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Abstract

:

Apolipoprotein D (ApoD) is lipocalin able to bind hydrophobic ligands. The APOD gene is upregulated in a number of pathologies, including Alzheimer’s disease, Parkinson’s disease, cancer, and hypothyroidism. Upregulation of ApoD is linked to decreased oxidative stress and inflammation in several models, including humans, mice, Drosophila melanogaster and plants. Studies suggest that the mechanism through which ApoD modulates oxidative stress and regulate inflammation is via its capacity to bind arachidonic acid (ARA). This polyunsaturated omega-6 fatty acid can be metabolised to generate large variety of pro-inflammatory mediators. ApoD serves as a sequester, blocking and/or altering arachidonic metabolism. In recent studies of diet-induced obesity, ApoD has been shown to modulate lipid mediators derived from ARA, but also from eicosapentaenoic acid and docosahexaenoic acid in an anti-inflammatory way. High levels of ApoD have also been linked to better metabolic health and inflammatory state in the round ligament of morbidly obese women. Since ApoD expression is upregulated in numerous diseases, it might serve as a therapeutic agent against pathologies aggravated by OS and inflammation such as many obesity comorbidities. This review will present the most recent findings underlying the central role of ApoD in the modulation of both OS and inflammation.
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1. Introduction


Apolipoprotein D (ApoD) is a small secreted glycoprotein (25–30 kD) belonging to the lipocalin family. It is implicated in oxidative stress (OS), inflammation, and the transport of small hydrophobic molecules. APOD has been found to be the gene that is most upregulated with age [1], and its expression increases in various pathologies, particularly in several neurodegenerative diseases such as Parkinson and Alzheimer [1,2,3,4,5] but also during OS, starvation/growth arrest [6,7,8,9,10,11,12,13,14], cancer [9,15,16,17,18,19,20], hypothyroidism [21], and acute inflammation in response to cerebral viral infection [22] and LPS [7]. This upregulation is most likely in response to the pathologies observed as ApoD seems to have a beneficial effect on the outcome of most of them.



This protein can bind a large variety of hydrophobic molecules but its preferential ligand is the C20:4  ω -6 polyunsaturated fatty acid (PUFA) arachidonic acid (ARA) [23]. Its affinity for ligands seems to differ depending on the organism in which the protein is expressed. For example, Neural Lazarillo (Nlaz), one of the two Drosophila melanogaster homologue of ApoD, can bind retinoic acid with a Kd of 1.4 +/− 1.6 μM, but when Nlaz is produced in bacteria, it binds retinoic acid with a Kd is 2.6 +/− 1.8 μM. The human ApoD can also bind retinoic acid, this one with a Kd of 4.0 +/− 2.6 μM [24]. Finally, ApoD has been associated with cholesterol with a weak or inapparent binding (Marcoux-Legault, Brissette and Rassart, unpublished results) [23,24,25]. Furthermore, the Bombyx mori homologue of ApoD (BmApoD1) does not bind cholesterol at all [26], but Nlaz and Glaz do [24]. More studies are required to confirm that ApoD can bind and/or transport cholesterol, as circulating ApoD is mostly associated with high-density lipoproteins [27,28]. Other ligands include but are not limited to steroids (progesterone and pregnenolone) [29,30], palmitic acid, sphingolipids, sphingomyelin [31], bilirubin and E-3-methyl-2-hexenoic acid (again, depending on the organism in which it is produced [32]) [33,34]. Importantly, ApoD can interact with reactive lipid hydroperoxides and act as an antioxidant, reducing the 5s-, 12s-, and 15s-H(p)ETEs derived from ARA [35] via its methionine 93 residue [36] (see Section 2.5: In silico studies).



Since ApoD’s expression is upregulated in numerous pathologies in relation with OS and inflammation, this review will present the most recent findings underlying a central role for ApoD in the modulation of both oxidative stress and inflammation.



1.1. The Protein


ApoD is a circulating glycoprotein, and its concentration in the human plasma varies between 28 ug/L and 5–20 mg/dL, depending on multiple factors such as age and pathology [37,38,39,40]. Isolated in 1973 from high density lipoprotein (HDL), the protein was named apolipoprotein D [41], but its sequence similarity, its expression pattern as well as its structure show that ApoD belongs to the lipocalin family. ApoD has actually been found to be one of the oldest lipocalins, and is present among almost all phyla [42]. Homologues of the human protein have been at least partially characterized in rats [43], rhesus monkeys [44], rabbits [45], Gram-negative bacteria [46], mice [47], Arabidopsis thaliana [48], Drosophila melanogaster [49], and in Bombyx mori [26]. Most of the homologues across different taxa appear to display similar roles.



In humans, the highest ApoD expression has been detected in the mammary gland, brain, spinal cord, and adipose tissue (Figure 1), while in rodents, it is mostly expressed in the central nervous system (CNS) [47], principally by glial cells (astrocytes and oligodendrocytes) [50]. Its expression in rodents has also been detected in the mammary gland, salivary gland, testicles and skeletal muscle, but at a lower level than in the CNS [51]. The ApoD transcriptional expression is tightly regulated in a context-dependent manner. In fact, our group demonstrated that the ApoD promoter contains numerous response elements such as NF-kB, AP-1 and APRE-3 response element, a progesterone and a glucocorticoid response element as well as binding sites for the transcription factors SP-1 and sterol-dependent repressor. A fat-specific element (FSE), an alternating Purine-Pyrimidine stretch (APP) as well as GC boxes were also identified [7,52,53]. The pathway involved in the upregulation of ApoD’s expression seems to be mainly mediated by the JNK signaling pathway, as inhibition of the JNK pathway during stress totally abolishes ApoD expression [54,55]. Interestingly, it has also been shown that Apolipoprotein E (ApoE), an apolipoprotein involved in lipid and cholesterol transport and Alzheimer’s disease, specifically the isoforms E3 and E4, can bind and repress ApoD expression [56].



Since ApoD is secreted, its presence as a protein in tissues is often different from the place where it is transcriptionally expressed. In humans, high ApoD protein levels were detected in adrenal glands, bronchus, kidneys, liver, placenta, and testis, where its mRNA level is almost not detected (Figure 1). Furthermore, our group showed that radiolabelled ApoD injected in the cerebral ventricles of mice can exit the brain and accumulate in many organs, primarily in the kidneys and liver, where it is poorly expressed. This tissue accumulation correlates with the protein level and degree of glycosylation of basigin (BSG), a receptor identified to be able to internalize ApoD [57,58]. In addition, compared to peripheral tissues, ApoD in the brain was found to be hypoglycosylated [59]. Since glycosylation impacts ApoD binding capacities [32], its conformation [36], and its stability in the lysosome [60,61], different glycosylation degrees might also play a role in ApoD distribution.



The spatial expression of ApoD is therefore variable and dependent on the cellular context. It appears that the common factor governing the expression of ApoD is OS and inflammation. In fact, most if not all of the pathologies in which ApoD’s expression is increased present an increase in OS and inflammation.




1.2. ApoD Internalisation and Intracellular Localization


Despite the fact that the exact internalization process of ApoD has yet to be clearly demonstrated, studies using different cells (HEK293T, 1321N1, U87, NIH/3T3 and primary murine astrocytes [7,55,60,62]) and mice model [58] demonstrate ApoD’s potential to be internalize and/or trafficked.



ApoD, at least in HEK293T and BSG-overexpressing SH-5Y5Y, is internalized in a basigin-dependent manner [57]. New results suggest its internalization does not always require basigin in U87 and 1321N1 cells [62]. After internalization, our group showed that ApoD accumulates in the nucleus of NIH/3T3 cells under stress conditions such as 6 days following LPS treatment or when cells are cultured in low serum, mimicking the growth arrest [7]. In HT22 mouse hippocampal neuronal cells, ApoD was found to translocate from cytoplasm to cellular extensions, and to the nucleus when treated with hydrogen peroxide (H2O2). The localization of ApoD in the nucleus was only present in cells showing nuclei morphological changes due to damage caused by OS. Therefore, the presence of ApoD in the nucleus might be due to the fact that the nuclear envelop is damaged, which would allow proteins to go inside the nucleus without the need for controlled nuclear translocation [63]. However, treatment with the ROS-generating agent paraquat (PQ) generated different results. In primary astrocytes purified from wild-type (WT) and ApoD-KO mice treated with PQ, exogenous HApoD is found in the perinuclear space, the intracellular membrane, and the vesicular compartments, but not in the nucleus [55]. In addition, it was recently demonstrated that following internalization, ApoD is trafficked to early endosomes and lysosomes. Upon OS, ApoD then colocalize with a specific subtype of lysosomes sensitive to OS and autophagosomes, at least in 1321N1 and fibroblastic cells [60,64]. Bacterially produced ApoD (unglycosylated ApoD) is also internalized and subsequently targeted to the lysosomes where it is rapidly degraded [60]. However, incubation of HEK293T cells with purified human ApoD (HApoD), showed that the protein is internalized and stable for over 50 h in the lysosomes, implying that ApoD’s glycans are necessary for its stability inside the lysosome [60].



Therefore, depending on the cells (BSG-KO U87, U87, NIH/3T3, HT22, HEK293T, and primary murine astrocytes) and/or the context (OS, inflammation, or growth arrest), the cellular distribution of ApoD might differ, making it hard to attribute a definitive localization and role.




1.3. The Main ApoD Ligand: Arachidonic Acid


Of great interest, ApoD’s preferentially binds the  ω -6 polyunsaturated fatty acid (PUFA) arachidonic acid (ARA) [23,24], the main precursor of many bioactive lipids that are used as signaling molecules, with several being implicated in the inflammatory responses [65].



Once ARA is liberated from the plasma membrane via the activity of the phospholipase A-2 (PLA2) enzyme, it can be metabolized by two mechanisms: enzymatically and non-enzymatically (Figure 2). The enzymatic oxygenation of ARA can be catalysed by cyclooxygenases (COX), lipoxygenases (LOX) or cytochrome P450 (CYP450). This will generate the prostaglandins and thromboxanes (COX pathway), the hydroxyeicosatetranoic acids (HETEs) leukotrienes, and lipoxins (LOX pathway), and epoxyeicosatrienoic acid (EET) (CYP450 pathway) (Figure 2). The non-enzymatic transformation of ARA is either a lipid peroxidation (LPO) reaction which can be carried out by the interaction of ARA with lipid peroxides, generating the isoprostanes (also called PGF2-like compounds), or an oxidation reaction with various reactive species such as the reactive oxygen species (ROS), reactive nitrogen species, or reactive carbonyl species generating the isoprostanes and the isoleukotrienes (for an in-depth review of arachidonic acid metabolism, see [66,67]). Importantly, the LPO and oxidation of ARA can be deleterious, as it can generate aldehydes, such as the cytotoxic reactive carbonyl species 4-hydroxynonenal (4HNE) and malondialdehyde (MDA) [68,69]. Although no direct molecular interaction between these specific reactive carbonyl species and ApoD has been shown, many studies on ApoD use the aldehydes 4HNE and MDA as OS markers, both of which are consistently decreased when ApoD is increased (see Section 2).



It has been suggested that ApoD can sequester ARA either in the cell membrane and/or in the cytosol [70,71]. These suggestions have been supported by the fact that in first-episode neuroleptic-naïve schizophrenia patients, ApoD’s plasma level is correlated with red blood cell membrane ARA, but is not actually increased in the plasma compared to healthy controls [38]. It was also demonstrated that the absence of ApoD increases the level of free ARA in the intact nerve of ApoD-KO mice [72], supporting the idea that ApoD has a role to play in the control of release or stabilization of membrane-bound ARA. Therefore, knowing that ARA is prone to oxidation and LPO reactions, the role of ApoD in reducing the level of toxic ARA metabolites resulting from LPO (such as 4HNE and MDA) could be explain at least in part by its capacity to bind and sequester ARA.



It has also been shown that ApoD has an impact on PLA2 and COX-2. Indeed, overexpression of human ApoD in mice during acute cerebral inflammation decreases PLA2 activity, while overexpression of human ApoD in mice decreases COX-2 expression during OS in the hippocampus [22,73]. ApoD-KO mice also have a higher basal level of PLA2 activity than their WT counterpart in the intact sciatic nerve [72]. Finally, we have recently demonstrated that ApoD can alter the hepatic metabolism of ARA, increasing the hepatic level of ARA and its anti-inflammatory metabolites, PGD2 and 15d-PGJ2 [74]. Since the first step in ARA metabolism is the PLA2-mediated release from the cell membrane followed by the COX-2 generation of PGs, modulation of the activity of these enzymes should have an impact on inflammation [67]. Furthermore, the fate of ARA metabolism is subsequently dictated by the expression and activity of enzymes downstreams of PLA-2 or parallel to COX-2 (such as prostaglandin and thromboxanes synthases, lipoxygenases, CYP450). By modulating one or more of those enzymes, ApoD can hence modulate the downstream metabolism of ARA, and limit OS and/or inflammation. For example, ApoD could potentially also modulate the activity and/or expression of other enzymes, such as the LOX enzymes, to increase the synthesis of some anti-inflammatory specialized pro-resolving mediators, such as the lipoxins, further increasing the anti-inflammatory potential of ARA-derived metabolites (see Section 3, Modulation of Obesity-Related Inflammation). These mechanisms remain theoretical and should be examined.





2. Role of Apolipoprotein D in Oxidative Stress


The oxidative state of cells is controlled by a balance between the antioxidant entities (either enzymes, such as superoxide dismutases (SODs), or low-molecular-weight molecules, such as glutathione) and oxidative molecules, such as ROS, reactive nitrogen species, and reactive carbonyl species. These different entities are the key players in the reduction–oxidation reactions. Damage to the cell membranes, proteins, and nucleic acids (DNA and RNA) can occur when the balanced is tipped in favor of the oxidant molecules. This balance can be restored towards a physiologically balanced oxidative state via antioxidant mechanisms [75]; however, when uncontrolled, the balance is tipped in favor of the oxidants creating a state of a physiologically toxic oxidative stress [76]. This is thought to be one of the main factors involved in aging [77], and cellular OS can generate inflammation through various mechanisms such as the activation of the inflammasome [78]. OS can also contribute to the severity of neurodegenerative diseases such as Alzheimer’s disease (AD) [78,79], and can also contribute to obesity-related comorbidities such as non-alcoholic fatty liver disease (NAFLD) [80]. However, oxidation of biomolecules is not always deleterious and is sometimes used to produce bioactive molecules of various functions. For example, thiol-containing proteins sometimes require redox reactions to ensure correct protein folding in the ER via protein disulfide isomerase [81], while oxidation of the omega-3 fatty acids docosahexaenoic acid (DHA), docosapentaenoic (DPA) or eicosapentaenoic acid (EPA) by the LOX enzymes give rise to the anti-inflammatory lipid mediators called resolvins, protectins and maresins [65,82].



Since ApoD appears to contribute to the oxidative state of the cell in an antioxidant manner to decrease oxidized lipids specifically, but not proteins [8], most of our review will focus on the specific role of ApoD on oxidation of lipid species. For an exhaustive review concerning the role of ApoD outside of oxidative stress and inflammation, please see [83,84].



2.1. Human Studies


Few studies have identified a link between ApoD and oxidative stress in humans. Alzheimer’s disease (AD) is a progressive neurodegenerative disease caused by an abnormal deposition of amyloid B peptides and intracellular accumulation of neurofibrillary tangles of Tau proteins. This can be enhanced by oxidative stress, worsening the progression of the disease [85]. ApoD’s involvement in Alzheimer disease has been known for almost three decades, when it was first observed that its level in the cerebrospinal fluid and hippocampus of Alzheimer’s patient was more than 3× higher than normal [86,87,88]. The hippocampus’ role in learning and memory makes it a pivotal region of the cortex to study in AD. Furthermore, since oxidative stress is a major source of progression of AD [89,90] and ApoD acts in an antioxidant manner and is upregulated in this neurodegenerative disease, studies on the behavior of ApoD in this specific region of the brain are of interest. Analysis of the hippocampus of patients who had late-stages of AD reveal the presence of ApoD dimers, which are positively correlated with the levels of conjugated dienes [88], a lipid peroxidation marker. ApoD in its monomeric form uses its methionine 93 (Met93) to reduce lipid peroxides [35]. In turn, the oxidation of Met93 gives rise to the ApoD-Met93-SO form, which has a proclivity to form dimers via disulfide bonding of its residue Cys116 [91,92]. Monomeric ApoD-Met93-SO could hypothetically be returned to ApoD-Met93 by the action of methionine sulfoxide reductase enzymes. It is therefore not surprising that more ApoD-dimers is observed in the brains of patients in the late-stages of AD in which a reduction in the methionine sulfoxide reductase enzymatic activity is also observed [93], although no studies have considered possible molecular interactions between the two. Since a major component of the brain is lipids, particularly PUFAs, which makes it susceptible to lipid peroxidation and its toxic metabolites, reducing the amount of lipids prone to peroxidation by ApoD could reduce oxidative stress and protect the brain against the progression of AD [94].



Our group also showed that ApoD’s expression was decreased during normal uncomplicated pregnancy, and that ApoD’s levels were further decreased in women with a high gestational weight gain [95]. The decrease in ApoD during pregnancy might be due to the inhibitory effects of estradiol on ApoD’s expression [96]. Another group found that ApoD’s expression is increased in the placenta of women with gestational diabetes mellitus compared to healthy women, and it was suggested that the increase was possibly a mechanism in response to OS, although there was no correlation between the level of 4HNE and ApoD’s increase [97].



Finally, although a direct link was not observed, ApoD’s expression or protein level in humans is modulated in several pathologies such as Parkinson [3], Alzheimer [4], type 2 and gestational diabetes [97,98], Tangier’s disease [99], and various cancers [9,15,16,17,18,19,20]. All these diseases have an increase in OS, and more studies carried out in humans are required to determine the exact role of ApoD and oxidative stress in humans.




2.2. Animal Studies


Although new studies are now starting to focus on the molecular aspects of ApoD, most of the studies linking ApoD’s role in OS were carried out in vivo with animal models (mostly mice and Drosophila melanogaster), making connections between ApoD and the level of certain OS markers.



2.2.1. Rodents


In ApoD-null-APP-PS1 mice, models of amyloidogenic AD without ApoD expression, loss of ApoD increases the amyloid plaque load by almost two-fold, while overexpression of human ApoD (HApoD-APP-PS1 mice) decreases by 60% the amyloid- β  1-40 peptides and decreases by 34% the insoluble amyloid- β  1-42 [100]. The A β  (1-42) peptides are usually the ones associated with the highest increase in OS [101], and A β  (1-40) are usually the most prevalent, but both cause amyloidogenesis and contribute to the progression of the disease [85].



In the same study, the authors showed that the expression of the BACE1 enzyme, responsible for cleaving the amyloid-beta precursor protein (APP) and enhancing amyloidogenesis [102], was increased in the ApoD-null-APP-PS1 mice and that, while not significant, the expression of the BACE1 protein was slightly decreased in HApoD-APP-PS1 mice. This suggests an inverse relation between the expressions of ApoD and BACE1 proteins. Since oxidative stress is associated with an increase in BACE1 enzyme expression [103], ApoD’s decrease in OS could indeed have an impact on BACE1 expression. Interestingly, LPO markers in these mice (as evaluated by measuring the levels of 4HNE and F2-isoprostane) remained unchanged regardless of the genotype, although a non-significant trend of increase/decrease for both OS markers depending on the genotype was observed (ApoD-null-APP-PS1 mice/HApoD-APP-PS1 mice, respectively) [100].



A study carried out on transgenic mice constitutively expressing the human ApoD in the brain under the human THY promoter (HApoD-Tsg) generated by our group and ApoD-KO mice were subjected to intraperitoneal injections of PQ. HApoD-Tsg mice showed a better survival rates than wild-type and the survival rate of ApoD-KO mice was much lower. In control conditions, lipid peroxidation in the brain, but not in lungs, was higher in ApoD-KO mice, while protein oxidation remained unchanged. Peroxidation of lipids in the brain was also higher in ApoD-KO compared to WT mice, only two hours after PQ injection as well as after two weeks of chronic low dose administration and protein oxidation remained unchanged. Overexpression of HApoD predictably decreased lipid peroxides levels when compared with wild type upon a two weeks of chronic low dose PQ administration. In fact, overexpressing the human ApoD actually prevented any increase in LPO in the brain over these two weeks [8] demonstrating the importance of ApoD in preventing this deleterious process.



ApoD also has an effect on the transcriptional response in the brain. ApoD-KO mice’s cerebellum have differential expression of genes related to inflammation and OS, as MAP3k7 and Nf1a are upregulated, while Ccl21 is downregulated compared to WT mice, suggesting an injury phenotype in control condition in ApoD-KO mice, as all three genes are related to oxidative stress and inflammation [104]. This might be connected to their elevated level of basal lipid peroxides [8], which can trigger a response to OS [105]. PQ-challenged HApoD-Tsg mice’s cerebellum have a modified transcriptional response to OS when compared to WT mice by having an almost completely abolished early OS transcriptional response [104]. While ApoD-KO might be more susceptible to OS, the fact that ApoD reduces OS markers could mean that overexpressing ApoD mice are protected from OS up to a point, thus having no need for an early transcriptional response to PQ.



Finally, ApoD has been shown to have antioxidant proprieties in mouse models of atherosclerotic coronary artery disease. SR-BI/ApoE double KO (dKO) mice develop coronary artery diseases, in which ApoD’s expression in the heart is increased by 80-fold [106]. Adenoviral-mediated hepatic overexpression of ApoD followed by ischemia and reperfusion of the heart showed a decrease in infarct size compared to empty-vector WT mouse. Predictably, loss of ApoD (ApoD-KO) mice had an increase in infarct size. The authors also found that ApoD can protect primary rat cardiomyocyte from hypoxia/reoxygenation injury. Since all these situations deeply involve OS, the authors investigated whether ApoD had the antioxidant potential to inhibit the oxidation of 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt (ABTS) by hydrogen peroxide and myoglobin. Remarkably, ApoD was an even more potent antioxidant than Trolox (1.2 µmol/L apoD was equivalent to 314 µmol/L Trolox), a vitamin E derivative, further expanding our knowledge of its capacity to reduce a wide array of oxidant molecules, not only lipids [106].




2.2.2. Insect Models


Other ApoD homologues have also been shown to ameliorate the oxidative state of the organism in which it is expressed. Although their exact amino acid sequence does not always match, and not all have the conserved Met93 observed in all mammals, many studies show that ApoD’s insect homologues expression in response to OS is upregulated.



Several studies have been carried out in the Drosophila melanogaster model on human ApoD and its ApoD insect homologues, Neural Lazarillo (NLaz) and Glial lazarillo (GLaz) to look at the effect of loss of function or overexpression of these proteins on OS. GLaz-KO Drosophila challenged with PQ, hydrogen peroxide or starvation have a lower survival rate than their WT counterpart [107] while inversely, D. melanogaster overexpressing GLaz under hyperoxia or starvation have a higher survival rate [108]. Similarly, when drosophila-overexpressing NLaz are starved, an increase in the survival rate is observed [109]. All these challenges create some forms of OS. Predictably, overexpression of GLaz or HApoD in D. melanogaster reduces the level of MDA and 4HNE that accumulates with age [110,111]. The inverse is also true in GLaz-KO flies, which accumulate more MDA over time than their wild-type counterparts [107].



Some differences have been noted between the effects of Nlaz and Glaz. Nlaz has been proposed to be implicated in metabolism, while Glaz has been proposed to be implicated in the aging brain; however, both reduce lipid peroxides and respond to OS. Furthermore, abrogation of Glaz decreases longevity in males but not in female, while abrogation of Nlaz decreases longevity in both male and female [112]. All ApoD homologues display similar roles, as overexpression of the grasshopper Schistocerca americana Glaz, Nlaz and ApoD homologue, Lazarillo (Laz), also extends lifespan in D. melanogaster. The overexpression of HApoD also increases the lifespan of these flies [110].



In a D. melanogaster model of Friedreich’s ataxia, the most common form of autosomal recessive ataxia is caused by the loss of mitochondrial frataxin. In this situation, an increase in OS is observed associated with elevated LPO and subsequently neurodegeneration, and impaired locomotor activity. Co-expression of GLaz in glial frataxin deficient D. melanogaster, partially restores the effect of frataxin loss on survival, locomotor activity, and LPO [111]. Loss of glial frataxin expression also induces increase in free fatty acid (FFA) and triglycerides content in flies which is reduced by GLaz co-expression. Specifically, GLaz co-expression reduces C16:1 (palmitoleate), C18:1 (oleate) and C14:1 (myrestoleate) accumulation, but does not affect the other fatty acids tested in this study [111], pointing towards a potential role of Glaz in lipid metabolism. Remarkably, co-expression of Glaz was also able to restore the activity of aconitase (an enzyme susceptible to loss of function upon OS) to the level observed in WT flies. The restoration of aconitase activity suggests once again that GLaz is strongly linked to the control of the balance between pro- and antioxidants.



Overall, similarly to ApoD, Laz, GLaz and NLaz all seem to act as antioxidant proteins, reducing LPO.



In a study carried out with the lepidopteran model Bombyx mori, the ApoD homologue’s (BmApoD1) expression was upregulated upon H2O2 challenge, starvation, and bacterial challenge in B. mori larvae [11,26]. Exogenous BmApoD1 addition to BmN cells (B. mori ovary cells) also increased survival upon challenge with 1mM H2O2 treatment and also inhibited actinomycin D-induced apoptosis [26]. The mechanism preventing cell death upon Actinomycin-D treatment might be linked to the reduction in lipid oxidation as treatment of HEK293T and LO-2 cells with actinomycin-D increases LPO, which is decreased by ApoD overexpression in many cell types [113]





2.3. Plant Studies


Plants also have lipocalins that share a significant sequence similarity with ApoD. The homologues of ApoD in Arabidopsis thaliana are AtTIL and LNCP (previously named CHL for chloroplast lipocalin). It was shown that overexpression of AtTIL provides an increase in the survival of A. thaliana if the plants are subjected to freeze stresses, while AtTIL-KO A. thaliana showed lower survivability. Freeze stress without acclimatation in plants creates acute OS, suggesting that AtTIL is a key player in the acute antioxidant response in A. thaliana. However, if AtTIL-KO plants are subjected to a freeze stress after a period of cold acclimatation, the difference in survival between AtTIL-KO plants and wild-type plants disappears, suggesting that AtTIL is not necessary when plants go through the full gradual process of low temperature acclimatation [114]. AtTIL-KO plants also have increased necrotic lesions due to PQ treatment when compared to WT, while AtTIL-overexpressing plants have decreased necrotic lesions.



AtTIL also seems to play a role in plant growth in relation with OS. If AtTIL-KO plants are grown in continuous, moderate intensity light, smaller cotyledons are observed, suggesting they cannot tolerate the OS generated by the continuous light. AtTIL-KO plants also do not survive when first grown under dark conditions and returned to a normal light-dark cycle, unlike WT and AtTIL overexpressing plants. Furthermore, 3,3′-diaminobenzidine (DAB) staining (measuring H2O2 levels) also show higher levels in AtTIL-KO plants. These results suggest that plants lacking AtTIL accumulate ROS in a deleterious way, affecting normal growth and development [114].



Recently, human ApoD was expressed in A. thaliana lacking the plant ApoD homologue LNCP (LNCP-KO). The authors showed that the expression of HApoD in the chloroplast of LNCP-KO A. thaliana could partially rescue the plants responses to drought stress. These HApoD-LNCP-KO transgenic plants were also challenged with PQ during an 8 h light period and the photosynthetic functions were examined. HApoD-LNCP-KO transgenic plants have a better tolerance to PQ than WT plants, but still less than the plants overexpressing LNCP alone. MDA level, measured via the Thiobarbituric reaction assay (TBARS), increased upon PQ treatment, and HApoD-LNCP-KO transgenic plants had a lower level of LPO than WT plants, but still less than LNCP overexpressing plants. Even though HApoD and LNCP share significant sequence similarities, the authors suggest that inappropriate post-translational processing of the human ApoD in the plant could contribute to the differences observed between LNCP overexpressing plants and HApoD-LNCP-KO transgenic plants. This could be due to the different level of ApoD glycosylation in plants, possibly preventing human ApoD’s import into the lumen of thylakoids, where LNCP is located [115]. This could also compromise the ability of ROS or LPO products to interact with ApoD’s residue responsible for the reduction in reactive molecules (Met93).




2.4. Ex Vivo and In Vitro Studies


2.4.1. ApoD in the Hippocampus


In rat hippocampal slice cell culture, addition of human ApoD upon kainate injury (massively increasing ROS and LPO products) confers a protective effect, preventing the decrease in microtubule associated protein-2 (MAP-2), and decreasing cell death and the activity level of lactate dehydrogenase (LDH) [71], both markers of neuronal cell injury that decrease and increase, respectively upon kainate treatment. Furthermore, ApoD was able to decrease both F2-isoprostane and 7-ketocholesterol formation upon kainate treatment. The authors suggest that ApoD’s binding of ARA and cholesterol might prevent their oxidation and thus decrease the level of the peroxidation marker observed. Kainate induces liberation of ARA from the cellular membrane by activation of phospholipase A2 (PLA2) [116], while also increasing OS and LPO [117,118]. Addition of ApoD, which most likely sequesters ARA to the cell membrane, would indeed reduce the level of F2-isoprostane, a product of ARA LPO. As already mentioned, human ApoD’s capacity to bind cholesterol is weak, and might therefore not be enough to directly shelter it from peroxidation. However, ApoD’s antioxidant mechanisms could be upstream of the events responsible for 7-ketocholesterol formation, for example, by preventing an LPO chain or propagation of various ROS which are responsible for 7-ketocholesterol formation [119]. This mechanism has yet to be demonstrated.



In another study, it was also found in HT22 mouse hippocampal cells that ApoD’s protein level was increased in a dose-dependent manner upon H2O2 treatment, and that lipid peroxide level was also correlated in a dose-dependent way to H2O2 [10]. The authors thus inferred that ApoD protein level was correlated with lipid peroxide levels.




2.4.2. ApoD Acts as an Antioxidant in a Paracrine, but Also Autocrine Way


Since ApoD is a secreted protein, and is mainly expressed in glial cells (primarily astrocytes and oligodendrocytes) [120], it is worthwhile to consider how ApoD is transported, how it is internalized, and what effect there is in an OS context. In 1321N1 astroglioma and SH-SY5Y neuroblastoma cells, it was found that ApoD derived from extracellular vesicles can be transferred from astrocytes to neurons, acting in a paracrine way to protect neurons from OS. When SH-SY5Y neurons were treated with PQ and incubated with either 1321N1 astroglioma conditioned media or extracellular vesicles isolated from 1321N1 media, cell viability increased. Interestingly, in SH-SY5Y neurons treated with PQ, the rescue in viability from addition of astroglioma-derived extracellular vesicles was similar to when purified ApoD was added, suggesting that ApoD is the main component of the extracellular vesicles responsible for the increase in viability. Meanwhile, ApoD-KO murine primary astrocytes subjected to PQ treatment present an increase in viability when incubated with WT murine primary astrocyte conditioned media, indicating that ApoD is also capable of acting in an autocrine manner [121]. This highlights the importance of ApoD in the central nervous system in the protection of various cell type from PQ-induced OS and cell death. ApoD secreted by astrocytes and oligodendrocytes can therefore act not only in an autocrine way, but also in a paracrine way on adjacent cells.




2.4.3. Mouse Bsg-KO Glioblastoma Cells


Previous studies have identified Basigin (BSG) as one of the receptors responsible for ApoD’s intracellular internalization and whole body distribution in mice [57,58]. BSG-KO glioblastoma U87 cells have recently been used to verify the role of BSG for ApoD’s internalisation [62], but have also been used in parallel to evaluate the effect of ApoD on the level of LPO upon paraquat treatment. BSG-KO U87 cells present a lower basal level of 4HNE and higher level of ApoD mRNA than U87 cells. Treatment of BSG-KO U87 cells with PQ increases the level of 4HNE which is abrogated via the addition of exogenous ApoD.



BSG (also known as CD147) is also an accessory glycoprotein that is required for proper folding and trafficking of the lactate transporters MCT1 and MCT4. Loss of function of these lactate transporters pushes the cells resort to oxidative phosphorylation more than anaerobic glycolysis, increasing OS originating from the mitochondria [122]. It is interesting to see that a lack of BSG—which pushes these cells to resort to an almost exclusive oxidative phosphorylation mechanism for ATP generation—leads to a lower level of 4HNE. The authors argued that since the BSG-KO cells are required to use almost exclusively oxidative phosphorylation, and oxidative phosphorylation is a major generator of ROS, the cells would have a higher basal antioxidant defense mechanism. It was also pointed out that lactate accumulates in these cells, and that lactate might have antioxidants proprieties, thus decreasing the damage carried out by ROS and therefore the need for an increase in antioxidant response.




2.4.4. ApoD in the Lysosome as an Antioxidant


Over time, the focus on ApoD’s paradigm has shifted from strictly a lipid or hydrophobic molecule transporter associated with HDLs to an antioxidant protein capable of protecting the lysosomes from OS. Lysosome’s membranes are sensitive to oxidative stress causing membrane injury, leading to permeabilization and loss of protons and therefore inadequate pH for enzymic activity as well as protein leakage into the cytoplasm. This can lead to dysfunctional macromolecule turnover, be it lipids, proteins or others, as observed in lysosomal storage diseases, some of which ApoD is involved in (Niemann–Pick disease type A and C) [64,123].



ApoD’s colocalization with a specific subtype of lysosome was recently discovered. Indeed, in U87 glioblastoma cells, and primary mice astrocytes and Schwann cells, ApoD colocalize with Lamp2, a marker for late-endosomal-lysosome marker, and with LC3, an autophagosome marker [60,61,62,121]. Furthermore, ApoD seems to be necessary to mitigate lysosome alkalinization (and regain of adequate pH after alkalinization) and reduce membrane permeability upon paraquat (PQ) injury in a Niemann–Pick disease type A model [60,61,64]. PQ treatment causes lysosome alkalinization and intracellular lysosome defect in trafficking, both of which are rescued by presence of ApoD and seem to be linked to prevention of lysosome membrane permeability. Upon PQ addition, lysosomes of ApoD-KO primary murine astrocytes, differentiated neuroblastoma SH-SY5Y cells and HEK293T (all of whom lack ApoD expression) will alkalize via proton leakage without returning to baseline pH, whereas addition of exogenous human ApoD will mitigate their PQ-induced alkalinization and return their lysosomal pH to baseline [60].



ApoD also seems to enter a specific subset of lysosomes who are more sensitive to OS. The endocytosis of ApoD in SH-S5Y5 in particular is also dependent upon oxidative injury. The protein colocalizes rapidly with Lamp2 after PQ addition, but enters SH-S5Y5 cells slowly if the PQ treatment is not applied. This is in contrast with HEK293T cells, where ApoD internalisation and presence in the cell is rapid and stable without PQ addition, peaking early after addition of exogenous human ApoD and staying stable for at least 50 h [60]. This could suggest that HEK293T have a high OS basal rate, and ApoD is required to deal with OS injury in the lysosomes of HEK293T, but could also suggest a differential role of ApoD in non-neuronal cells. It could also suggest that ApoD accumulates stably over time in these cells, as cerebral ApoD strongly accumulate in the kidney [58]. Studies on the stability of ApoD in different types of cells, particularly primary cells, are of interest, knowing that ApoD can accumulate in a variety of cells outside the nervous system [58].



ApoD’s expression is also linked to an increase in lipofuscin accumulation in the cortex of ApoD-KO mice. Lipofuscin is a pigment granule that results from unsaturated fatty acid oxidation and accumulates in lysosomes with age. Knowing that lipofuscin accumulation has been associated with lysosome and autophagy disfunction, LPO and OS (reviewed in [124]), and that ApoD positively affects all those processes, it is not surprising to see that mice lacking ApoD have increased lipofuscin accumulation with age in their cortex [125].





2.5. In Silico Studies


Analysis of the ApoD protein sequence showed that there are three methionine localized at the positions 49, 93 and 157 (Figure 3). Met93 is a highly conserved residue across mammals and is the agreed-upon amino acid needed for its antioxidant mechanism. As observed in Bathia et al.’s work, [35] incubation of ApoD with various H(p)ETEs leads to the formation of their non-reactive HETE counterpart. However, the substitution of Met93 for an alanine residue decreased the reduction of 15s-H(p)ETE to 15s-HETE by ApoD, while the other methionine substitutions did not significantly alter the conversion. The authors also observed that during the reduction of H(p)ETEs to HETEs, the Met93 is oxidized forming the methionine sulfoxide (MetSO) [35].



Molecular dynamics analysis with NAMD later revealed that Met157 is buried and not accessible for interactions with the H(p)ETES ligands and Met49 is shielded by the N-glycan moiety on Asn45 and therefore not accessible either, but that the 5s-, 12s- and 15s-H(p)ETEs do interact with ApoD by wrapping around the Met93 residue. The same simulation demonstrated that the presence of MetSO in the ApoD protein does not appear to induce a major conformational change in the protein, but does allow the side chain bearing MetSO to become more flexible, possibly favoring the dimerization and the aggregation of the ApoD protein [36], a conformation often observed in the brain of Alzheimer’s patients [88].



While the Met93 residue of mammalian ApoD appears to be essential to mediate the antioxidant capacities of ApoD, other ApoD homologs lacking Met93 still have antioxidants capacities. In fact, methionine93 is not present in all homologs of ApoD. For example, recombinant ApoD from Amphioxus (Branchiostoma belcheri), BbApoD, produced in Escherichia coli, has also been shown to act as a scavenger protein that reduces the level of hydroxyl radicals and prevents supercoiled DNA-nicking in a dose-dependent manner [127]. However, the Amphioxus ApoD protein has a different expression pattern from that of vertebrates. Specifically, and more importantly, it lacks the equivalent of Met93 [128]. No molecular mechanism has been proposed to explain the antioxidant capacities of BbApoD.



The identity of other oxidants molecules with which ApoD can directly interact with and reduce to their non-reactive form is not known. It would therefore be of great interest to identify them to help understand the antioxidant properties of ApoD and its physiological role.





3. Role of ApoD in Inflammation


Inflammation, or the inflammatory cascade, is a complex process that allows and controls the remodeling and repair of tissues after injury or infection. A very large number of molecules, cells and systems are implicated in the inflammatory process, and to describe them would be beyond the scope of this review (for more details, see the review in [129]). However, a role for ApoD in mediating inflammation has been characterized in the nervous system and in various pathologies, such as disorders associated with obesity.



Evidence for ApoD as a direct anti-inflammatory mediator is less clear than for its antioxidant proprieties. One can speculate that by acting as an antioxidant, ApoD could diminish the OS-induced inflammation. However, as we will see, ApoD could also act as an anti-inflammatory agent by modulating other pathways, notably the ARA metabolic pathway (see Figure 1).



3.1. Modulation of Inflammation in the Nervous System


ApoD has been shown to be implicated in the inflammatory process in the nervous system, particularly in regulating the activation of the immune system leading to cell infiltration and secretion of cytokines. ApoD expression has been shown to be increased in the regenerated and remyelinating sciatic nerves [43,72], and in various injuries of the nervous system associated with stroke [130,131], entorhinal cortex lesion [132], traumatic brain injuries [133], coronavirus OC43 encephalitis [22] and experimental kainic acid induced lesions [134].



Nerve crush models have been used to study the behavior of the immune system in mouse lacking ApoD. In a nerve crush model, the nerve undergoes Wallerian degeneration–regeneration (WDR), a process that uses immune cells to clear myelin and heal the injury. When the nerve is crushed, the distal part undergoes myelin degradation. Then, macrophages and Schwann cells infiltrate the site of injury and clear debris via phagocytosis stimulated by the Galectin-3 protein. Finally, once the debris are cleared, the nerve undergoes myelin regeneration for a period of time helped by the action of the immune system which secretes growth factors. Interestingly, it was shown that after nerve crush model in WT mice, ApoD colocalizes with S100 positive cells, a marker Schwann cells activation. When the ApoD expression is abrogated (ApoD-KO mice), the WDR process is impaired. This is associated with increased macrophages infiltrations in the nerves of ApoD-KO mice at 7 days post crush injury, which persists over time up to at least 48 days, unlike in WT mice, where macrophage infiltration diminishes over time and is normally resorbed within 48 days [72]. A significant difference in Galectin-3 and GAP-43 accumulation between ApoD-KO mice and WT mice was also observed as early as 14 days post crush injury in the injured nerve, with ApoD-KO mice having a higher level of Galectin-3 and a lower level of GAP-43 than WT [135]. ApoD-KO macrophages also have a decreased capacity in myelin recognition, phagocytosis, and clearance [72,135]. Increases in Galectin-3 and impaired myelin clearance both indicate a lysosomal dysfunction. Normally, a decrease over time of Galectin-3 indicates that phagocytosis and resolution of myelin clearance is over. In this situation, ApoD colocalizes with S100 positive myelin debris, increasing phagocytosis of myelin by primary peritoneal macrophages [72]. Other models have also shown that ApoD is crucial in the process of myelin phagocytosis and optimization of autophagy [60,136]. Finally, in ApoD-KO mice, the sciatic nerves display an increase in basal transcription and protein level of pro-inflammatory markers, mainly IL-6 compared to WT mice. In the same study, it was showed that in the nerve crush model, the sciatic nerve of ApoD-KO mice has an increased TNF-α and MCP-1 gene transcription [72]. All these altered responses point to a role of ApoD in the WDR process intimately tied to the immune system. In addition, ApoD influences the cytokine response; however, the molecular mechanism responsible for this is unknown. One possibility concerns the management of debris clearance. An absence of ApoD may provide an environment where the debris can be recognized via DAMP receptors, which can in turn trigger the upregulation of inflammatory cytokine genes. Studies on the effect of ApoD on microglial cells have recently been conducted. It was found that primary ApoD-KO microglial cells have a decreased secretory profile and an increased phagocytotic phenotype. On the other hand, acute exposure of BV2 microglial cells to ApoD induces a switch from a resting, non-secretory state to a secretory and less phagocytic state [137].



Galectin-3 was not only modulated during the nerve crush model experiment. Our grouped demonstrated that Mac-2 (Galectin-3) was also decreased in HApoD-Tsg in a model of kainate-induced neurotoxicity compared to WT. Furthermore, HApoD-Tsg mice also had a lower COX-2 expression, supporting the notion that ApoD alters ARA metabolism [73].



Infection with the HCov-OC43 virus causes an increase in ApoD’s expression and a powerful and deadly encephalitis associated with an important inflammation in mice. Interestingly, the level of the pro-inflammatory cytokines TNF-α and IL-1β is lower in HApoD-Tsg mice infected with HCov-OC43 compared to the level observed in WT mice. HCov-OC43-infected HApoD-Tsg mice also showed a reduction in both brain PLA2 activity and macrophage infiltration compared to the WT mice. Despite this, an increase in astrocytes and microglial cells apoptosis was observed during the acute phase of the infection in HApoD-Tsg mice but a return to normal levels occurs once the infection is cleared [22]. This suggests that ApoD allows the modulation of the immune system upon viral infection in different ways. The mechanism through which ApoD works is still unclear; however, by limiting PLA2 activity, ApoD could inhibit the production of pro-inflammatory eicosanoids from ARA. The link between ApoD, PLA2, and pro-inflammatory eicosanoids should be investigated further.



Metabolism of ARA by PLA2 will also activate COX-2 leading to the synthesis of pro-inflammatory prostaglandins. As mentioned earlier, the expression of COX-2 is reduced in HApoD-Tsg mice having undergone kainic acid induced neurotoxicity [73]. Therefore, by reducing COX-2 activity, ApoD can reduce the inflammatory process promoted by the prostaglandins. This suggests that ApoD has the potential to regulate inflammation upstream of the prostaglandin cascade of events. In addition, also in HApoD-Tsg mice having undergone kainate induced neurotoxicity, a reduction in Galectin-3 and GFAP (a marker of astrocytes activation) is observed, reinforcing the idea that ApoD modulates astrocyte reactivity.




3.2. Modulation of Obesity-Related Inflammation


Low-grade chronic inflammation is one of the hallmarks of obesity. The metabolic inflammation present in obese individuals has long been known to contribute to the development of obesity’s numerous comorbidities such as type 2 diabetes and steatohepatitis. [138]. Several factors have been identified as contributors to the generation of this low-grade chronic inflammation: endoplasmic reticulum stress, electron transport chain overload, adipose tissue hypoxia leading to increased secretion of adipokines and cytokines, as well as development of systemic insulin resistance [139,140].



We have demonstrated that in the round ligament of morbidly obese women (BMI of over 40), a specific hepatic adipose deposit highly developed during obesity, the level of ApoD is inversely correlated to the inflammatory profile of the patients. This is especially true with the expression of TNF-α and PAI-1, key markers of inflammation and thrombosis. The ApoD level in this specific adipose deposit is also positively associated with a better metabolic health, as noted by the evaluation of HOMA-IR and QUICKI indexes [141].



Interestingly, we have showed that HApoD-Tsg mice develop a non-inflammatory hepatic steatosis during middle age due to an upregulation of PPAR γ , which increases CD36 expression, and lipid droplet expansion [74,142,143]. Usually, this degree of steatosis is associated with an increase in inflammation. However, this increase in inflammation was not observed in HApoD-Tsg mice [142]. In another study, we showed that this control of inflammation is age-dependent and mainly due to the altered prostaglandin metabolism [74]. Our data showed that ApoD overexpression redirects the ARA metabolism to increase the synthesis of 15d-PGJ2, an anti-inflammatory prostaglandin, by increasing the transcription of the lipocalin-type prostaglandin D synthase (Ptgds) gene. This increase in 15d-PGJ2 is concomitant with the onset of PPAR γ  upregulation and a decrease in NF-kB nuclear localization at 6 months old, preventing the establishment of a pro-inflammatory environment. The molecular mechanisms underlying the effect of ApoD remain, however, to be elucidated. Interestingly, in the hippocampus and cortex of mice lacking ApoD, Ptdgs is decreased [125], further pointing towards a role of ApoD in prostaglandin and ARA metabolisms.



The action of ApoD may be broader and affect other lipid mediator pathways. As HApoD-Tsg mice reached the age of 12 months, the levels of 15d-PGJ2 returned to normal. Despite the presence of an important hepatic steatosis, the inflammatory status of the mice was still unchanged. An interesting feature of their steatosis, however, was the high level of hepatic omega-3 fatty acids and consequently an improved  ω -6/ ω -3 ratio (lowered), which is known to decrease inflammation [74,144]. A role of ApoD may also include the upregulation in the production of anti-inflammatory omega-3-derived lipid mediators (protectins, maresins and resolvins). The normal inflammatory resolution process normally features a switch from the production of pro-inflammatory ARA-derived mediators (PGE2, LTB4) to its anti-inflammatory mediators (LXA4, LXB4, 15d-PGJ2) and finally to the production of the omega-3-derived lipid mediators (resolvins, maresins and protectins) [145]. A similar process may have occurred in the HApoD-Tsg mice, potentiated by ApoD’s action. These latter mediators were unfortunately not measured in that study. Considering ApoD’s effect on PLA2 and COX-2 activity, it would be interesting to ascertain whether ApoD inversely affect the lipoxygenases responsible for the synthesis of the omega-3-derived lipid mediators.



Confirming our observation, it was recently showed that mice overexpressing ApoD in their liver via adenoviral vector expression and fed a high-fat diet (to induce a chronic systemic inflammation) or injected with LPS (to induce acute inflammation) show lower circulating, hepatic, and adipose tissue inflammation markers TNF- α  and IL-6 [40]. In this study, the authors also showed that ApoD overexpression increases plasmatic DHA and EPA (omega-3 fatty acids), and ARA levels and some of their metabolites. They also showed that hepatic overexpression of ApoD increased the anti-inflammatory lipid mediator sphingosine 1-phosphate, and on the contrary, decreased the proinflammatory adipokines osteopontin and autotaxin levels. Finally, ApoD was found to be positively correlated with ApoM, another lipocalin which is thought to be anti-inflammatory and beneficial for glucose tolerance and insulin resistance [40,146,147]. The authors also validate their findings in human, showing that the level of ApoD is inversely correlated with the expression of osteopontin and autotaxin while being positively correlated with ApoM levels [40].





4. Conclusions


In this review, we have shown the antioxidant and anti-inflammatory potential of ApoD (Table 1). ApoD is the gene most consistently upregulated in the brain with age [1]. This protein is also upregulated during pathologies, such as neurodegenerative diseases, OS, and inflammation. Using its Met93, mammalian ApoD can reduce some lipid hydroperoxides to non-reactive bioactive signaling molecules, and probably reduce other oxidants to decrease OS, as measured by the many studies mentioned using the OS markers 4HNE, MDA, F2-isoprostanes and 7-ketocholesterol. How and where ApoD works to reduce OS and inflammation is still largely unknown.



The internalization process in cells outside the nervous system is yet to be elucidated. We have shown that the level of ApoD’s accumulation in organs outside the CNS correlates with the level and degree of glycosylation of BSG [58]. Recently, it was demonstrated that ApoD can be internalized in BSG-KO U87 astrocytoma cells [62], pointing towards another mechanism of entry for this lipocalin. More studies are needed to show how ApoD can be internalized and if there exist differences in the internalization process in cells in the CNS and outside of it. In addition, the cellular localization of ApoD in different types of cells under specific conditions (OS and inflammation) has yet to reach a consensus (for example, in which type of cells and under what conditions ApoD is able to be in the nucleus).



Precise molecular demonstration of ApoD’s capacity to bind various lipids or other small lipophilic molecules to prevent the onset of LPO is needed. Moreover, more studies on the effect and cellular localization of ApoD on cells outside of the CNS are needed, since ApoD can exit the brain and accumulate in almost every organ [58]. Recently, it has been shown that adenovirus-mediated hepatic overexpression of ApoD reduces inflammation in adipose tissue, liver and, plasma in a model of a high-fat diet and LPS [40]. The exact mechanism through which ApoD decreases inflammation is not known, and would be of great interest to explore. We have been able to demonstrate that transgenic mice overexpressing the human ApoD will develop a non-inflammatory hepatic steatosis caused by an increase in fatty acid uptake due to increased hepatic CD36 expression, altered ARA metabolism, and amelioration of the  ω -6/ ω -3 ratio [74]. We hypothesized that ApoD could potentially bind various  ω -3, bringing them to the liver where the accumulation of these PUFAs could create an anti-inflammatory environment. Although no ligand-binding assays have been carried out showing the interaction between omega-3s and ApoD, new evidence supports an interaction between the two, as the fraction of immunoprecipitated ApoD from the plasma of mice on LPS also contains DHA and EPA, both  ω -3 [40].



Finally, ApoD’s capacity to sequester ARA in the cytosol and/or the cellular membrane should be clearly demonstrated, as should its capacity to alter ARA metabolism, either by modulating the expression implicated in ARA metabolism or by directly modulating their activity.



Since ApoD is a small protein implicated in many pathologies, and its mechanistic mode of action is largely unknown, its therapeutic potential has yet to be fully understood. For now, since it positively affects OS, downregulates inflammation, and also has relatively positive effects on the metabolic syndrome in some tissues, its potential as a therapeutic protein can be considered high, and its effects are worth exploring.







Author Contributions


Manuscript writing, G.F.-D. Manuscript editing and revision, F.D., É.R. and C.M. All authors have read and agreed to the published version of the manuscript.




Funding


C.M. is funded by NSERC #RGPIN-2019-06738.




Conflicts of Interest


The authors declare they have no actual, potential, or perceived conflict of interest.




References


	



de Magalhaes, J.P.; Curado, J.; Church, G.M. Meta-analysis of age-related gene expression profiles identifies common signatures of aging. Bioinformatics 2009, 25, 875–881. [Google Scholar] [CrossRef][Green Version]

	



Navarro, A.; del Valle, E.; Juarez, A.; Martinez, E.; Ordonez, C.; Astudillo, A.; Tolivia, J. Apolipoprotein D synthesis progressively increases in frontal cortex during human lifespan. Age 2010, 32, 85–96. [Google Scholar] [CrossRef][Green Version]

	



Ordonez, C.; Navarro, A.; Perez, C.; Astudillo, A.; Martinez, E.; Tolivia, J. Apolipoprotein D expression in substantia nigra of Parkinson disease. Histol. Histopathol. 2006, 21, 361–366. [Google Scholar] [CrossRef] [PubMed]

	



Belloir, B.; Kovari, E.; Surini-Demiri, M.; Savioz, A. Altered apolipoprotein D expression in the brain of patients with Alzheimer disease. J. Neurosci. Res. 2001, 64, 61–69. [Google Scholar] [CrossRef] [PubMed]

	



Tóth, M.E.; Szegedi, V.; Varga, E.; Juhász, G.; Horváth, J.; Borbély, E.; Csibrány, B.; Alföldi, R.; Lénárt, N.; Penke, B. Overexpression of Hsp27 ameliorates symptoms of Alzheimer’s disease in APP/PS1 mice. Cell Stress Chaperones 2013, 18, 759–771. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Provost, P.R.; Marcel, Y.L.; Milne, R.W.; Weech, P.K.; Rassart, E. Apolipoprotein D transcription occurs specifically in nonproliferating quiescent and senescent fibroblast cultures. FEBS Lett. 1991, 290, 139–141. [Google Scholar] [CrossRef][Green Version]

	



Do Carmo, S.; Levros, L.C., Jr.; Rassart, E. Modulation of apolipoprotein D expression and translocation under specific stress conditions. Biochim. Biophys. Acta 2007, 1773, 954–969. [Google Scholar] [CrossRef][Green Version]

	



Ganfornina, M.D.; Do Carmo, S.; Lora, J.M.; Torres-Schumann, S.; Vogel, M.; Allhorn, M.; Gonzalez, C.; Bastiani, M.J.; Rassart, E.; Sanchez, D. Apolipoprotein D is involved in the mechanisms regulating protection from oxidative stress. Aging Cell 2008, 7, 506–515. [Google Scholar] [CrossRef][Green Version]

	



Bajo-Graneras, R.; Crespo-Sanjuan, J.; Garcia-Centeno, R.M.; Garrote-Adrados, J.A.; Gutierrez, G.; Garcia-Tejeiro, M.; Aguirre-Gervas, B.; Calvo-Nieves, M.D.; Bustamante, R.; Ganfornina, M.D.; et al. Expression and potential role of apolipoprotein D on the death-survival balance of human colorectal cancer cells under oxidative stress conditions. Int. J. Colorectal. Dis. 2013, 28, 751–766. [Google Scholar] [CrossRef] [PubMed]

	



Martinez, E.; Navarro, A.; Ordonez, C.; Del Valle, E.; Tolivia, J. Oxidative stress induces apolipoprotein D overexpression in hippocampus during aging and Alzheimer’s disease. J. Alzheimers Dis. 2013, 36, 129–144. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.; Liu, M.; Li, Y.; Zhou, X.; Hou, Y.; Gong, J. Molecular Identification and Expression Patterns of Apolipoprotein D from Bombyx mori (Lepidoptera: Bombycidae) in Response to Oxidative Stress and Bacterial Challenge. Ann. Entomol. Soc. Am. 2016, 109, 759–767. [Google Scholar] [CrossRef]

	



Lim, W.; Bae, H.; Song, G. Differential expression of apolipoprotein D in male reproductive system of rats by high-fat diet. Andrology 2016, 4, 1115–1122. [Google Scholar] [CrossRef]

	



Diez-Hermano, S.; Mejias, A.; Sanchez, D.; Gutierrez, G.; Ganfornina, M.D. Control of the neuroprotective Lipocalin Apolipoprotein D expression by alternative promoter regions and differentially expressed mRNA 5’ UTR variants. PLoS ONE 2020, 15, e0234857. [Google Scholar] [CrossRef]

	



Do Carmo, S.; Seguin, D.; Milne, R.; Rassart, E. Modulation of apolipoprotein D and apolipoprotein E mRNA expression by growth arrest and identification of key elements in the promoter. J. Biol. Chem. 2002, 277, 5514–5523. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Diez-Itza, I.; Vizoso, F.; Merino, A.M.; Sanchez, L.M.; Tolivia, J.; Fernandez, J.; Ruibal, A.; Lopez-Otin, C. Expression and prognostic significance of apolipoprotein D in breast cancer. Am. J. Pathol. 1994, 144, 310–320. [Google Scholar]

	



Ryu, B.; Jones, J.; Hollingsworth, M.A.; Hruban, R.H.; Kern, S.E. Invasion-specific genes in malignancy: Serial analysis of gene expression comparisons of primary and passaged cancers. Cancer Res. 2001, 61, 1833–1838. [Google Scholar]

	



Miranda, E.; Vizoso, F.; Martin, A.; Quintela, I.; Corte, M.D.; Segui, M.E.; Ordiz, I.; Merino, A.M. Apolipoprotein D expression in cutaneous malignant melanoma. J. Surg. Oncol. 2003, 83, 99–105. [Google Scholar] [CrossRef]

	



West, R.B.; Harvell, J.; Linn, S.C.; Liu, C.L.; Prapong, W.; Hernandez-Boussard, T.; Montgomery, K.; Nielsen, T.O.; Rubin, B.P.; Patel, R.; et al. Apo D in soft tissue tumors: A novel marker for dermatofibrosarcoma protuberans. Am. J. Surg. Pathol. 2004, 28, 1063–1069. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Li, W.; Guo, X.; Chen, C.; Li, J. The prognostic value of arachidonic acid metabolism in breast cancer by integrated bioinformatics. Lipids Health Dis. 2022, 21, 103. [Google Scholar] [CrossRef]

	



Soiland, H.; Skaland, I.; Varhaug, J.E.; Korner, H.; Janssen, E.A.; Gudlaugsson, E.; Baak, J.P.; Soreide, J.A. Co-expression of estrogen receptor alpha and Apolipoprotein D in node positive operable breast cancer–possible relevance for survival and effects of adjuvant tamoxifen in postmenopausal patients. Acta Oncol. 2009, 48, 514–521. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Salami, M.; Bandegi, A.R.; Sameni, H.R.; Vafaei, A.A.; Pakdel, A. Hippocampal Up-Regulation of Apolipoprotein D in a Rat Model of Maternal Hypo- and Hyperthyroidism: Implication of Oxidative Stress. Neurochem. Res. 2019, 44, 2190–2201. [Google Scholar] [CrossRef] [PubMed]

	



Do Carmo, S.; Jacomy, H.; Talbot, P.J.; Rassart, E. Neuroprotective effect of apolipoprotein D against human coronavirus OC43-induced encephalitis in mice. J. Neurosci. 2008, 28, 10330–10338. [Google Scholar] [CrossRef][Green Version]

	



Cabral, J.H.M.; Atkins, G.L.; Sánchez, L.M.; López-Boado, Y.S.; López-Otin, C.; Sawyer, L. Arachidonic acid binds to apolipoprotein D: Implications for the protein’s function. FEBS Lett. 1995, 366, 53–56. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Ruiz, M.; Sanchez, D.; Correnti, C.; Strong, R.K.; Ganfornina, M.D. Lipid-binding properties of human ApoD and Lazarillo-related lipocalins: Functional implications for cell differentiation. FEBS J. 2013, 280, 3928–3943. [Google Scholar] [CrossRef][Green Version]

	



Patel, R.C.; Lange, D.; McConathy, W.J.; Patel, Y.C.; Patel, S.C. Probing the structure of the ligand binding cavity of lipocalins by fluorescence spectroscopy. Protein Eng. 1997, 10, 621–625. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Zhou, Y.; Wang, L.; Li, R.; Liu, M.; Li, X.; Su, H.; Xu, Y.; Wang, H. Secreted glycoprotein BmApoD1 plays a critical role in anti-oxidation and anti-apoptosis in Bombyx mori. Biochem. Biophys. Res. Commun. 2018, 495, 839–845. [Google Scholar] [CrossRef]

	



McConathy, W.J.; Alaupovic, P. Studies on the isolation and partial characterization of apolipoprotein D and lipoprotein D of human plasma. Biochemistry 1976, 15, 515–520. [Google Scholar] [CrossRef]

	



Blanco-Vaca, F.; Via, D.P.; Yang, C.; Massey, J.B.; Pownall, H.J. Characterization of disulfide-linked heterodimers containing apolipoprotein D in human plasma lipoproteins. J. Lipid Res. 1992, 33, 1785–1796. [Google Scholar] [CrossRef]

	



Pearlman, W.H.; Gueriguian, J.L.; Sawyer, M.E. A specific progesterone-binding component of human breast cyst fluid. J. Biol. Chem. 1973, 248, 5736–5741. [Google Scholar] [CrossRef]

	



Lea, O.A. Binding properties of progesterone-binding Cyst protein, PBCP. Steroids 1988, 52, 337–338. [Google Scholar] [CrossRef]

	



Kielkopf, C.S.; Whitten, A.E.; Garner, B.; Brown, S.H.J. Small angle X-ray scattering analysis of ligand-bound forms of tetrameric apolipoprotein-D. Biosci. Rep. 2021, 41, BSR20201423. [Google Scholar] [CrossRef] [PubMed]

	



Vogt, M.; Skerra, A. Bacterially produced apolipoprotein D binds progesterone and arachidonic acid, but not bilirubin or E-3M2H. J. Mol. Recognit. 2001, 14, 79–86. [Google Scholar] [CrossRef] [PubMed]

	



Goessling, W.; Zucker, S.D. Role of apolipoprotein D in the transport of bilirubin in plasma. Am. J. Physiol. Gastrointest. Liver Physiol. 2000, 279, G356–G365. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Zeng, C.; Spielman, A.I.; Vowels, B.R.; Leyden, J.J.; Biemann, K.; Preti, G. A human axillary odorant is carried by apolipoprotein D. Proc. Natl. Acad. Sci. USA 1996, 93, 6626–6630. [Google Scholar] [CrossRef][Green Version]

	



Bhatia, S.; Knoch, B.; Wong, J.; Kim, W.S.; Else, P.L.; Oakley, A.J.; Garner, B. Selective reduction of hydroperoxyeicosatetraenoic acids to their hydroxy derivatives by apolipoprotein D: Implications for lipid antioxidant activity and Alzheimer’s disease. Biochem. J. 2012, 442, 713–721. [Google Scholar] [CrossRef][Green Version]

	



Oakley, A.J.; Bhatia, S.; Ecroyd, H.; Garner, B. Molecular dynamics analysis of apolipoprotein-D-lipid hydroperoxide interactions: Mechanism for selective oxidation of Met-93. PLoS ONE 2012, 7, e34057. [Google Scholar] [CrossRef][Green Version]

	



Camato, R.; Marcel, Y.L.; Milne, R.W.; Lussier-Cacan, S.; Weech, P.K. Protein polymorphism of a human plasma apolipoprotein D antigenic epitope. J. Lipid Res. 1989, 30, 865–875. [Google Scholar] [CrossRef]

	



Yao, J.K.; Thomas, E.A.; Reddy, R.D.; Keshavan, M.S. Association of plasma apolipoproteins D with RBC membrane arachidonic acid levels in schizophrenia. Schizophr. Res. 2005, 72, 259–266. [Google Scholar] [CrossRef]

	



Waldner, A.; Dassati, S.; Redl, B.; Smania, N.; Gandolfi, M. Apolipoprotein D Concentration in Human Plasma during Aging and in Parkinson’s Disease: A Cross-Sectional Study. Park. Dis. 2018, 2018, 3751516. [Google Scholar] [CrossRef][Green Version]

	



Kurano, M.; Tsukamoto, K.; Kamitsuji, S.; Kamatani, N.; Hasegawa, K.; Hara, M.; Ishikawa, T.; Yatomi, Y.; Teramoto, T. Apolipoprotein D modulates lipid mediators and osteopontin in an anti-inflammatory direction. Inflamm. Res. 2023, 72, 263–280. [Google Scholar] [CrossRef]

	



McConathy, W.J.; Alaupovic, P. Isolation and partial characterization of apolipoprotein D: A new protein moiety of the human plasma lipoprotein system. FEBS Lett. 1973, 37, 178–182. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Diez-Hermano, S.; Ganfornina, M.D.; Skerra, A.; Gutierrez, G.; Sanchez, D. An Evolutionary Perspective of the Lipocalin Protein Family. Front. Physiol. 2021, 12, 718983. [Google Scholar] [CrossRef] [PubMed]

	



Boyles, J.; Notterpek, L.; Anderson, L. Accumulation of apolipoproteins in the regenerating and remyelinating mammalian peripheral nerve. Identification of apolipoprotein D, apolipoprotein A-IV, apolipoprotein E, and apolipoprotein AI. J. Biol. Chem. 1990, 265, 17805–17815. [Google Scholar] [CrossRef]

	



Smith, K.M.; Lawn, R.M.; Wilcox, J.N. Cellular localization of apolipoprotein D and lecithin: Cholesterol acyltransferase mRNA in rhesus monkey tissues by in situ hybridization. J. Lipid Res. 1990, 31, 995–1004. [Google Scholar] [CrossRef]

	



Provost, P.; Villeneuve, L.; Weech, P.; Milne, R.; Marcel, Y.; Rassart, E. Localization of the major sites of rabbit apolipoprotein D gene transcription by in situ hybridization. J. Lipid Res. 1991, 32, 1959–1970. [Google Scholar] [CrossRef] [PubMed]

	



Bishop, R.E.; Penfold, S.S.; Frost, L.S.; Holtje, J.V.; Weiner, J.H. Stationary phase expression of a novel Escherichia coli outer membrane lipoprotein and its relationship with mammalian apolipoprotein D. Implications for the origin of lipocalins. J. Biol. Chem. 1995, 270, 23097–23103. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Seguin, D.; Desforges, M.; Rassart, E. Molecular characterization and differential mRNA tissue distribution of mouse apolipoprotein D. Brain Res. Mol. Brain Res. 1995, 30, 242–250. [Google Scholar] [CrossRef]

	



Frenette Charron, J.B.; Breton, G.; Badawi, M.; Sarhan, F. Molecular and structural analyses of a novel temperature stress-induced lipocalin from wheat and Arabidopsis. FEBS Lett. 2002, 517, 129–132. [Google Scholar] [CrossRef][Green Version]

	



Sanchez, D.; Ganfornina, M.D.; Torres-Schumann, S.; Speese, S.D.; Lora, J.M.; Bastiani, M.J. Characterization of two novel lipocalins expressed in the Drosophila embryonic nervous system. Int. J. Dev. Biol. 2004, 44, 349–359. [Google Scholar]

	



Boyles, J.K.; Notterpek, L.M.; Wardell, M.R.; Rall, S.C., Jr. Identification, characterization, and tissue distribution of apolipoprotein D in the rat. J. Lipid Res. 1990, 31, 2243–2256. [Google Scholar] [CrossRef]

	



Cofer, S.; Ross, S.R. The murine gene encoding apolipoprotein D exhibits a unique expression pattern as compared to other species. Gene 1996, 171, 261–263. [Google Scholar] [CrossRef]

	



Lambert, J.; Provost, P.R.; Marcel, Y.L.; Rassart, E. Structure of the human apolipoprotein D gene promoter region. Biochim. Biophys. Acta 1993, 1172, 190–192. [Google Scholar] [CrossRef] [PubMed]

	



Levros, L.C., Jr.; Do Carmo, S.; Edouard, E.; Legault, P.; Charfi, C.; Rassart, E. Characterization of nuclear factors modulating the apolipoprotein D promoter during growth arrest: Implication of PARP-1, APEX-1 and ERK1/2 catalytic activities. Biochim. Biophys. Acta 2010, 1803, 1062–1071. [Google Scholar] [CrossRef][Green Version]

	



Hull-Thompson, J.; Muffat, J.; Sanchez, D.; Walker, D.W.; Benzer, S.; Ganfornina, M.D.; Jasper, H. Control of metabolic homeostasis by stress signaling is mediated by the lipocalin NLaz. PLoS Genet. 2009, 5, e1000460. [Google Scholar] [CrossRef][Green Version]

	



Bajo-Grañeras, R.; Ganfornina, M.D.; Martín-Tejedor, E.; Sanchez, D. Apolipoprotein D mediates autocrine protection of astrocytes and controls their reactivity level, contributing to the functional maintenance of paraquat-challenged dopaminergic systems. Glia 2011, 59, 1551–1566. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Levros, L.C., Jr.; Labrie, M.; Charfi, C.; Rassart, E. Binding and repressive activities of apolipoprotein E3 and E4 isoforms on the human ApoD promoter. Mol. Neurobiol. 2013, 48, 669–680. [Google Scholar] [CrossRef]

	



Najyb, O.; Brissette, L.; Rassart, E. Apolipoprotein D internalization is a basigin-dependent mechanism. J. Biol. Chem. 2015, 290, 16077–16087. [Google Scholar] [CrossRef][Green Version]

	



Desmarais, F.; Herve, V.; Bergeron, K.F.; Ravaut, G.; Perrotte, M.; Fyfe-Desmarais, G.; Rassart, E.; Ramassamy, C.; Mounier, C. Cerebral Apolipoprotein D Exits the Brain and Accumulates in Peripheral Tissues. Int. J. Mol. Sci. 2021, 22, 4118. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; Ruberu, K.; Karl, T.; Garner, B. Cerebral Apolipoprotein-D Is Hypoglycosylated Compared to Peripheral Tissues and Is Variably Expressed in Mouse and Human Brain Regions. PLoS ONE 2016, 11, e0148238. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Pascua-Maestro, R.; Diez-Hermano, S.; Lillo, C.; Ganfornina, M.D.; Sanchez, D. Protecting cells by protecting their vulnerable lysosomes: Identification of a new mechanism for preserving lysosomal functional integrity upon oxidative stress. PLoS Genet. 2017, 13, e1006603. [Google Scholar] [CrossRef][Green Version]

	



García-Mateo, N.; Pascua-Maestro, R.; Pérez-Castellanos, A.; Lillo, C.; Sanchez, D.; Ganfornina, M.D. M yelin extracellular leaflet compaction requires apolipoprotein D membrane management to optimize lysosomal-dependent recycling and glycocalyx removal. Glia 2018, 66, 670–687. [Google Scholar] [CrossRef][Green Version]

	



Corraliza-Gomez, M.; Del Cano-Espinel, M.; Sanchez, D.; Ganfornina, M.D. The Neuroprotective Lipocalin Apolipoprotein D Stably Interacts with Specific Subtypes of Detergent-Resistant Membrane Domains in a Basigin-Independent Manner. Mol. Neurobiol. 2022, 59, 4015–4029. [Google Scholar] [CrossRef] [PubMed]

	



Martinez-Pinilla, E.; Navarro, A.; Ordonez, C.; del Valle, E.; Tolivia, J. Apolipoprotein D subcellular distribution pattern in neuronal cells during oxidative stress. Acta Histochem. 2015, 117, 536–544. [Google Scholar] [CrossRef]

	



Pascua-Maestro, R.; Corraliza-Gomez, M.; Fadrique-Rojo, C.; Ledesma, M.D.; Schuchman, E.H.; Sanchez, D.; Ganfornina, M.D. Apolipoprotein D-mediated preservation of lysosomal function promotes cell survival and delays motor impairment in Niemann-Pick type A disease. Neurobiol. Dis. 2020, 144, 105046. [Google Scholar] [CrossRef]

	



Desmarais, F.; Bergeron, K.-F.; Ntambi, J.M.; Rassart, E.; Mounier, C. Fatty acid mediators and the inflammasome. In Lipid Signaling and Metabolism; Elsevier: Amsterdam, The Netherlands, 2020; pp. 197–221. [Google Scholar]

	



Balazy, M.; Poff, C.D. Biological nitration of arachidonic acid. Curr. Vasc. Pharmacol. 2004, 2, 81–93. [Google Scholar] [CrossRef] [PubMed]

	



Hanna, V.S.; Hafez, E.A.A. Synopsis of arachidonic acid metabolism: A review. J. Adv. Res. 2018, 11, 23–32. [Google Scholar] [CrossRef]

	



Gueraud, F.; Atalay, M.; Bresgen, N.; Cipak, A.; Eckl, P.M.; Huc, L.; Jouanin, I.; Siems, W.; Uchida, K. Chemistry and biochemistry of lipid peroxidation products. Free Radic. Res. 2010, 44, 1098–1124. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Zhao, T.; Li, J.; Xia, M.; Li, Y.; Wang, X.; Liu, C.; Zheng, T.; Chen, R.; Kan, D.; et al. Oxidative Stress and 4-hydroxy-2-nonenal (4-HNE): Implications in the Pathogenesis and Treatment of Aging-related Diseases. J. Immunol. Res. 2022, 2022, 2233906. [Google Scholar] [CrossRef]

	



Thomas, E.A.; George, R.C.; Sutcliffe, J.G. Apolipoprotein D modulates arachidonic acid signaling in cultured cells: Implications for psychiatric disorders. Prostaglandins Leukot Essent Fat. Acids 2003, 69, 421–427. [Google Scholar] [CrossRef]

	



He, X.; Jittiwat, J.; Kim, J.-H.; Jenner, A.M.; Farooqui, A.A.; Patel, S.C.; Ong, W.-Y. Apolipoprotein D modulates F2-isoprostane and 7-ketocholesterol formation and has a neuroprotective effect on organotypic hippocampal cultures after kainate-induced excitotoxic injury. Neurosci. Lett. 2009, 455, 183–186. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Mateo, N.; Ganfornina, M.D.; Montero, O.; Gijon, M.A.; Murphy, R.C.; Sanchez, D. Schwann cell-derived Apolipoprotein D controls the dynamics of post-injury myelin recognition and degradation. Front. Cell. Neurosci. 2014, 8, 374. [Google Scholar] [CrossRef][Green Version]

	



Najyb, O.; Do Carmo, S.; Alikashani, A.; Rassart, E. Apolipoprotein D Overexpression Protects Against Kainate-Induced Neurotoxicity in Mice. Mol. Neurobiol. 2017, 54, 3948–3963. [Google Scholar] [CrossRef]

	



Desmarais, F.; Bergeron, K.F.; Rassart, E.; Mounier, C. Apolipoprotein D overexpression alters hepatic prostaglandin and omega fatty acid metabolism during the development of a non-inflammatory hepatic steatosis. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2019, 1864, 522–531. [Google Scholar] [CrossRef]

	



Niki, E. Oxidative stress and antioxidants: Distress or eustress? Arch. Biochem. Biophys. 2016, 595, 19–24. [Google Scholar] [CrossRef]

	



Sies, H.; Berndt, C.; Jones, D.P. Oxidative Stress. Annu. Rev. Biochem. 2017, 86, 715–748. [Google Scholar] [CrossRef] [PubMed]

	



Hajam, Y.A.; Rani, R.; Ganie, S.Y.; Sheikh, T.A.; Javaid, D.; Qadri, S.S.; Pramodh, S.; Alsulimani, A.; Alkhanani, M.F.; Harakeh, S.; et al. Oxidative Stress in Human Pathology and Aging: Molecular Mechanisms and Perspectives. Cells 2022, 11, 552. [Google Scholar] [CrossRef]

	



Murakami, K.; Murata, N.; Noda, Y.; Tahara, S.; Kaneko, T.; Kinoshita, N.; Hatsuta, H.; Murayama, S.; Barnham, K.J.; Irie, K.; et al. SOD1 (copper/zinc superoxide dismutase) deficiency drives amyloid beta protein oligomerization and memory loss in mouse model of Alzheimer disease. J. Biol. Chem. 2011, 286, 44557–44568. [Google Scholar] [CrossRef][Green Version]

	



de la Monte, S.M.; Wands, J.R. Molecular indices of oxidative stress and mitochondrial dysfunction occur early and often progress with severity of Alzheimer’s disease. J. Alzheimer’s Dis. 2006, 9, 167–181. [Google Scholar] [CrossRef] [PubMed]

	



Arroyave-Ospina, J.C.; Wu, Z.; Geng, Y.; Moshage, H. Role of Oxidative Stress in the Pathogenesis of Non-Alcoholic Fatty Liver Disease: Implications for Prevention and Therapy. Antioxidants 2021, 10, 174. [Google Scholar] [CrossRef] [PubMed]

	



Lu, J.; Holmgren, A. The thioredoxin superfamily in oxidative protein folding. Antioxid. Redox Signal. 2014, 21, 457–470. [Google Scholar] [CrossRef]

	



Calder, P.C. Omega-3 fatty acids and inflammatory processes. Nutrients 2010, 2, 355–374. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Rassart, E.; Desmarais, F.; Najyb, O.; Bergeron, K.-F.; Mounier, C. Apolipoprotein d. Gene 2020, 756, 144874. [Google Scholar] [CrossRef]

	



Sanchez, D.; Ganfornina, M.D. The lipocalin apolipoprotein D functional portrait: A systematic review. Front. Physiol. 2021, 12, 738991. [Google Scholar] [CrossRef] [PubMed]

	



Huang, W.J.; Zhang, X.; Chen, W.W. Role of oxidative stress in Alzheimer’s disease. Biomed. Rep. 2016, 4, 519–522. [Google Scholar] [CrossRef][Green Version]

	



Terrisse, L.; Poirier, J.; Bertrand, P.; Merched, A.; Visvikis, S.; Siest, G.; Milne, R.; Rassart, E. Increased levels of apolipoprotein D in cerebrospinal fluid and hippocampus of Alzheimer’s patients. J. Neurochem. 1998, 71, 1643–1650. [Google Scholar] [CrossRef] [PubMed]

	



Kalman, J.; McConathy, W.; Araoz, C.; Kasa, P.; Lacko, A.G. Apolipoprotein D in the aging brain and in Alzheimer’s dementia. Neurol. Res. 2000, 22, 330–336. [Google Scholar] [CrossRef] [PubMed]

	



Bhatia, S.; Jenner, A.M.; Li, H.; Ruberu, K.; Spiro, A.S.; Shepherd, C.E.; Kril, J.J.; Kain, N.; Don, A.; Garner, B. Increased apolipoprotein D dimer formation in Alzheimer’s disease hippocampus is associated with lipid conjugated diene levels. J. Alzheimer’s Dis. 2013, 35, 475–486. [Google Scholar] [CrossRef][Green Version]

	



Fonzo, L.S.; Golini, R.S.; Delgado, S.M.; Ponce, I.T.; Bonomi, M.R.; Rezza, I.G.; Gimenez, M.S.; Anzulovich, A.C. Temporal patterns of lipoperoxidation and antioxidant enzymes are modified in the hippocampus of vitamin A-deficient rats. Hippocampus 2009, 19, 869–880. [Google Scholar] [CrossRef][Green Version]

	



Reddy, P.H.; Tripathi, R.; Troung, Q.; Tirumala, K.; Reddy, T.P.; Anekonda, V.; Shirendeb, U.P.; Calkins, M.J.; Reddy, A.P.; Mao, P. Abnormal mitochondrial dynamics and synaptic degeneration as early events in Alzheimer’s disease: Implications to mitochondria-targeted antioxidant therapeutics. Biochim. Biophys. Acta (BBA) Mol. Basis Dis. 2012, 1822, 639–649. [Google Scholar] [CrossRef][Green Version]

	



Blanco-Vaca, F.; Pownall, H.J. Disulfide linked dimers of apolipoprotein D in urine. Electrophoresis 1993, 14, 1086–1087. [Google Scholar] [CrossRef]

	



Yang, C.-Y.; Gu, Z.-W.; Blanco-Vaca, F.; Gaskell, S.J.; Yang, M.; Massey, J.B.; Gotto, A.M.J.; Pownall, H.J. Structure of human apolipoprotein D: Locations of the intermolecular and intramolecular disulfide links. Biochemistry 1994, 33, 12451–12455. [Google Scholar] [CrossRef] [PubMed]

	



Gabbita, S.P.; Aksenov, M.Y.; Lovell, M.A.; Markesbery, W.R. Decrease in peptide methionine sulfoxide reductase in Alzheimer’s disease brain. J. Neurochem. 1999, 73, 1660–1666. [Google Scholar] [CrossRef][Green Version]

	



Collins, A.E.; Saleh, T.M.; Kalisch, B.E. Naturally Occurring Antioxidant Therapy in Alzheimer’s Disease. Antioxidants 2022, 11, 213. [Google Scholar] [CrossRef] [PubMed]

	



Do Carmo, S.; Forest, J.-C.; Giguère, Y.; Masse, A.; Lafond, J.; Rassart, E. Modulation of Apolipoprotein D levels in human pregnancy and association with gestational weight gain. Reprod. Biol. Endocrinol. 2009, 7, 92. [Google Scholar] [CrossRef][Green Version]

	



Simard, J.; Dauvois, S.; Haagensen, D.E.; Lévesque, C.; Mérand, Y.; Labrie, F. Regulation of progesterone-binding breast cyst protein GCDFP-24 secretion by estrogens and androgens in human breast cancer cells: A new marker of steroid action in breast cancer. Endocrinology 1990, 126, 3223–3231. [Google Scholar] [CrossRef]

	



Navarro, A.; Alonso, A.; Garrido, P.; Gonzalez, C.; Del Rey, C.G.; Ordonez, C.; Tolivia, J. Increase in placental apolipoprotein D as an adaptation to human gestational diabetes. Placenta 2010, 31, 25–31. [Google Scholar] [CrossRef]

	



Baker, W.; Hitman, G.; Hawrami, K.; McCarthy, M.; Riikonen, A.; Tuomilehto-Wolf, E.; Nissinen, A.; Tuomilehto, J.; Mohan, V.; Viswanathan, M. Apolipoprotein D gene polymorphism: A new genetic marker for type 2 diabetic subjects in Nauru and south India. Diabet. Med. 1994, 11, 947–952. [Google Scholar] [CrossRef] [PubMed]

	



Alaupovic, P.; Schaefer, E.J.; McConathy, W.J.; Fesmire, J.D.; Bryan, H. Plasma apolipoprotein concentrations in familial apolipoprotein AI and A-II deficiency (Tangier disease). Metabolism 1981, 30, 805–809. [Google Scholar] [CrossRef]

	



Li, H.; Ruberu, K.; Munoz, S.S.; Jenner, A.M.; Spiro, A.; Zhao, H.; Rassart, E.; Sanchez, D.; Ganfornina, M.D.; Karl, T.; et al. Apolipoprotein D modulates amyloid pathology in APP/PS1 Alzheimer’s disease mice. Neurobiol. Aging 2015, 36, 1820–1833. [Google Scholar] [CrossRef][Green Version]

	



Allan Butterfield, D. Amyloid β-peptide (1-42)-induced oxidative stress and neurotoxicity: Implications for neurodegeneration in Alzheimer’s disease brain. A review. Free Radic. Res. 2002, 36, 1307–1313. [Google Scholar] [CrossRef]

	



Tamagno, E.; Guglielmotto, M.; Monteleone, D.; Tabaton, M. Amyloid-β production: Major link between oxidative stress and BACE1. Neurotox. Res. 2012, 22, 208–219. [Google Scholar] [CrossRef] [PubMed]

	



Tong, Y.; Zhou, W.; Fung, V.; Christensen, M.A.; Qing, H.; Sun, X.; Song, W. Oxidative stress potentiates BACE1 gene expression and Abeta generation. J. Neural. Transm. 2005, 112, 455–469. [Google Scholar] [CrossRef] [PubMed]

	



Bajo-Graneras, R.; Sanchez, D.; Gutierrez, G.; Gonzalez, C.; Do Carmo, S.; Rassart, E.; Ganfornina, M.D. Apolipoprotein D alters the early transcriptional response to oxidative stress in the adult cerebellum. J. Neurochem. 2011, 117, 949–960. [Google Scholar] [CrossRef]

	



Ma, Q. Transcriptional responses to oxidative stress: Pathological and toxicological implications. Pharmacol. Ther. 2010, 125, 376–393. [Google Scholar] [CrossRef]

	



Tsukamoto, K.; Mani, D.; Shi, J.; Zhang, S.; Haagensen, D.E.; Otsuka, F.; Guan, J.; Smith, J.D.; Weng, W.; Liao, R. Identification of apolipoprotein D as a cardioprotective gene using a mouse model of lethal atherosclerotic coronary artery disease. Proc. Natl. Acad. Sci. USA 2013, 110, 17023–17028. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Sanchez, D.; Lopez-Arias, B.; Torroja, L.; Canal, I.; Wang, X.; Bastiani, M.J.; Ganfornina, M.D. Loss of glial lazarillo, a homolog of apolipoprotein D, reduces lifespan and stress resistance in Drosophila. Curr. Biol. 2006, 16, 680–686. [Google Scholar] [CrossRef][Green Version]

	



Walker, D.W.; Muffat, J.; Rundel, C.; Benzer, S. Overexpression of a Drosophila homolog of apolipoprotein D leads to increased stress resistance and extended lifespan. Curr. Biol. 2006, 16, 674–679. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Ruiz, M.; Ganfornina, M.D.; Correnti, C.; Strong, R.K.; Sanchez, D. Ligand binding-dependent functions of the lipocalin NLaz: An in vivo study in Drosophila. FASEB J. 2014, 28, 1555–1567. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Muffat, J.; Walker, D.W.; Benzer, S. Human ApoD, an apolipoprotein up-regulated in neurodegenerative diseases, extends lifespan and increases stress resistance in Drosophila. Proc. Natl. Acad. Sci. USA 2008, 105, 7088–7093. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Navarro, J.A.; Ohmann, E.; Sanchez, D.; Botella, J.A.; Liebisch, G.; Molto, M.D.; Ganfornina, M.D.; Schmitz, G.; Schneuwly, S. Altered lipid metabolism in a Drosophila model of Friedreich’s ataxia. Hum. Mol. Genet. 2010, 19, 2828–2840. [Google Scholar] [CrossRef][Green Version]

	



Ruiz, M.; Sanchez, D.; Canal, I.; Acebes, A.; Ganfornina, M.D. Sex-dependent modulation of longevity by two Drosophila homologues of human Apolipoprotein D, GLaz and NLaz. Exp. Gerontol. 2011, 46, 579–589. [Google Scholar] [CrossRef][Green Version]

	



Jia, F.J.; Han, Z.; Ma, J.H.; Jiang, S.Q.; Zhao, X.M.; Ruan, H.; Xie, W.D.; Li, X. Involvement of Reactive Oxygen Species in the Hepatorenal Toxicity of Actinomycin V In Vitro and In Vivo. Mar. Drugs 2020, 18, 428. [Google Scholar] [CrossRef]

	



Charron, J.B.; Ouellet, F.; Houde, M.; Sarhan, F. The plant Apolipoprotein D ortholog protects Arabidopsis against oxidative stress. BMC Plant Biol. 2008, 8, 86. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Henri, P.; Rumeau, D. Ectopic expression of human apolipoprotein D in Arabidopsis plants lacking chloroplastic lipocalin partially rescues sensitivity to drought and oxidative stress. Plant Physiol. Biochem. 2021, 158, 265–274. [Google Scholar] [CrossRef]

	



Sandhya, T.L.; Ong, W.Y.; Horrocks, L.A.; Farooqui, A.A. A light and electron microscopic study of cytoplasmic phospholipase A2 and cyclooxygenase-2 in the hippocampus after kainate lesions. Brain Res. 1998, 788, 223–231. [Google Scholar] [CrossRef]

	



Dal-Pizzol, F.; Klamt, F.; Vianna, M.M.; Schroder, N.; Quevedo, J.; Benfato, M.S.; Moreira, J.C.; Walz, R. Lipid peroxidation in hippocampus early and late after status epilepticus induced by pilocarpine or kainic acid in Wistar rats. Neurosci. Lett. 2000, 291, 179–182. [Google Scholar] [CrossRef] [PubMed]

	



Shin, E.J.; Jeong, J.H.; Bing, G.; Park, E.S.; Chae, J.S.; Yen, T.P.; Kim, W.K.; Wie, M.B.; Jung, B.D.; Kim, H.J.; et al. Kainate-induced mitochondrial oxidative stress contributes to hippocampal degeneration in senescence-accelerated mice. Cell Signal. 2008, 20, 645–658. [Google Scholar] [CrossRef]

	



Anderson, A.; Campo, A.; Fulton, E.; Corwin, A.; Jerome, W.G., 3rd; O’Connor, M.S. 7-Ketocholesterol in disease and aging. Redox Biol. 2020, 29, 101380. [Google Scholar] [CrossRef]

	



Navarro, A.; Tolivia, J.; Astudillo, A.; del Valle, E. Pattern of apolipoprotein D immunoreactivity in human brain. Neurosci. Lett. 1998, 254, 17–20. [Google Scholar] [CrossRef]

	



Pascua-Maestro, R.; González, E.; Lillo, C.; Ganfornina, M.D.; Falcón-Pérez, J.M.; Sanchez, D. Extracellular vesicles secreted by astroglial cells transport apolipoprotein D to neurons and mediate neuronal survival upon oxidative stress. Front. Cell. Neurosci. 2019, 12, 526. [Google Scholar] [CrossRef] [PubMed]

	



Marchiq, I.; Le Floch, R.; Roux, D.; Simon, M.-P.; Pouyssegur, J. Genetic disruption of lactate/H+ symporters (MCTs) and their subunit CD147/BASIGIN sensitizes glycolytic tumor cells to phenformin. Cancer Res. 2015, 75, 171–180. [Google Scholar] [CrossRef] [PubMed]

	



Suresh, S.; Yan, Z.; Patel, R.C.; Patel, Y.C.; Patel, S.C. Cellular cholesterol storage in the Niemann-Pick disease type C mouse is associated with increased expression and defective processing of apolipoprotein D. J. Neurochem. 1998, 70, 242–251. [Google Scholar] [CrossRef]

	



Villalon-Garcia, I.; Povea-Cabello, S.; Alvarez-Cordoba, M.; Talaveron-Rey, M.; Suarez-Rivero, J.M.; Suarez-Carrillo, A.; Munuera-Cabeza, M.; Reche-Lopez, D.; Cilleros-Holgado, P.; Pinero-Perez, R.; et al. Vicious cycle of lipid peroxidation and iron accumulation in neurodegeneration. Neural Regen. Res. 2023, 18, 1196–1202. [Google Scholar] [CrossRef] [PubMed]

	



Sanchez, D.; Bajo-Grañeras, R.; Del Caño-Espinel, M.; Garcia-Centeno, R.; Garcia-Mateo, N.; Pascua-Maestro, R.; Ganfornina, M.D. Aging without Apolipoprotein D: Molecular and cellular modifications in the hippocampus and cortex. Exp. Gerontol. 2015, 67, 19–47. [Google Scholar] [CrossRef]

	



Schrodinger, LLC. The PyMOL Molecular Graphics System, version 1.8; Schrodinger, LLC: Portland, OR, USA, 2015.

	



Zhang, Y.; Cong, Y.; Wang, S.; Zhang, S. Antioxidant activities of recombinant amphioxus (Branchiostoma belcheri) apolipoprotein D. Mol. Biol. Rep. 2011, 38, 1847–1851. [Google Scholar] [CrossRef]

	



Wang, L.; Zhang, S.; Liu, Z.; Li, H.; Wang, Y.; Jiang, S. Characterization and expression of amphioxus ApoD gene encoding an archetype of vertebrate ApoD proteins. Cell Biol. Int. 2007, 31, 74–81. [Google Scholar] [CrossRef]

	



Abdulkhaleq, L.A.; Assi, M.A.; Abdullah, R.; Zamri-Saad, M.; Taufiq-Yap, Y.H.; Hezmee, M.N.M. The crucial roles of inflammatory mediators in inflammation: A review. Vet. World 2018, 11, 627–635. [Google Scholar] [CrossRef][Green Version]

	



Rickhag, M.; Wieloch, T.; Gido, G.; Elmer, E.; Krogh, M.; Murray, J.; Lohr, S.; Bitter, H.; Chin, D.J.; von Schack, D.; et al. Comprehensive regional and temporal gene expression profiling of the rat brain during the first 24 h after experimental stroke identifies dynamic ischemia-induced gene expression patterns, and reveals a biphasic activation of genes in surviving tissue. J. Neurochem. 2006, 96, 14–29. [Google Scholar] [CrossRef]

	



Rickhag, M.; Deierborg, T.; Patel, S.; Ruscher, K.; Wieloch, T. Apolipoprotein D is elevated in oligodendrocytes in the peri-infarct region after experimental stroke: Influence of enriched environment. J. Cereb. Blood Flow Metab. 2008, 28, 551–562. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Terrisse, L.; Seguin, D.; Bertrand, P.; Poirier, J.; Milne, R.; Rassart, E. Modulation of apolipoprotein D and apolipoprotein E expression in rat hippocampus after entorhinal cortex lesion. Brain Res. Mol. Brain Res. 1999, 70, 26–35. [Google Scholar] [CrossRef]

	



Franz, G.; Reindl, M.; Patel, S.C.; Beer, R.; Unterrichter, I.; Berger, T.; Schmutzhard, E.; Poewe, W.; Kampfl, A. Increased expression of apolipoprotein D following experimental traumatic brain injury. J. Neurochem. 1999, 73, 1615–1625. [Google Scholar] [CrossRef]

	



Ong, W.Y.; He, Y.; Suresh, S.; Patel, S.C. Differential expression of apolipoprotein D and apolipoprotein E in the kainic acid-lesioned rat hippocampus. Neuroscience 1997, 79, 359–367. [Google Scholar] [CrossRef] [PubMed]

	



Ganfornina, M.D.; Do Carmo, S.; Martínez, E.; Tolivia, J.; Navarro, A.; Rassart, E.; Sanchez, D. ApoD, a glia-derived apolipoprotein, is required for peripheral nerve functional integrity and a timely response to injury. Glia 2010, 58, 1320–1334. [Google Scholar] [CrossRef] [PubMed]

	



del Cano-Espinel, M.; Acebes, J.R.; Sanchez, D.; Ganfornina, M.D. Lazarillo-related Lipocalins confer long-term protection against type I Spinocerebellar Ataxia degeneration contributing to optimize selective autophagy. Mol. Neurodegener. 2015, 10, 11. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Corraliza-Gomez, M.; Bendito, B.; Sandonis-Camarero, D.; Mondejar-Duran, J.; Villa, M.; Poncela, M.; Valero, J.; Sanchez, D.; Ganfornina, M.D. Dual role of Apolipoprotein D as long-term instructive factor and acute signal conditioning microglial secretory and phagocytic responses. Front. Cell. Neurosci. 2023, 17, 17. [Google Scholar] [CrossRef]

	



Zulet, M.A.; Puchau, B.; Navarro, C.; Marti, A.; Martínez, J. Inflammatory biomarkers: The link between obesity and associated pathologies. Nutr. Hosp. 2007, 22, 511–527. [Google Scholar]

	



Cancello, R.; Clement, K. Is obesity an inflammatory illness? Role of low-grade inflammation and macrophage infiltration in human white adipose tissue. BJOG Int. J. Obstet. Gynaecol. 2006, 113, 1141–1147. [Google Scholar] [CrossRef]

	



de Heredia, F.P.; Gomez-Martinez, S.; Marcos, A. Obesity, inflammation and the immune system. Proc. Nutr. Soc. 2012, 71, 332–338. [Google Scholar] [CrossRef][Green Version]

	



Desmarais, F.; Bergeron, K.-F.; Lacaille, M.; Lemieux, I.; Bergeron, J.; Biron, S.; Rassart, E.; Joanisse, D.R.; Mauriege, P.; Mounier, C. High ApoD protein level in the round ligament fat depot of severely obese women is associated with an improved inflammatory profile. Endocrine 2018, 61, 248–257. [Google Scholar] [CrossRef]

	



Do Carmo, S.; Fournier, D.; Mounier, C.; Rassart, E. Human apolipoprotein D overexpression in transgenic mice induces insulin resistance and alters lipid metabolism. Am. J. Physiol. Endocrinol. Metab. 2009, 296, E802–E811. [Google Scholar] [CrossRef][Green Version]

	



Labrie, M.; Lalonde, S.; Najyb, O.; Thiery, M.; Daneault, C.; Des Rosiers, C.; Rassart, E.; Mounier, C. Apolipoprotein D transgenic mice develop hepatic steatosis through activation of PPARγ and fatty acid uptake. PLoS ONE 2015, 10, e0130230. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Simopoulos, A.P. The importance of the ratio of omega-6/omega-3 essential fatty acids. Biomed. Pharmacother. 2002, 56, 365–379. [Google Scholar] [CrossRef] [PubMed]

	



Sugimoto, M.A.; Sousa, L.P.; Pinho, V.; Perretti, M.; Teixeira, M.M. Resolution of inflammation: What controls its onset? Front. Immunol. 2016, 7, 160. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Yao, S.; Luo, G.; Liu, H.; Zhang, J.; Zhan, Y.; Xu, N.; Zhang, X.; Zheng, L. Apolipoprotein M promotes the anti-inflammatory effect of high-density lipoprotein by binding to scavenger receptor BI. Ann. Transl. Med. 2020, 8, 1676. [Google Scholar] [CrossRef] [PubMed]

	



Borup, A.; Christensen, P.M.; Nielsen, L.B.; Christoffersen, C. Apolipoprotein M in lipid metabolism and cardiometabolic diseases. Curr. Opin. Lipidol. 2015, 26, 48–55. [Google Scholar] [CrossRef] [PubMed]








[image: Antioxidants 12 01027 g001 550] 





Figure 1. Normalized transcriptomic data consensus (nTPM) of Apolipoprotein D (ApoD) in humans by tissue. Data was taken from https://www.proteinatlas.org/ENSG00000189058-APOD/tissue (accessed on 26 April 2023). 
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Figure 2. Effect of ApoD on arachidonic acid (ARA)-related inflammation and oxidative stress. ARA can be metabolized enzymatically (via CYP45, LOX or COX enzymes) to generate EETs, LTs (leukotrienes) and n-HETEs or prostaglandins (PG) or non-enzymatically through reactions with LPO or various reactive species to generate isoprostanes, isoleukotrienes, and 4HNE and MDA. ApoD alters PG metabolism by decreasing PLA2 activity, COX-2 expression, and by increasing the anti-inflammatory 15d-PGJ2. ApoD and can reduce H(p)ETEs to non-reactive HETEs via its Met93. ApoD can also decrease OS markers decreasing the deleterious lipid peroxidation of ARA (4HNE, MDA, F2-isoprostane), potentially by sequestering it directly. Dotted green lines show indirect or unknown mechanism of action that has a positive effect on either inflammation (reducing it) or OS (decreasing the markers identified). 






Figure 2. Effect of ApoD on arachidonic acid (ARA)-related inflammation and oxidative stress. ARA can be metabolized enzymatically (via CYP45, LOX or COX enzymes) to generate EETs, LTs (leukotrienes) and n-HETEs or prostaglandins (PG) or non-enzymatically through reactions with LPO or various reactive species to generate isoprostanes, isoleukotrienes, and 4HNE and MDA. ApoD alters PG metabolism by decreasing PLA2 activity, COX-2 expression, and by increasing the anti-inflammatory 15d-PGJ2. ApoD and can reduce H(p)ETEs to non-reactive HETEs via its Met93. ApoD can also decrease OS markers decreasing the deleterious lipid peroxidation of ARA (4HNE, MDA, F2-isoprostane), potentially by sequestering it directly. Dotted green lines show indirect or unknown mechanism of action that has a positive effect on either inflammation (reducing it) or OS (decreasing the markers identified).



[image: Antioxidants 12 01027 g002]







[image: Antioxidants 12 01027 g003 550] 





Figure 3. Three-dimensional representation of ApoD’s structure. The methionine93 residue (colored in blue) is responsible for the reduction of 5s-,12s- and 15s-H(p)ETEs, while the other two methionine (Met49 and Met157, in red) are not able to interact. Generated with PyMOL [126]. 






Figure 3. Three-dimensional representation of ApoD’s structure. The methionine93 residue (colored in blue) is responsible for the reduction of 5s-,12s- and 15s-H(p)ETEs, while the other two methionine (Met49 and Met157, in red) are not able to interact. Generated with PyMOL [126].



[image: Antioxidants 12 01027 g003]







[image: Table] 





Table 1. Summary of studies carried out on Apolipoprotein D on various disorders (pathologies, oxidative stress, inflammation).
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Model

	
Disorder

	
Effect

	
Source






	
Human

	
Parkinson

	
Increased ApoD expression in glial cells substantia nigra.

	
[3]




	
Obesity

	
ApoD increases insulin sensitivity, decreases inflammation.

	
[141]




	
Alzheimer

	
Increased ApoD expression in pyramidal neurons of the entorhinal cortex, ApoD dimers level correlates with levels of conjugated dienes in the hippocampus.

	
[4,10]




	
Rodents

	
HApoD-Tsg

	
inflammation

	
ApoD overexpression improved inflammation resorption, survival.

	
[22]




	
ApoD overexpression increased latency to seizure, decreased inflammation and apoptosis.

	
[73]




	
ApoD overexpression increases anti-inflammatory lipid mediators, ameliorated o-6/o-3 ratio, decreased inflammation (liver).

	
[74]




	
Oxidative stress

	
ApoD overexpression decreased lipid peroxidation.

	
[8]




	
ApoD-KO

	
Oxidative stress

	
Lack of ApoD increased lipid peroxidation in the brain, increased lipofuscin in the aging brain.

	
[8,125]




	
HApoD-Tsg/ApoD-KO- APP/PS1

	
Alzheimer

	
Without ApoD: BACE1 level and plaque load increased.

With ApoD overexpression: BACE1 level and plaque load decreased.

	
[100]




	
ApoD overexpression in SR-BI/ApoE dKO

	
Atherosclerotic coronary artery disease

	
ApoD overexpression reduced myocardial infarction size.

	
[106]




	
ApoD overexpression (Hepatic)

	
Obesity, LPS

	
lipid mediators are modulated, inflammation and osteopontin are decreased with ApoD overexpression.

	
[40]




	
Drosophila

	
Human ApoD, Nlaz, or Glaz overexpression

	
Oxidative stress

	
Overexpression of HApoD, Nlaz, or Glaz increased lifespan, survivability upon OS, decreased LPO observed in aging.

	
[54,108,110]




	
Glial frataxin deficient coexpressing Glaz

	
Co-expression of Glaz in frataxin-deficient flies increases lifespan and survivability upon hyperoxia, restores aconitase activity.

	
[111]




	
Nlaz or Glaz mutant

	
Lack of Nlaz or Glaz decreased lifespan, survival upon OS, increases LPO.

	
[54,107]




	
Arabidopsis Thalia

	
AtTIL overexpression/AtTIL-KO

	
Oxidative stress

	
AtTIL increases OS resistance.

	
[114]




	
LNCP-null expressing HApoD

	
LCNP-KO with HApoD-expression decreases lipid peroxidation upon PQ treatment and have improved drought tolerance.

	
[115]




	
Ex vivo/in vitro

	
Human NPA fibroblast

	
Niemann–Pick disease Type A

	
Exogenous ApoD prevents lysosomal pH alkalinization, decreases lipid peroxidation and improves cell survival.

	
[64]




	
HT-29 colorectal cancer cells

	
Colorectal cancer

	
Exogenous addition of ApoD to HT-29 cells promoted apoptosis upon paraquat-induced OS.

	
[9]




	
ApoD-KO and WT astrocytes/neurons

	
Oxidative stress

	
ApoD from astrocytes decreases OS, increases survivability, protects lysosomes from alkalinization.

	
[55,60,121]




	
Primary cultured rat myocardiocytes

	
ApoD protect primary cultured rat cardiomyocytes from hypoxia/reoxygenation injury.

	
[106]




	
Rat hippocampal culture slices

	
ApoD decreased F2-isoprostane and 7-ketocholesterol.

	
[71]




	
BmN cells

	
BmApoD1 decreased H2O2 OS and Actinomycin D-induced apoptosis.

	
[26]
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