ApoD with
the best known affinity (Ka of 108 M~1 compared to a Ka of 10 M~1 for progesterone)
(Morais Cabral et al., 1995). AA is the precursor of prostaglandin synthesis, bioactive
molecules that are involved in several biological pathways such as inflammation, platelet
aggregation and cellular regulation (Kuehl and Egan, 1980). Indeed, under the action of
phospholipase A2, the AA present in membranes is liberated and becomes the substrate of
lipoxygenases and cyclooxygenases (mostly Cox2) leading to prostaglandin and leukotriene
formation in inflammatory situations (Smith et al., 2000). Thus, as an AA transporter, ApoD
could play an important role in cellular protection and regulation.

2.3.2. Steroids—ApoD (initially named GCDFP-24) is the major protein constituent of
human mammary cyst fluid. It binds with a relatively strong affinity to progesterone and
pregnenolone and with a weaker affinity to oestrogen (Pearlman et al., 1973; Lea, 1988;
Balbin et al., 1990; Vogt and Skerra, 2001). However, another study shows a lack of
interaction between ApoD and pB-estradiol, suggesting that oestrogen is possibly not a
natural ligand of ApoD (Ruiz et al., 2013).

2.3.3. Cholesterol—Depending upon the experimental design, poor or lack of direct
binding between ApoD and cholesterol has been reported (Morais Cabral et al., 1995; Patel
etal., 1997; Ruiz et al., 2013; Marcoux-Legault, Brissette and Rassart, unpublished results).
Cholesterol is a major membrane and lipoprotein constituent. ApoD was identified as a
component of HDL. Thus, in association with LCAT, ApoA-I or CETP (Cholesteryl Ester
Transfer Protein), it could be involved in the reverse transport of cholesterol to the liver
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(Spreyer et al., 1990; Weech et al., 1991; Blanco-Vaca et al., 1992; Yang et al., 1994). The
esterification activity of LCAT is increased in the presence of ApoD (Fielding and Fielding,
1980; Steyrer and Kostner, 1988), two proteins that were shown to form heterodimers
(Weech et al., 1991; Blanco-Vaca et al., 1992).

2.3.4. Other ligands—Molecular modeling studies have revealed that components
derived from the heme, such as bilirubin, could be putative ApoD ligands. Accordingly,
binding between ApoD and bilirubin was demonstrated (Ka of 3.107 M™1) (Peitsch and
Boguski, 1990) and this property could promote the interaction of bilirubin with HDL
(Goessling and Zucker, 2000). Other ligands have been identified such as E-3-methyl-2-
hexenoic acid, a molecule present in axillary secretions (Zeng et al., 1996); retinoic acid,
which is involved in cellular differentiation; as well as sphingomyelin and sphingolipids
which are major components in HDL and in cellular membranes (Breustedt et al., 2006;
Rhinn and Dolle, 2012; Vance, 2012; Ruiz et al., 2013). However, as for cholesterol, the
binding of some ligands is rather weak and their biological relevance remains controversial.
The fact that ApoD may bind such a large variety of ligands could be the reflection of a
multi-ligand, multi-function activity.

3. ApoD expression

3.1. Tissue expression

ApoD is expressed at different levels in a wide range of tissues in several mammalian
species both during developmental and adult stages (Fig. 2). The wide species distribution of
ApoD supports its evolutionary importance in the chordate lineage (Sanchez et al., 2003;
Ganfornina et al., 2005) and its amino-acid homology is very high among mammals (Rassart
et al., 2000). Since its characterization in mammalian species, it has also been detected in
chicken (Ganfornina et al., 2005), Drosophila (Sanchez et al., 2000), plants (Frenette-
Charron et al., 2002) and bacteria (Bishop et al., 1995). Mostly associated with plasmatic
HDL, avian ApoD is present in rapidly growing oocytes, suggesting a role in the transport of
lipids during embryogenesis (Vieira et al., 1995; Yao and Vieira, 2002). In humans, ApoD is
poorly expressed in the liver and intestines, the major sites of apolipoprotein synthesis.

In contrast, ApoD mRNA expression is strongest in the mammary glands and central
nervous system (Fig. 2). However, as it is a secreted protein, ApoD protein levels vary
significantly from mRNA expression. While ApoD doesn’t appear to be produced in the
liver, the protein is present in high amounts. Similarly, mRNA expression is weak in the
adrenals, testis, lungs, kidneys and placenta, but strong at the protein level. ApoD has been
detected in multiple tissues in the monkey (Smith et al., 1990), but the absence of quantified
data limits the comparison to human expression. Rats and mice both have an ApoD mRNA
expression almost exclusively limited to the CNS (Boyles et al., 1990b; Séguin et al 1995).
In mice, most of the protein is also found in the CNS (Li et al. 2016). In rats, however,
moderate to high protein levels are found in peripheral tissues (Boyles et al., 1990b).
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3.2. Cellular expression

ApoD mRNA is mostly expressed by fibroblasts, particularly in fibroblasts located in the
proximity of blood vessels (Smith et al., 1990; Provost et al., 1991b). In the nervous system,
expression is strong in white matter glial cells, in particular astrocytes and oligodendrocytes.
However, in the peripheral nervous system, expression is detected in endoneural fibroblasts
(Boyles et al., 1989; Boyles et al., 1990b; Provost et al., 1991a).

3.3. Modulation of ApoD in physiological conditions

In normal individuals, serum ApoD concentration varies between 5 and 23 mg/100 ml
(Camato et al, 1989) but its concentration has been shown to be affected in several studies.

ApoD expression is modulated in pathologies that present metabolic defects such as familial
HDL deficiency and Tangier diseases (Alaupovic et al., 1981), familial LCAT deficiency
(Albers et al., 1985) and type 2 diabetes (Baker et al., 1994; Hansen et al., 2004). The
common link between these diseases could be the activation of pro-inflammatory and/or pro-
angiogenic pathways related to the metabolism of AA, the best ApoD ligand (Hummasti et
al., 2004; Labrie et al., 2015). A neuroprotective and anti-inflammatory effect of ApoD
could result from its capacity to stabilize AA at the cellular membrane or to sequester it, thus
preventing its transformation into pro-inflammatory molecules (Thomas et al., 2003a,

2003b; Desmarais et al., 2019).

Tangier disease is caused by a mutation in the ATP-binding Cassette Al transporter
(ABCAL) gene, which control cholesterol efflux (Bodzioch et al., 1999). ABCAL loss of
function causes cholesterol accumulation in peripheral organs and an increased risk of
atherosclerosis (Bodzioch et al., 1999). Considering that ApoD can bind cholesterol, it could
facilitate removal of cholesterol excess throughreverse transport via HDL and therefore
protect against atherosclerosis (Pfrieger, 2003; Tall, 2008). Moreover, the protein profile of
HDL isolated from atherosclerotic patients shows an ApoD increase, which could be a
compensatory mechanism for cholesterol accumulation (Vaisar et al., 2007). In addition to
its accumulation in HDL particles, ApoD is present in atheroma, lipid plaques in arteries,
and is associated with excessive cholesterol accumulation in atherosclerotic patients and
mouse models of atherosclerosis (Sarjeant et al., 2003; Perdomo and Dong, 2009).

3.4. Growth and differentiation

Studies on primary cultures of human fibroblasts have shown that a forced arrest in cell
growth can induce ApoD expression (Provost et al 1991a). This induction has also been
noted in non-proliferating quiescent and senescent fibroblast cultures and in several other
cell types (Do Carmo et al. 2002).

In normal cell culture conditions, ApoD is secreted and reinternalized (Sarjeant et al 2003,
Leung et al 2004, Do Carmo et al 2007). ApoD is able to selectively modulate the
proliferative response of vascular smooth muscle cells to growth factors by inhibiting
nuclear translocation of the active form of ERK1/2 (extracellular signal-regulated kinase
1/2) (Sarjeant et al., 2003).
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ApoD expression can be induced in some stress conditions, such as oxidative and
inflammatory stresses or UV treatment (Do Carmo et al., 2007). This induction is observed
specifically at peroxide concentrations (oxidative stress) and UV doses that induce growth
arrest but not apoptosis. Nuclear factors PARP-1 (Poly ADP-ribose polymerase-1) and
APEX (Apurinic/Apyrimidinic Endonuclease-1), factors that are upregulated in growth-
arrested cells, can both bind the ApoD promoter and induce ApoD expression (Levros et al.,
2010). Both APEX and PARP-1 are known to be induced in pathologic situations such as
oxidative stress and neurodegenerative conditions (Fritz et al., 2003; Duan et al., 2007).
Moreover, in several stress situations, ApoD is localized to the perinuclear level (Do Carmo
et al 2007).

Several studies have shown an inverse correlation between ApoD expression and cell
growth. In parallel, studies on breast cancer cell lines have shown that ApoD expression is
inhibited by oestrogens (cell growth inducer) and stimulated by androgens (cell growth
inhibitor) (Simard et al., 1990; Simard et al., 1991). Moreover, ApoD expression
concomitant with inhibition of cell growth was observed in some breast cancer cell lines
treated with Interleukin-1a and retinoic acid (Blais et al., 1994; Lopez-Boado et al., 1994).
So far, the only known exception is Interleukin-6 as it inhibits both cell proliferation and
ApoD expression (Blais et al., 1995).

Beside cell growth, ApoD expression is also linked to cell differentiation. Two mediators of
cell differentiation, retinoic acid and 1,25-dihydroxyvitamin D3 both induce ApoD
expression in mammary cancer cells (Lopez-Boado et al., 1994; Lopez-Boado et al., 1997).
This induction appears to be mediated by retinoic acid nuclear receptors (RAR) that reduce
cell growth. This suggests that ApoD could be a marker of RAR-mediated differentiation
and growth arrest in mammary cancer cells (Lopez-Boado et al., 1996). A similar correlation
was also observed in human prostate cancer tissue (Aspinall et al., 1995), where ApoD is
mostly present in glandular prostatic epithelium and could be associated with a non-
proliferative or differentiated state. In summary, ApoD expression is stimulated in growth
arrest, cell senescence and during oxidative and inflammatory stresses. In contrast, ApoD
expression is reduced during cell growth.

3.5. Influence of metabolic pathways

There is a positive correlation between adipose mass, circulating leptin levels and
hypothalamic ApoD expression (Liu et al., 2001). However, this correlation disappears in
ob/ob obese mice (leptin deficient) and db/db mice (harboring a mutation in the leptin
receptor). These mice present a reduced level of hypothalamic ApoD compared to wild type
mice. The same study shows a specific and direct interaction of ApoD and the cytoplasmic
portion of the long form of the leptin receptor (Liu et al., 2001). This suggests that ApoD in
the hypothalamus is involved in the signaling pathway that controls appetite and probably fat
accumulation. Plasma ApoD levels decrease significantly during normal uncomplicated
pregnancy. ApoD is further decreased in women with excessive gestational weight gain and
their newborns. In these women, ApoD concentration was tightly associated with lipid
parameters (Do Carmo et al., 2009b). In the adipose tissues of morbidly obese women (BMI
over 40), ApoD protein expression is positively correlated with parameters of metabolic
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health. Women with high levels of ApoD in their round ligament, an adipose depot that form
on the liver of obese individuals, have lower insulin resistance, lower insulin blood levels as
well as lower circulating Tumor Necrosis Factor-a (TNF-a)) and Plasminogen Activator
Inhibitor-1 levels (Desmarais et al., 2018). This could indicate that ApoD’s higher
expression is beneficial in obesogenic conditions. Since TNF-a is a potent disruptor of
insulin signaling (Akash et al., 2017), it is possible that ApoD’s association with increased
insulin sensitivity is linked to an anti-inflammatory effect of ApoD in the round ligament.
This association has yet to be evaluated in men.

Interestingly, ApoD has been identified as a LXR-regulated gene that is upregulated
following adipocyte differentiation. It has been hypothesised that ApoD could transport
ligands for LXR or PPAR (peroxisome proliferator-activated receptor) in differentiated
adipocytes (Hummasti et al., 2004). Treatment of 3T3-L1 adipocytes with AA, ApoD’s
preferential ligand, increases the level of glucose transporters GLUT1 and GLUT4
incorporation into the plasma membranes, and consequently increases glucose uptake. This
phenomenon is dependent upon an intact PPARy and lipoxygenase activities but not on
cyclooxygenase activity (Nugent et al., 2000). Part of ApoD’s effect on glucose homeostasis
in adipose tissues could therefore be due to a modulation of eicosanoid production or
delivery.

A role for ApoD in hepatic lipid metabolism was highlighted by a study on transgenic mice
overexpressing human ApoD in their central nervous system (CNS) (Do Carmo et al.,
2009a). These mice also showed ApoD transgenic protein accumulation in the liver and
slowly developed a hepatic and muscular steatosis accompanied with insulin resistance (Do
Carmo et al., 2009a). However, these mice were not obese or diabetic and they did not
develop inflammation. The development of this pathology was triggered at least in part by
precise signaling events involving prostanoids derived from AA and PPARy activation
(Labrie et al., 2015; Desmarais et al., 2019). ApoD-induced lipid accumulation was not due
to de novo lipogenesis but rather from increased lipid uptake. An important characteristic of
ApoD-induced hepatic steatosis was that omega-3 and omega-6 fatty acids (including AA)
were preferentially accumulated over saturated and mono-unsaturated fatty acids.
Additionally, omega-3 fatty acids (mainly DHA) appeared to be accumulated at an even
greater pace than omega-6 fatty acids, resulting in a more favorable omega-3/omega-6
balance in transgenic mice compared to wild type controls (Desmarais et al., 2019). This
intriguing phenomenon suggests that DHA and/or other omega-3 fatty acids might also be
ApoD ligands. Together, the favorable omega-3/omega-6 balance, the production of anti-
inflammatory eicosanoids and the activation of PPAR-y appear to prevent chronic
inflammation despite extensive lipid accumulation (Desmarais et al., 2019). As for the
adipose tissues, the full extent of ApoD’s involvement in AA metabolism is unknown.
Interestingly, ApoD overexpression in HepG2 cells increases PPAR-y transcriptional activity,
a phenomenon that is amplified by the addition of AA (Labrie et al., 2015). Earlier articles
show that ApoD can limit inflammation by sequestering AA in cell membranes (Thomas et
al., 2003b; Do Carmo et al., 2008) but ApoD might also influence the fate of AA upon
release.
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An additional effect of ApoD might occur through its capacity to associate with osteopontin
(OPN) (Jin et al., 2006). OPN is a negatively charged extracellular protein found in bones
and produced by various cell types including kidney, placenta, arterial smooth muscle and
immune cells. OPN promotes cell migration, adhesion, and activation of T lymphocytes and
macrophages (Gravallese, 2003; Jurets et al., 2016). OPN is overexpressed in atherosclerosis
and in obesity-induced adipose tissue inflammation where it mediates macrophage
infiltration (Giachelli et al., 1995; Nomiyama et al., 2007). Interestingly, ApoD reduces cell
invasiveness by blocking OPN-mediated cell adhesion and proliferation (Jin et al., 2006).
Remarkably, OPN-deficient obese mice display improved insulin sensitivity and decreased
adipose tissue macrophage infiltration as well as decreased inflammation (Nomiyama et al.,
2007). Therefore, blockage of OPN function by ApoD could further explain its anti-
inflammatory and insulin sensitizing effects. OPN is also an important factor in liver
inflammation, fibrosis and carcinogenesis (Bruha et al., 2020). The interaction between
ApoD and OPN could constitute a previously overlooked mechanism by which ApoD can
limit the deleterious effects occurring during the development of hepatic steatosis in
transgenic mice (Do Carmo et al., 2009a).

ApoD-null mice display non-fasting hypertriglyceridemia and a 30% to 50% increase in
food intake, yet do not show an increase in body weight, and have normal glucose tolerance
and islet morphology. In these mice, adipose tissue lipoprotein lipase (LPL) activity is
reduced by 35% and triglyceride hepatic content is low (Jimenez-Palomares et al., 2011).
Inversely, hepatic transitory overexpression of ApoD in CD-1 mice increases plasmatic LPL
activity and postprandial triglyceride clearance. /n1 vitro, ApoD dose-dependently increases
free fatty acid release from VLDL-triglycerides (Perdomo et al., 2010).

ApoD-null female mice display progressive bone loss with aging with a 50% reduction in
trabecular bone volume (Martineau et al, 2016). Histochemistry indicates significantly
higher osteoblast surface and number of osteoclasts in femora. Also, ApoD-null females and
males present a 24% reduction in cortical bone volume. These results indicate that ApoD
influences bone metabolism in mice in a genderspecific manner (Martineau et al., 2016).
The receptor activator of nuclear factor-xB ligand (RANKL), the key final effector of
osteoclastogenesis and bone resorption, is overexpressed in bone marrow mesenchymal cells
isolated from ApoD-null mice. This is reversed /n vitro by treatment with human ApoD.
RANKL expression and secretion by osteoblasts is stimulated by inflammatory cytokines
such as IL-1, TNF-a, and M-CSF (Weitzmann, 2013). In this study, ApoD was suggested to
act as an anti-inflammatory and antioxidant agent. An additional mechanism for ApoD’s
role in bone metabolism could involve ApoD’s blockage of OPN function (Jin et al., 2006).
OPN is implicated in the activation of the bone resorption process; it serves as an attachment
protein for osteoclast to adhere to the bone matrix (Rittling et al., 1998; Weber and Cantor,
1996).

In summary, ApoD appears to be a beneficial actor in both lipid and bone metabolism as it is
associated with inflammation resorption as well as bone turnover regulation.
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3.6. Role in development processes

A modulation of ApoD expression is observed during pregnancy and embryonic
development. Low levels of ApoD transcripts are observed in guinea pig embryos (Provost
et al., 1991a). In mice, embryonic ApoD expression begins between days 8 and 9 and is
selectively modulated until birth (Sanchez et al., 2002). In rats, the induction of ApoD
during embryo development coincides with active myelination and synaptogenesis (Ong et
al., 1999). In chickens, ApoD is present in the rapidly growing oocyte and is associated with
mobilization and transport of lipids (Vieira et al., 1995).

In humans, ApoD is strongly expressed in the endometrium during implantation and in the
placenta (Drayna et al., 1986; Kao et al., 2002). ApoD plasmatic levels decrease during
pregnancy and are even lower in women that gained excessive weight (Do Carmo et al.,
2009b).

Androgen insensitivity syndrome is the most common cause of sexual development disorder
and is usually due to a defective androgen receptor. The ApoD transcript is one of the few
transcripts significantly upregulated by dihydrotestosterone in human male genital
fibroblasts and is under consideration as a marker of androgen sensitivity (Appari et al.,
2009). The function of ApoD in male genital formation is still unclear. Tanase-Nakao et a/.
proposed that ApoD could be involved in genital masculinization by regulating
angiogenesis. They also recognized that dynamic cell-to-cell interactions are necessary for
genital masculinization (Tanase-Nakao et al., 2019). ApoD is implicated in astrocyte to
neuron communication through extracellular vesicle exchange (Pascua-Maestro et al., 2018).
The authors show that ApoD, mostly expressed by astrocytes, is exclusively transported to
neurons by extracellular vesicle and internalized to promote integrity and survival. It is
plausible that ApoD could be similarly implicated in the cell-to-cell interactions taking place
during genital masculinization.

During angiogenesis, endothelial and mural cells need to communicate to produce functional
blood vessels. A multitude of genes, including ApoD, are modulated during this process.
One study showed that ApoD is downregulated by NOTCH3 in mural cell during
angiogenesis. That same study showed that ApoD negatively regulates cell adhesion by
reducing focal contacts and that ApoD downregulation by endothelial cells is necessary for
vessel maturation (Pajaniappan et al., 2011). ApoD overexpression in response to LXR
activation was also shown to suppress the tube formation of human umbilical vein
endothelial cells. ApoD, interacting with SR-B1, appears to suppress phosphorylation of
AKT, which in turn inhibits NF-xB and eNOS. The resulting effect is the reduced expression
of Snail and matrix metalloproteinases and thus the suppression of the angiogenesis process
(Lai et al., 2017). Other studies however, showed that ApoD and platelet-derived growth
factor (PDGF)-BB have synergetic action in promoting vascular smooth muscle migration
(Leung et al 2004) and that ApoD is strongly expressed in both developing and mature
perivascular fibroblasts (Smith et al., 1990; Provost et al 1991b; Sanchez et al., 2002)
suggesting that ApoD expression might only be suppressed at specific steps during the
angiogenesis process.
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Role in cancer

ApoD is expressed and modulated in several cancers. It is overexpressed in numerous types
of tissue carcinomas, such as breast, ovaries, prostate, skin and CNS. In prostate, pancreas
and skin, a high level of ApoD expression is related to cancer invasiveness (Aspinall et al.,
1995; Zhang et al., 1998; Ashida et al., 2004; Hall et al., 2004). Additionally, higher ApoD
expression was also associated with shorter survival and recurrence-free survival in non-
small cell lung cancer (Cury et al., 2019). However, early research on breast and CNS
cancers strongly associated increased ApoD expression to a highly differentiated, non-
invasive and non-metastatic state (Serra Diaz et al., 1999; Hunter et al., 2002; Porter et al.,
2003). ApoD overexpression is often linked to a decrease of cancer relapse and thus better
survival for patients with these cancer types (Diez-Itza et al., 1994). Some studies suggest
that growth arrest due to differentiation in these cancers explains the high ApoD expression.
This increase of ApoD expression could be an unfavorable factor for cancer progression
(Ryu et al., 2001; lacobuzio-Donahue et al., 2002; Miranda et al., 2003; West et al., 2004). It
remains to be determined whether ApoD expression is a cause or a consequence of cell
transformation. Interestingly, ApoD reduces OPN-mediated adherence, invasiveness, and
proliferation of Rama37 breast cancer cells /n vitro (Jin et al., 2006). OPN expression is
increased in transformed cells and is inversely correlated with breast cancer patient survival
(Rudland et al., 2002). OPN is thought to facilitate invasion by upregulating the expression
of matrix metalloproteinase 9 through NF-xB activation (Zhang et al., 2005).

A recent study performed on a cohort of patients diagnosed with invasive ductal breast
carcinoma shows that ApoD could be an independent predictor of metastasis free survival
and overall survival in invasive breast cancer. Increased ApoD expression was associated
with poor patient outcome (Jankovic-Karasoulos et al., 2020), a result shared with another
research team studying breast cancer outcomes in patients over the age of 70 (Soiland et al.,
2009). It is important to note that patients in this last study were under tamoxifen therapy, a
drug used to treat estrogen receptor-positive tumors (Harbeck et al., 2019). ApoD can bind
tamoxifen and is likely able to interfere with this treatment approach. Accordingly, ApoD
negative patients on tamoxifen had better outcomes compared with ApoD positive patients
under the same tamoxifen therapy (Soiland et al., 2009). Future studies on ApoD’s role in
cancer progression should take caution to separate ApoD’s biological effects from its
potential interference with treatment agents. Although both effects are of considerable
importance for breast cancer research and the development of therapies.

What differentiates ApoD’s effect on cancer outcomes in different cancer types is largely
unknown. Zhou and Luo (Zhou and Luo, 2020) argue that ApoD’s effect on cancer depends
on which cell types are transformed. According to them, ApoD is beneficial in parenchymal
tumors because it helps to limit cell cycle progression and induces cell senescence. ApoD
interferes with arachidonic acid metabolism by sequestering it in cell membranes. Therefore,
ApoD reduces the production of prostaglandins and leukotrienes, which can promote cell
proliferation and neo-angiogenesis (Romano and Claria, 2003; Matsuyama et al., 2005).
ApoD would hence indirectly improve prognosis via several mechanisms. However, ApoD
may be deleterious when it affects stromal cells because the cell senescence it induces
stimulates the production of inflammatory cytokines (TNF-a and IL-1p) and matrix
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metalloproteinases. These two factors lead to the degradation of the extracellular matrix and
promote tumor malignancy (Kleiner and Stetler-Stevenson, 1999). These opposing effects
could explain some of the contradictory reports concerning ApoD’s association with cancer
progression and outcomes. More mechanistic studies are needed to better understand
ApoD’s role in cancer.

3.8. ApoD and the nervous system

ApoD is expressed by Schwann cells of the peripheral nervous system (Garcia-Mateo et al.,
2014). ApoD expression is low in the peripheral nervous fibers of the rat. However, ApoD
and apolipoprotein E (ApoE) expression increases drastically after a nerve crush injury
(Boyles et al., 1990b). ApoD expression is higher on the site of a crush injury than on the
site of a sectioned nerve (Boyles et al., 1990a; Boyles et al., 1990b; Spreyer et al., 1990).
This was also observed in the rabbit and marmoset monkey (Boyles et al., 1990a; Boyles et
al., 1990b). After a peripheral nerve lesion, myelin degradation releases a large quantity of
lipids including cholesterol, which are stocked and reutilized during regeneration. ApoD
could be involved in this regeneration process as a lipid transporter. This longstanding
hypothesis was confirmed by a study on nerve regeneration in ApoD-null mice and in
transgenic mice overexpressing the human ApoD protein (Ganfornina et al., 2010). This
study showed that axonal regeneration and remyelination are delayed in the absence of
ApoD and stimulated in the transgenic animals. ApoD appears to be essential for proper
myelin extracellular leaflet compaction. The repulsive force generated by densely layered,
negatively charged glycocalyx proteins can prevent, if not cleared, the extensive bilayer-
bilayer membrane interactions that need to occur during myelination. ApoD deficiency in
mice is associated with improper glycocalyx clearance and incomplete myelin compaction
(Garcia-Mateo et al., 2018).

In human, ApoD is concentrated in the cytosol of white matter glial cells (Navarro et al.,
1998; Hu et al., 2001). In the grey matter, ApoD is mostly located in protoplasmic astrocytes
and in a few neurons (Navarro et al., 1998; Navarro et al., 2004). ApoD is also detected in
the cytosol of perivascular cells and in the pericyte lysosomes of neocortex blood vessel
walls (Hu et al., 2001). This suggests a potential role for ApoD in the transport of small
hydrophobic molecules in glial cells and in the blood vessels of the CNS. Interestingly,
increased ApoD expression is observed in the cerebral cortex of aged patients, possibly due
to the increased number of reactive astrocytes (Kalman et al., 2000; del Valle et al., 2003).
Increased ApoD expression is also observed in several neurodegenerative diseases.

4. ApoD and neurodegenerative diseases

4.1. Alzheimer’s disease

ApoD protein levels are strongly increased in the cerebrospinal fluid, hippocampus and
cerebral cortex of Alzheimer’s patients (Terrisse et al., 1998; Kalman et al., 2000; Desai et
al., 2005). These elevated levels are correlated with the number of neurofibrillary tangles
(NFT) but not with senile plaques (Belloir et al., 2001; Glockner and Ohm, 2003). ApoD
transcription is altered before these NFT appear and the ApoD protein is rarely observed
within these structures (Belloir et al., 2001). The close relationship between Alzheimer’s
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disease and ApoE has been clearly established and the E4 isoform represents an important
risk factor in the development of the disease (Henderson and Finch, 1989). In the
hippocampus and cerebrospinal fluid, ApoD levels correlate with the Braak degeneration
stage (Glockner and Ohm, 2003) and with the ApoE4 genotype (Glockner and Ohm, 2003).
Surprisingly though, it is independent of ApoE protein concentration (Terrisse et al., 1998).
In ApoE deficient mice, brain cholesterol levels remain unaltered, possibly because of a
compensatory process involving increased ApoD and ABCAL protein levels (Jansen et al.,
2009). In contrast, knock-in mice expressing the ApoE3 and E4 isoforms present a
significant increase in cholesterol and its precursors in the brain. Interestingly, ApoD is
poorly expressed in these mice’s brains (Jansen et al., 2009). In contrast to the ApoE2
isoform, both E3 and E4 isoforms are able to bind the ApoD promoter and repress its
activity in U87 human glioblastomas (Levros et al., 2013). Thus, the poor increase of ApoD
expression in mice expressing ApoE3 and E4 could be due to a direct action on the ApoD
promoter accompanied with the activator effect of cholesterol accumulation.

4.2. Schizophrenia

Schizophrenia is a severe and chronic psychotic disorder caused by neurotransmitter activity
malfunction that affects serotoninergic, glutamatergic and dopaminergic systems (Jones and
Pilowsky, 2002; Konradi and Heckers, 2003). This neuropsychiatric pathology is
characterized by an alteration in phospholipid metabolism as well as a defect in AA
incorporation in platelets and erythrocytes that could contribute to the impairment of
neurotransmitter activity (Laugharne et al., 1996; Yao et al., 1996; Horrobin, 1998). AA
deficiency has been observed in schizophrenic patients (Thomas et al., 2003b; Yao et al.,
2005). As previously mentioned, AA is the best-known ligand of ApoD (Morais Cabral et
al., 1995). The plasma and post-mortem brains of schizophrenic patients also show an
alteration of ApoD expression (Thomas et al., 2001; Mahadik et al., 2002; Thomas et al.,
2003a). Increased ApoD protein levels are found in the brains of post-mortem patients as
well as in rats treated with clozapine, an antipsychotic atypical drug effective against
schizophrenia (Thomas et al., 2001; Mahadik et al., 2002; Ciapparelli et al., 2003). Levels of
AA increased at the erythrocyte membrane in clozapine-treated schizophrenic patients
(\VVaddadi, 1992; Walker et al., 1999). Thus, an increased expression of ApoD, induced by
antipsychotic drugs like clozapine, could facilitate AA membrane incorporation. This close
relationship between ApoD expression and AA membrane levels in the presence of
clozapine has been demonstrated in mice (Thomas and Yao, 2007).

4.3. Niemann-Pick type C disease

Niemann-Pick type C (NPC) disease is a genetic disorder affecting cellular cholesterol
transport, which results in accumulation of non-esterified cholesterol in late endosomes and
lysosomes (Kolodny, 2000). An important increase in ApoD expression was observed in the
plasma and the brain of a murine model of NPC disease. High levels of ApoD were also
observed in the heart, adipose tissue and thymus (Yoshida et al., 1996; Suresh et al., 1998).
NPC disease is characterized by a chronic progressive neurodegeneration suggesting a
higher vulnerability of neuronal cells following the disruption of intracellular cholesterol
trafficking (Suresh et al., 1998; Sevin et al., 2007). In comparison with other tissues, the
brain in strongly enriched in cholesterol as it is found in high concentrations in the myelin
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sheath surrounding axons. Thus, an increased expression of ApoD which binds cholesterol
could constitute an attempt at remediating the intracellular cholesterol disruption
experienced by NPC mice.

4.4. Other neuropathologies and neurodegenerative lesions

In a rat model of entorhinal cortex lesion, ApoD increases during CNS re-innervation and
repair (Terrisse et al, 1999) and its expression is detected in astrocytes and neurons. ApoD
mRNA and protein levels increase in the ipsilateral region of the hippocampus as early as 2
days post-lesion, remain high for 10 days and return to normal after 14 days, a period
considered necessary for complete re-innervation. Similar results were obtained after kainic
acid injection in the hippocampus (Ong et al., 1997; Montpied et al., 1999) or after an
experimentally induced stroke (Rickhag et al., 2006; Rickhag et al., 2008). In an
experimental model of maternal hyper and hypothyroidism associated with oxidative stress
changes in the brain, the hippocampal region of rat pups showed a proportional increase of
ApoD expression (Salami et al 2019).

In humans, ApoD expression is strongly increased in glial cells of the substantia nigra of
patients with Parkinson’s disease (Ordonez et al., 2006). Increased ApoD expression is also
observed in the cerebrospinal fluid of patients having experienced a stroke (Terrisse et al,
1998) and in patients with multiple sclerosis (Reindl et al., 2001). There is a significant
correlation of ApoD concentration with age in patients older than 65 years (Waldner et al.,
2018). Also, a significant increase of ApoD was detected in the plasma of patients with
Parkinson’s disease compared with healthy patients suggesting that it could be a marker for
disease progression. Altogether, it appears that ApoD plays an important role in neuron
preservation and protection following neurologic impairment.

4.5. Neuroprotective role of ApoD

Several studies confirm the neuroprotective role of ApoD in the presence of different
neurodegenerative inducers such as oxidative stress, inflammatory stress and excitotoxicity
(Do Carmo et al., 2008; Ganfornina et al., 2008; Najyb et al., 2016).

Transgenic mice overexpressing the human ApoD protein are an appropriate model to study
its neuroprotective role. Human ApoD overexpression in the mouse brain increases survival
in neurodegenerative conditions. The mice are less sensitive to oxidative stress induced by
paraquat, a generator of free oxygen radicals and display a reduced level of lipid
peroxidation (Ganfornina et al., 2008). In contrast, mice lacking ApoD present an increased
sensitivity to oxidative stress, increased brain lipid peroxidation and impairment of
locomotor and learning abilities (Ganfornina et al., 2008). Similarly, the loss of Lazarillo
(the Drosophila homolog of ApoD) increases lipid peroxidation and sensitivity to oxidative
stress (Sanchez et al., 2000; Sanchez et al., 2006). These Drosophila mutants show reduced
longevity. In contrast, Lazarillo overexpression increases longevity by 26% and allows for a
strong resistance against oxidative stress (Walker et al., 2006; Hull-Thompson et al., 2009;
Ruiz et al., 2012). Overexpression of human ApoD in Drosophila shows similar effects
suggesting that the ApoD role is conserved (Muffat et al., 2008). Moreover, the antioxidative
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role of ApoD is due to the residue methionine 93 which prevents lipid peroxidation (Bhatia
etal., 2012; Oakley et al., 2012).

A neuroprotective role for ApoD has also been observed following an inflammatory stress.
Intracerebral injection of the human coronavirus OC43 in mice causes encephalitis and an
inflammatory demyelination of the CNS very similar to multiple sclerosis (Jacomy and
Talbot, 2003) accompanied by cellular death. However, transgenic mice overexpressing
human ApoD treated by the OC43 coronavirus presented a better survival rate and a reduced
level of inflammation (Do Carmo et al., 2008). This protection appeared to be correlated
with a restricted activity of the phospholipase A2 pathway. Interestingly, ApoD needs to be
contained in extracellular vesicles to exert its full neuroprotective effects (Pascua-Maestro et
al., 2018).

ApoD-null mice and transgenic mice overexpressing human ApoD were crossed with APP-
PS1 amyloidogenic mice, a mouse model of Alzheimer’s disease (Li et al 2015). The
absence of ApoD caused a 2-fold increase in hippocampal amyloid plaque load. In contrast,
neuronal expression of the ApoD transgene reduced hippocampal plaque load by about 35%
and was associated with a 60% decrease in amyloid p 1-40 peptide levels, as well as a 34%
decrease in insoluble amyloid p 1-42 peptide. This study provides clear evidence that ApoD
regulates amyloid plaque pathology, at least in the mouse.

Kainic acid (KA), an analog of glutamate, can induce the over-activation of glutamate
receptors and is widely used as a model to explore excitotoxic processes in
neurodegenerative injury (Zheng et al., 2011). Because of the high density of kainate
receptors, the hippocampus is more sensible to KA-induced neurotoxicity (Darstein et al.,
2003). ApoD levels are increased in the hippocampus of KA-treated rats (Ong et al., 1997;
Montpied et al., 1999). Also, glutamatergic pathways seem to be particularly affected in
ApoD-null mice with a 20% decrease in the density of kainate receptors in the CA 2-3
subfields of the hippocampus, a global decrease in AMPA receptors and a global increase in
muscarinic M2/M4 receptors (Boer et al., 2010). These changes may contribute to
impairments in learning and memory, motor tasks and orientation-based tasks observed in
these animals (Ganfornina et al., 2008), all of which involve glutamatergic
neurotransmission.

Transgenic mice overexpressing human ApoD show an increased resistance to KA-induced
seizures, a significant reduction of inflammatory responses and a stronger protection against
KA-induced cell apoptosis in the hippocampus. This ApoD-mediated protection against KA-
induced toxicity was imputed in part to increased plasma membrane Ca2 + ATPase type 2
expression (1.7 fold), decreased NMDA receptor subunit NR2B levels (30%) and a modified
lipid metabolism. Indeed, ApoD can diminish intracellular cholesterol content in primary
hippocampal neurons and in the brain of transgenic mice. In addition, ApoD can be
internalized by neurons, a process that is accentuated in aging and injury (Najyb et al. 2016).
ApoD protection appears to be conferred not only through its anti-inflammatory properties
but also through the regulation of cholesterol distribution in neurons, and by affecting the
levels of proteins limiting excitotoxic effects. Though ApoD’s mode of action has yet to be
fully understood, the studies presented above provide clues on the mechanisms involved in
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ApoD-mediated protection from neurodegenerative conditions. One thing is clear however,
ApoD is an important factor in brain homeostasis, repair, and resistance to
neurodegenerative stress.

4.6. The ApoD receptor

Several studies have shown that ApoD is secreted and reinternalized (Sarjeant et al 2003,
Leung et al 2004, Do Carmo et al 2007; Najyb et al., 2016). This suggests that
reinternalization could be receptormediated. The transmembrane glycoprotein basigin (BSG;
CD147) was identified as a receptor for ApoD (Najyb et al, 2015). BSG is a membrane
glycoprotein receptor, member of the immunoglobulin family, involved in several
pathologies such as cancer and Alzheimer disease (lacono et al., 2007). Internalized ApoD
localizes with BSG into vesicular compartments. Downregulation of BSG disrupts the
cellular internalization of ApoD. In contrast, overexpression of BSG in SH-5YSY cells,
which poorly express BSG, restores the uptake of ApoD. Cyclophilin A, a known ligand of
BSG, competitively reduces ApoD internalization confirming that BSG is a key player in the
ApoD internalization process.

In summary, BSG is a likely ApoD receptor. This provides additional clues on the
mechanisms involved in ApoD-mediated functions, including neuroprotection. Interestingly,
BSG is a key player in tumor progression toward metastasis. Its activation results in
increased proliferation, invasiveness, angiogenesis and drug resistance, and in limiting
apoptosis (Xin et al., 2016). Considering the link between ApoD and cancer progression, it
would be reasonable to assume that ApoD could be involved in these BSG-dependent
mechanisms.

5. Conclusion

Despite numerous studies on ApoD, little is understood about its physiological function(s).
In the nervous system, its role is very likely one of neuroprotection and repair, most likely
due to its antioxidant and anti-inflammatory properties. However, ApoD appears to be
involved in several other situations and pathologies such as development, cell growth and
differentiation, cancer and neurodegenerative diseases. Because of its capacity to bind a
wide variety of ligands from bilirubin to its best-known ligand arachidonic acid, it seems
quite possible that ApoD acts through different pathways in each tissue or organ where it is
found. An interesting prospect for future research is ApoD’s interaction with OPN.
Blockage of OPN function could have multiple health benefits including the limitation of
adipose tissue inflammation, bone loss and better outcomes for some cancer types. ApoD
affects longevity, is involved in bone and lipid metabolism, acts as an antioxidant and limits
inflammation. These are all critical systems relevant to the pathophysiology of aging in
which ApoD could serve as a therapeutic target. However, much needs to be learned before
this eventuality can be realistically considered.
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Abbreviations:

AA Arachidonic Acid

ABCAl ATP-binding Cassette Al transporter
AMPA-R a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
APEX Apurinic/Apyrimidinic Endonuclease-I
ApOoA-I Apolipoprotein A-1

ApoA-I | Apolipoprotein A-11

ApoD Apolipoprotein D

ApoE Apolipoprotein E

BSG Basigin

BMI Body Mass index

CETP Cholesteryl Ester Transfer Protein
CNS Central Nervous System

eNOS Endothelial Nitric Oxide Synthase
ERK1/2 Extracellular signal-Regulated Kinase 1/2
GLUT Glucose Transporter

HDL High Density Lipoprotein

KA Kainic Acid

LCAT Lecithin Cholesterol Acyltransferase
LDL Low Density Lipoprotein

LPL Lipoprotein Lipase

LXR Liver X Receptor

NF-xB Nuclear Factor kappa B

NFT Neurofibrillary Tangles

NMDA R N-methyl-D-Aspartate Receptor
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NPC Niemann-Pick type C

PARP Poly ADP-Ribose Polymerase-1

PDGF Platelet-Derived Growth Factor

PPAR Peroxisome proliferator-activated receptor
RAR Retinoic Acid Nuclear Receptor

TNF-a Tumor Necrosis Factor-a

VLDL Very Low Density Lipoprotein
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Fig. 1. Structure of human ApoD in complex with progesterone
(adapted from Eichinger et al., 2007). Left: front view showing the 8 anti-parallel g-strands

(yellow) structure forming the hydrophobic cavity typical of the lipocalins. Loops A/B, C/D,
E/F and G/H link the B-strands at the open end of the protein. Other loops are present at the
opposite end of the protein (white). There are 2 a-helix (purple) located close to the cavity,
one of which is able to close the cavity. The two glycosylated residues (N45 and N78) are
shown. The 2 disulfide bridges are not visible. Right: top view of the cavity showing the
progesterone ligand (grey). Loops A/B, E/F and G/H are rich in hydrophobic residues and
very likely enable the protein to interact with HDL and with membranes. For details, see
Eichinger et al., 2007.
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Fig. 2. Relative ApoD mRNA and protein expression in tissues of different species.
ApoD expression in the figure is an average value from the literature. ApoD expression in a

tissue is expressed as a percentage of the strongest ApoD tissue expression for that species.
Tissue expression between different species should not be compared as they are only relative
to their own species. Tissues in which ApoD was detected but not quantified are noted in
yellow. Expression data were obtained from multiple sources: Human (Uhlen et al. 2015)
data available at https://www.proteinatlas.org/ENSG00000189058-APOD/tissue,
(Fishilevich et al. 2016; Ben-Ari Fuchs et al. 2016) data available at https://
www.genecards.org/cgi-bin/carddisp.pl?gene=APOD, (Séguin et al.,1995; Drayna et al.
1986); Rhesus (Smith et alo., 1990); Rabbit (Provost et al. 1990); Mouse (Séguin et al.,
1995; Do Carmo et al. 2009a; Li et al. 2016; Cofer and Ross 1996); Rat (Séguin, Desforges,
and Rassart 1995; Boyles et al., 1990b); Guinea pig (Provost et al. 1995); Chicken
(Ganfornina et al. 2005).
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