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Abstract

Macular degeneration is a progressive, bilateral eye disorder that damages the macula of the
human eye. The most common form of macular degeneration is age-related macular degeneration
(AMD), which is the leading cause of irreversible blindness in people older than 50 years in
developed countries. Autosomal dominant Stargardt disease-3 (STGD3) is an inherited macular
dystrophy that has clinical features similar to dry AMD, but occurs at a much earlier age. It is
caused by a mutation in the elongation of very-long-chain fatty acids-like 4 (ELOVL4) gene,
which is responsible for encoding the elongase enzyme that converts shorter chain fatty acids into
C,g—C3g very long-chain polyunsaturated fatty acids (VLCPUFAs, total number of carbons >24).
Diets rich in long-chain polyunsaturated fatty acids (LCPUFAS) have inverse associations with the
progression of AMD and STGD3, and a deficiency in retinal LCPUFAs and VLCPUFASs has been
detected in AMD retinas and STGD3 animal models. This article systematically summarizes the
roles of LCPUFAs and VLCPUFAs in AMD and STGD3, and discusses future research
directions.
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The retina is the inner layer of the eyeball located between the choroid and the vitreous. In
the clinical realm, the macula corresponds to an area of the posterior retina 5-6 mm in
diameter, centered on the fovea and lying within the major vascular arcades [1]. The macula
is responsible for high-resolution visual acuity and color vision, and it is divided
anatomically into the foveola, fovea, parafoveal area and perifoveal regions (Figure 1). The
fovea has a horizontal diameter of approximately 1.5 mm and contains the highest
concentration of cones within the retina. At the margin of the fovea, the retina is relatively
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thicker (0.55 mm) because of the multiple layers of ganglion cell nuclei present. The foveola
is the 0.35 mm region at the bottom of the gradually sloped foveal depression. The annular
zone surrounding the fovea can be divided into an inner parafoveal area (0.5 mm), and an
outer perifoveal area (1.5 mm) [1]. The retinal pigment epithelium (RPE) is a monolayer of
cells, just distal to the photoreceptor layer of the retina that performs functions essential to
the health of the retina, including regeneration of visual pigment chromophores,
phagocytosis of shed rod and cone outer segments, and maintenance of the blood—ocular
barrier.

Macular degeneration is a progressive and bilateral eye disorder that damages the macula.
Initial symptoms include an increasing need for bright light, a decrease in the intensity or
brightness of colors, a gradual increase in the haziness of overall vision and a blurred or
blind spot in the center of the field of vision. The most common type of macular
degeneration is age-related macular degeneration (AMD), which is the leading cause of
irreversible blindness in people older than 50 years in developed countries [2]. There are two
forms of AMD known as dry and wet. In its early stage, dry macular degeneration (non-
neovascular) is diagnosed when yellowish spots known as drusen consisting of oxidized
lipids, proteins and inflammatory debris begin to accumulate in and around the macula
(Figure 2). In advanced dry AMD, sharply demarcated areas of retina and RPE become
atrophic, causing a condition known as geographic atrophy. With wet macular degeneration
(neovascular), new blood vessels grow beneath the retina, which leak blood and fluid
(Figure 2) causing permanent damage to light-sensitive retinal cells. These cells eventually
die off creating blind spots in central vision. AMD is becoming more prevalent as the
population ages, with nearly 30% of Americans over the age of 75 having at least early signs
of AMD, and 7% having the late-stage disease [3,4]. The latter number is expected to triple
in the next 30-40 years with the increase in the aging population [4].

Age-related macular degeneration is a complex multifactorial disease which is attributable to
aging, race, pigmentation, iris color, family history, macular degeneration-related
susceptibility genes, hypertension, drusen, cardiovascular status, high fat intake, oxidative
stress, exposure to sunlight, inflammation and smoking. Treatment options for AMD remain
limited because of its complex etiology and pathogenesis. Furthermore, the late onset of
AMD makes it challenging to study. This is why considerable research has focused on early-
onset inherited macular dystrophies that resemble AMD. Autosomal dominant Stargardt
disease-3 (STGD3), which typically starts in the teenage years, is caused by a mutation in
the ELOVL4 gene, responsible for elongating long-chain polyunsaturated fatty acids
(LCPUFAS) to Cyg—Cag very-long-chain PUFAs (VLCPUFAs, total number of carbons >24)
[5]. STGD3 is not as common as AMD, but has similar clinical features that are also
characteristic of AMD, including progressive pathology, loss of central vision, atrophy of
the RPE, and accumulation of lipofuscin [6]. Thus, investigation of STGD3 has the potential
to provide insight into the etiology and pathogenesis of AMD [7]. STGD3 has been divided
into 3 phenotypic grades based on the severity of the maculopathy (Table 1), and
representative fundus photographs show a varied presentation including macular atrophic
flecks, butterfly-pattern dystrophy and bull’s-eye maculopathy (Figure 3) [8].
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Fatty acids (FAs) are not only a source of energy but are also essential to cell physiological
functions which include modulation of cellular metabolism, signal transduction, cell growth
and differentiation and membrane lipid composition. The abundance of FAs in the retina,
especially in retinal photoreceptor outer segment disc membranes, indicates their importance
in retinal function and health [9]. Many clinical and epidemiological studies have
demonstrated that the intake of LCPUFAs such as docosahexaenoic acid (DHA),
eicosapentaenoic acid (EPA) or fish (a major source of both DHA and EPA) has a protective
effect against the progression of AMD. Mouse model and human clinical studies indicate
that a deficiency of VLCPUFAs in the retina is likely to be a key factor in the macular
pathology seen in STGD3 [10,11], but relatively few studies have investigated the role of
VLCPUFA:s in relation to AMD. In this article, we summarize the roles and possible
pathogenic mechanisms of LCPUFAs (DHA, EPA and arachidonicacid [AA]), VLCPUFAs
and their related proteins and metabolites in macular degenerations and dystrophies such as
AMD and STGDs3.

The role of LC- & VLC-PUFASs in macular degeneration

The role of LCPUFASs in macular degeneration

The role of the major -3 LCPUFAs (DHA & EPA) in macular degeneration—In
human retina, 26 long-chain fatty acids (LCFAS) have been identified, including »-3 and
-6 saturated, monounsaturated and polyunsaturated FAs (Figure 4 & Table 2). DHA, the
most abundant w-3 LCPUFA in retina, can either be accumulated through diet or converted
from linolenic acid (Figures 5 & 6). The concentration of EPA in the retina is relatively low,
but it attracts considerable interest, due to the fact that it is one of the major w-3 LCPUFAS
in fish besides DHA, and it is a major precursor for VLCPUFAs.

There are many epidemiology studies examining the relationship between dietary intake of
DHA, EPA or fish and prevalence of AMD, and most studies indicate an inverse association
between fish/ DHA/EPA intake and risk of AMD. Various 5-10 year epidemiological studies
have demonstrated that intake of fish (fried, boiled or baked) corresponded with decreased
odds of AMD progression including early [12-16], intermediate [12,16] and advanced
[13,15,17-20] stages [21,22]. A comparison of fish intake frequency (4 servings/week, 3
servings/week, 2 servings/week, 1 serving/week, 3 servings/month or 1 serving/month)
demonstrated that the higher the fish intake frequency, the lower the risk of AMD
progression. This association was observed when fish intake frequency was >1 serving/
week. An inverse association between intake of DHA/EPA and AMD progression was also
observed [19-21,23]. Studies with different intake amounts of DHA and EPA (1, 0.35, 0.06
g/day, =64.0 or =42.3 mg/day) showed that a higher intake of DHA or EPA correlates with a
decreased risk of AMD compared with a lower intake. However, most of the above
associations for fish/DHA/EPA did not persist among individuals consuming high dietary
levels of linoleic acid (=5.6 g/day) [12,14,16,21,22]. In fact, a positive association between
intake of LA and incidence of AMD was observed [21,22]. Based on the results of these
epidemiology studies, the National Eye Institute added 1000 mg of fish oil rich in EPA and
DHA in the ongoing Age-Related Eye Disease Study-2 (AREDS?2) randomized, placebo-
controlled clinical trial [24,201] whose results will be released in 2013.

Clin Lipidol. Author manuscript; available in PMC 2014 October 14.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Liuetal.

Page 4

On the contrary, several other studies have demonstrated different results relative to those
cited above. While the intake of total ®-3 LCPUFAs demonstrates a strong relationship with
protection against NV-AMD, one study revealed a lack of such a relationship between NV-
AMD and dietary pure DHA [20]. No significant association between dietary -3 LCPUFAS
(including DHA, EPA and fish intake) and the progression of early/late age-related
maculopathy (ARM) or AMD was observed, which may be due to a lack in variety of
participants or a lower fish intake level than in other studies [25,26]. Furthermore, red blood
cell (RBC) levels of AA and DHA were significantly higher in AMD patients than in
controls [27].

Besides epidemiological and clinical trials, there are some studies of ®-3 LCPUFA functions
in macular degeneration animal models. An EPA-rich diet resulted in significant suppression
of choroidal neovascularization (CNV) and CNV-related inflammatory molecules in vivo
and in vitro [28], which suggests that frequent consumption of ®-3 LCPUFAS may prevent
CNV and lower the risk of blindness caused by AMD. When chemokine receptor mutation
(Cx3crl)™~ mice — a model that develops AMD-like retinal lesions — consume a diet high in
-3 LCPUFAs, there was a slower progression of retinal lesions when compared with those
consuming a low level diet. Some mice given high levels of ©-3 PUFAs even demonstrated
lesion reversion [29]. DHA supplementation increased the concentration of DHA in serum
and retina and partially counteracted kainic acid-induced retinal damage in rat retina [30].

Although most epidemiological and animal studies have concluded that high levels of DHA/
fish supplementation can slow the progression of macular degeneration, it is still ambiguous
how DHA produces this effect since there are many factors involved, especially in AMD.
Among these, oxidative stress in the retina is one of the most important pathogenic factors
because it can cause a cytotoxic chain reaction. After oxidative stress takes place,
inflammation occurs, which is postulated to be involved in AMD. DHA possesses anti-
inflammatory properties, which may act through antiinflammatory pathways in the periphery
[31]. Under normal conditions, DHA is retained and protected from peroxidation, but during
retinal degeneration, DHA peroxidation takes place along with perturbations of
photoreceptor function, damage and cell death [32,33]. During the oxygenation pathways,
DHA can be oxidatively synthesized into 10,17S-docosatriene (neuroprotectin D1 [NPD1])
and the resolvin D (RvD) series, including RvD1-6 (Figure 7) [33-35]. NPD1 displays
potent anti-inflammatory bioactivity since it turns off several proinflammatory and
proapoptotic genes [36—38], downregulates A2E-mediated apoptosis, restores the integrity
of RPE and its relationship with the photoreceptor [39,40], counteracts oxidative stress-
triggered apoptotic DNA damage in RPE [39,40], protects neural cells from oxidative stress
and may be crucial to cell survival [36,38]. RvD1-6, another kind of oxidative metabolite
besides NPD1, is derived from DHA (Figure 7) and has inflammatory activity [41,42]. So,
not only DHA but also its metabolites, NPD1 and RvD1-6, can protect against the oxidation
and inflammation of neural cells. Our laboratory has compared the DHA in AMD and
normal patients, and found a decreased level of DHA in AMD patient retinas compared with
age-related normal patients [10], which may be attributed to the anti-inflammatory processes
as stated above. Consistently, loss of DHA from rat photoreceptors is found in constant
light-induced retinal degeneration [43]. Crabb et al. demonstrated that carboxyethyl pyrrole
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(CEP) protein adducts, the oxidative protein modifications generated uniquely from the
docosahexaenoate-containing lipids such as DHA [44], are more abundant in AMD retinal
tissue than in the normal retina [45]. The increase of CEP protein adducts in AMD retinas
indicates that the increased oxidation of DHA that likely occurs in AMD eyes may lead to a
depletion of DHA, which is consistent with our results. The oxidization pathway of EPA is
shown in Figure 8 [46,47]. EPA can be metabolized into resolvin E1 (RvE1) which can
inhibit inflammation. SanGiovanni et al. recently summarized comprehensive information
on the putative actions of ®-3 LCPUFAs on different causes of AMD [48]. Besides the
above mentioned enzymic metabolites, there are also nonenzymic products such as 4-
hydroxyhexenal (4-HHE), neuroprostanes, neurofurans and neuroketals from DHA and F3
isoprostanes from EPA, which are accurate markers of lipid peroxidation in both animal and
human models of oxidative stress [49]. Most of the above products produce oxidative stress
and may contribute to cell injury and neurodegeneration. For example, 4-HHE induces
cyotoxicity in diverse cell types including rat primary neurons, YPEN-1 prostatic
endothelial cells, lens epithelial cells and U937 lymphocytes [50,51]. However, it has also
been proved that 4-HHE can prevent tertbutyl hydroperoxide-induced cytotoxicity [52].
Electrophilic cyclopentenone neuroprostanes are potent inhibitors of NF-xB signaling and
may contribute to the anti-inflammatory actions of DHA [53].

Dominantly inherited Stargardt’s disease is a juvenile-onset analog of AMD that often leads
to legal blindness in teens and young adults. There are three independent mutations causing
STGD3 which were identified on exon six of the ELOVL4 gene. The ELOVLA4 protein is
involved in FA elongation for a series of Cyg— C3g PUFASs [54], and reduced retinal
VLCPUFAs have found in STGD3 mouse retina [11]. Although EPA is thought to be a
preferred substrate for VLCPUFA synthesis [55], DHA may also be a precursor for »-3
VLCPUFAs [56]. Thus, DHA supplementation has been suggested as a potential treatment
for STGD3. There is one published clinical case report in which a 15-year-old girl with
STGD3 took DHA supplementation at 20 mg/kg body weight per day for 3 months
(April-2001 to June-2001) and demonstrated a significant increase in plasma DHA, better
vision according to a visual function questionnaire, and improvement of amplitudes from the
foveal and parafoveal regions on her multifocal electroretinogram. This suggests that the
severity of STGD3 might be alleviated by dietary supplementation of DHA [57,58]. The
National Eye Institute and John A. Moran Eye Center have initiated clinical trials of DHA or
fish oil supplementation in Stargardt-3 patients as a treatment to slow down disease
progression [202,203]. On the other hand, Anderson et al. found no evidence that high levels
of DHA in retinal membranes protected photoreceptor cells expressing mutant ELOVL4
[59]. They concluded that DHA is not beneficial for the treatment of retinal degeneration in
this animal model of human STGD3 macular dystrophy [59]. The animal model used in
Anderson’s paper was produced by a cross of TG2 and Fat-1 mice. Since the Fat-1 protein
can convert -6 to m-3 FAs [60], retinal w-3 LCPUFAs still accumulated in this mouse
model despite an m-3 FA deficient diet. Since EPA is an even better substrate for VLCPUFA
synthesis, future studies on STGD3 need to consider fish oils that provide a balanced
mixture of DHA and EPA. This is based on results from our laboratory in which the lipids of
adipose tissue and RBCs from 18 Utah STGD3 patients with a two base-pair deletion in
ELOVL4 were compared with 26 normal family members. We demonstrated that EPA in
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adipose tissue, a measure of very long-term LCPUFA intake (1-2 years) and EPA/DHA
levels in RBC membranes, a measure of medium-term LCPUFA intake (several months)
were inversely related to phenotypic severity. Thus, it is evident that dietary factors can
influence the severity of an inherited human macular dystrophy [8]. More recently, we also
found that DHA concentrations were significantly decreased in TG2 mouse retinas
compared with the C57BL/6 control [61]. This may be due to the death of photoreceptor
cells, which have the highest concentration of DHA in retina, or because C-terminally
truncated ELOVL4 (ELOVL4AC) is able to form a dysfunctional elongase complex by
interacting strongly with other elongases (ELOVL1-7) similar to wild-type (WT) ELOVL4
[62].

The role of major w-6 LCPUFAs in macular degeneration—Arachidonic acid
(20:4n-6) is the most abundant -6 LCPUFA in retina (Figure 4). Similar to DHA, AA can
also be either converted from shorter chain m-6 FAs or accumulated from diet (Figures 5 &
6). Relative to RPE, the amount of AA in rod outer segments (ROS) was 4-16 times lower,
and the highest concentrations of AA in human retina are found in phosphatidylcholine (PC)
and phosphatidylethanolamine (PE). AA values in RBC lipids were significantly higher in
AMD patients than in controls [27], and dietary AA was directly associated with NV-AMD
prevalence [19,20]. However, AA levels were significantly lower in the plasma
phospholipids of patients with Usher’s syndrome, an inherited autosomal recessive disorder
characterized by deafness and visual cell degeneration similar to retinitis pigmentosa [63].

Arachidonic acid serves as both an intra- and intercellular messenger, playing a role in
synaptic plasticity and long-term potentiation in the CNS through its ability to diffuse in and
out of cells [64]. On the one hand, AA can promote neurite elongation at a low
concentration [65], protect against neuronal cell death [66] and depress synaptic
transmission in calcium channel currents [67,68]. On the other hand, AA can induce lipid
peroxidation, neuronal degeneration [65,69] and excitotoxicity by raising intracellular
calcium concentrations [70,71]. Thus, the AA pathway may both promote and protect
against neuronal degeneration [72]. A balance between protective and toxic properties of
AA pathways may exist; however, the specific conditions that favor protection over toxicity
remain poorly understood.

Similar to DHA and EPA, AA can be liberated from membranes by activation of
phospholipase A (PLA). Light exposure activates PLAs and induces the release of AA and
its metabolites in the retina [73], which have been found to induce apoptosis in retina and
other tissues [74,75]. C20 LCPUFAs, including AA and EPA, can be oxidized into
eicosanoids. In general, the n-6 eicosanoids are proinflammatory while -3 eicosanoids are
much less so. AA’s eicosanoids are biologically active lipids that can be divided into three
groups: prostaglandins (PG), thromboxanes (TX) and leukotrienes (LT) (Figure 9). Most of
these metabolites, such as PGE2, LTB4, PGG/H, LTA4, LTB4, LTC4, LTD4 and LTE4, are
believed to act as inflammatory mediators [29,39,76-81], but several of these metabolites
such as PGJ2, PGD2 and PGEL1 are believed to be anti-inflammatory derivatives [82,83].
Lipoxygenases (LOX) and cyclooxygenases (COX), inducible enzymes that utilize both -3
and 6 LCPUFAs, convert LCPUFAS to a number of angiogenic and proinflammatory
eicosanoids [48,84]. Similar to DHA and EPA, AA can produce non-enzymic peroxidation
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including 4-hydroxy-nonenal (4-HNE), acrolein, malondiadehyde, isoprostanes, isoketals
and isofurans. These products, especially 4-HNE, also produce oxidative stress and may
contribute to cell injury and neurodegeneration [58,85]. In short, AA and most of its
metabolites are related with inflammation, nerve cell apoptosis and oxidation, all of which
are instigators of macular degeneration. Our laboratory has reported that AMD patient
retinas have significantly higher w-6/w-3 ratios in LCPUFAs (mainly AA/DHA) compared
with normal patient retinas, indicating that an imbalance of the w-6/w-3 LCPUFA ratio may
be related to AMD disease risk and pathogenesis [10].

The role of VLCPUFASs in macular degeneration

VLCPUFASs were first discovered in the brain of a patient by Poulos et al. around 25 years
ago [86]. One year later, Aveldano et al. detected VLCPUFAs in the whole bovine retina
and ROS PC [87] and they demonstrated that, similar to DHA, the concentration of total
VLCPUFA:s is higher in ROS (13.1 mol % in PC) than in whole retina (2.2 mol % in PC).
Until recently, however, VLCPUFAs have generally been overlooked because they are
unusually difficult to analyze due to their great length and minor abundance. They exhibit a
unique hybrid structure, combining a proximal end with a typical saturated FA character and
a distal end more characteristic of common PUFAs, which makes VLCPUFAs of particular
interest and importance [54]. VLCPUFAs occur in low amounts in a restricted number of
organs such as retina, testes, thymus and brain [5,86-88], and their saturated analogs are
essential parts of the skin moisture barrier [89-91].

The role of VLCPUFAs & ELOVL4 in STGD3

ELOVLA is a fatty acyl elongase that participates in the biosynthesis of Cog—Csg VLCFAS,
including VLCSFAs and VLCPUFAs, which are relatively abundant in skin (saturated
chains), retina, brain and testes (polyunsaturated chains) of mammals, respectively. In cells
transfected with mouse Elovl4, Anderson’s laboratory proved that 24:0 was elongated to
28:0 and 30:0, while 20:5n3 and 22:5n3 were elongated to a series of Cog—Czg PUFAS [54].
Then, they demonstrated that the ELOVL4 protein is not involved in DHA biosynthesis
from the shorter chain FA precursors 18:3n3 and 22:5n3 in the cone photoreceptor derived
cell line 661W [55], whereas Monroig et al. proposed that zebrafish Elovl4b may be
involved in the biosynthesis of DHA as it has the capacity to elongate 22:5n-3 to 24:5n-3
which can subsequently be desaturated and chain shortened to DHA in peroxisomes [92].
The expression of Elovl4 in mouse retina begins at E15 during embryogenesis and persists
in postnatal stages. However, Elovl4 is predominantly expressed in the retinal ganglion cells
at P1-P3, followed by predominant expression in the outer nuclear layer at P7, with its final
expression enriched in the inner segments of photoreceptors [93].

Zhang and Edwards were the first to identify ELOVL4 as the gene responsible for an
autosomal dominant form of Stargardt disease known as STGD3 [94,95]. Genetic studies
localized the STGD3 disease locus to a small region on the short arm of human chromosome
6 and application of a positional candidate gene approach identified protein truncating
mutations in ELOVLA4 in patients with STGD3 [6]. Mutational analysis of the ELOVL4 gene
in STGD3 patients revealed that a 5-bp deletion on exon 6 [94-96], two 1-bp deletions
(789del T and 794delT) [97], and a 270 stop mutation [98] were identified in large autosomal
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dominant Stargardt-like macular dystrophy pedigrees from the USA and The Netherlands.
Together, all of the above clinical studies confirmed the role of the ELOVL4 gene in STGD3
patients. Nevertheless, it has been suggested that other unknown genes may be responsible
for the STGD3-like phenotype in a Chinese pedigree [99].

The effectiveness of a specific gene mutation to cause disease is often evaluated in an
animal model. The mouse is one of the more popular animal model choices due to
advantages such as having 90% overall similarity to the human genome, relatively short
lifespan and inexpensive maintenance [6], but a common criticism of mouse model systems
with respect to human macular degeneration is that the mouse retina does not have a macula.
However, human macular disease affects the entire retina and not just the macular region, so
the incorporation of mutations or known human macular disease genes into mice often
results in retinal diseases, making the mouse model system useful [100,101]. Karan et al.
produced transgenic mice, including the TG1, TG2 and TG3 lines in which different levels
(from low to high) of mutant forms of human ELOVL4 were expressed [102]. These
transgenic mice possessed the hallmarks of macular degeneration: accumulation of
lipofuscin in the RPE, development of abnormal electrophysiology and atrophy of the RPE
and photoreceptors, while there is no evidence that transgenic mice with wild type human
ELOVL4 expression exhibit photoreceptor degeneration. TG1, TG2 and TG3 overexpressed
human ELOVLA4 at levels at around 0.6-, 3.3- and 5.3-fold relative to endogenous mouse
ELOVLA4. The extent of photoreceptor cell degeneration is greater in the mice with higher
expression of mutant ELOVL4 and TG1, TG2 and TG3 lost 50% of photoreceptors at
around 18 months, 16 weeks and 6 weeks, respectively. Before significant photoreceptor cell
death, the levels of lipofuscin such as A2E and related compounds in the RPE of mutant
ELOVLA4 transgenic mice retinas were increased. The rate of electroretinogram (ERG)
response decrease is faster in mice with higher expression of mutant ELOVL4. TG1 had
maximum b-wave amplitudes toward the lower end of the normal range at 22 weeks of age
and demonstrated a decline to about one-third the normal amplitude by 84 weeks (1.5 years)
of age. TG2 mice had a more rapid decline so that responses were not detectable by 84
weeks. TG3 mice demonstrated greatly reduced responses at 22 weeks and no detectable
responses by 35 weeks. Thus, the ELOVL4 transgenic mice have a close phenotype to
human STGD3 and AMD and represent an appropriate mouse model for STGD3 and dry
AMD [102]. Furthermore, the progressive decline in retinal function of the ELOVLA4-
transgenic mice makes them an attractive model for tests of therapeutic interventions.

In a heterozygous knock-in mouse model carrying the 5-bp deletion of Elovl4 (E_mut*/")
[103], E_mut*/~ mouse retinas showed the presence of both WT and mutant ELOVL4
proteins, ultrastructural abnormalities of cone photoreceptor as early as 2 months of age,
accumulation of lipofuscin in RPE, subretinal deposits at later ages and shortening of ROS
at approximately 10 months of age. Levels of the FAs 20:5n-3 (P = 0.027), 22:5n-3 (P =
0.040) and 24:6n-3 (P = 0.005) were lower in the retinas of E_mut*/~ mice than control
mice. Kedzierski’s laboratory generated heterozygous and homozygous knockin mice which
carried a human STGD3 mutation with a pathogenic 5-bp deletion and two point mutations
in exon 6 [89]. The heterozygous Stgd3 mice expressed equal amounts of both WT and
mutant ELOVL4 mRNAs in retina, and they demonstrated no significant changes in retinal
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morphology. They did, however, accumulate lipofuscin and had reduced visual function,
which are early retinal features of the human STGD3 pathology [89]. In this heterozygous
Stgd3 knock-in mouse carrying a human pathogenic mutation, two potential mechanisms are
involved: truncated protein-induced cellular stress and lipid product deficiency. Further
analysis of the mutant retina revealed no detectable cellular stress, but demonstrated
selective deficiency of C3o—Casg acyl phosphatidylcholines which contain residues of
polyunsaturated Cog— C3g fatty acids, indicating that selective deficiency of C3,—C3g acyl
phosphatidyl could lead to the human STGD3 pathology [11]. Since retinal degeneration is
the only known phenotype in STGD3, reduced VLCPUFAs in STGD3 retinas may be the
cause of photoreceptor cell death [54].

However, their homozygous knock-in Stgd3 mice, which expressed a normal content of
mutated Elovl4 mRNA in skin, became dehydrated and died by 6-12 h postpartum. These
homozygous STGD3 mice showed a complete absence of acylceramides containing
saturated VLCFAs in the epidermis and a significant decrease of VLCPUFAs and protein in
the retina, consistent with a role of Elovl4 in the synthesis of the unique very long chain
C3p—Cyg FAs present in skin acylceramides and retina PCs [11,89]. Likewise, we have
detected a significant decrease of VLCPUFAs in TG2 and conditional Elovl4-knockout
mouse retinas [61]. The studies of Li et al. and Uchida et al. showed that depletion of
ceramides with VLCFAs causes defective skin permeability barrier function and neonatal
lethality in Elovl4-deficient mice. The absence of Elovl4 results in depletion of ceramides
with w-hydroxy very long chain FAs (C,, =C5g) in the epidermis and accumulation of
ceramides with non w-hydroxy FAs of Cyg, implicating Cog FAS as possible substrates of
Elovl4 [104,105]. These data demonstrate that ELOVL4 is required for VLCFA synthesis
and is essential for the water permeability barrier function of skin.

Similarly, Ayyagari’s laboratory generated a knock-in mouse model with the 5-bp deletion
in the Elovl4 gene [91]. The heterozygous (Elovl4*/9€!y mice exhibit progressive
photoreceptor degeneration, while homozygous mice (Elovl4de!/del) display scaly and
wrinkled skin, have severely compromised epidermal permeability barrier function and die
within a few hours after birth. Their results also proved that loss of functional ELOVL4
depletes VLCFAs and the unique m-O-acylceramides in skin, which leads to neonatal death.
Recently, Kedzierski’s laboratory generated transgenic mice (Tg/homozygous Stgd3) with
reinstatement of both epidermal Elovl4 expression and VLCFAs synthesis, so that they can
survive at least one month. In the meantime, Elovl4 expression and C,g—C3g FA synthesis
were still lacking in retina. Thus, this Tg/homozygous Stgd3 mouse will facilitate future
studies to define the roles of C,g—C3g FAS in the Elovl4 expressing tissues such as retina
[106].

Raz-Prag et al. generated heterozygous knock-out Elovl4*/~ mice and littermate WT control
mice of the same age, which demonstrated that although the level of Elovi4 mRNA was
reduced in Elovl4*/~ retinas, only minimal morphologic abnormalities were found and the
retinal function (ERG) was essentially normal in Elovl4*/~ retinas compared with the WT
control retinas. Systemic FA profiles of Elovl4*/~ mice were unremarkable, although the
concentrations of several FAs were significantly lower in Elovl4*/~ retinas, particularly the
monounsaturated FAs [107]. This analysis provides the first in vivo evidence that Elovl4
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haploinsufficiency is not the underlying disease mechanism in STGD3. Consistently, Elovl4
haploinsufficiency does not induce early onset retinal degeneration in mice [108], although,
disease manifestations worsen as the load of mutant protein increases, consistent with a
dominant negative mechanism [102]. These results indicate that a decreased ratio of mutant
to normal proteins could be a useful therapeutic strategy. This approach was successfully
applied to reduce retinal degeneration in P23H rhodopsin transgenic rats using ribozyme
knockdown of mutant RNA [109]. Similar to above homozygous knock-in Elovli4 mouse,
the Elovl4 homozygous knockout pups (Elovl4 gene [exon 2, 5-bp] deletion) generated by
Raz-Prag et al. were also nonviable [107].

The mechanism underlying the role of ELOVL4 in STGD3 has been studied. Zhang’s
laboratory expressed WT and mutant ELOVLA4 genes as enhanced green fluorescent protein
(EGFP) fusion proteins in transient transfection in NIH-3T3 and HEK293 cells
[89,100,101]. The wtELOVL4/EGFP fusion protein localized preferentially to the
endoplasmic reticulum (ER) where FAs are synthesized, while the mtELOVL4/EGFP fusion
protein does not localize in the ER but rather appears to be mislocalized to other
compartments in an aggregated pattern within the cytoplasm. They proved that the ELOVL4
mutation can alter protein localization, enhance aggregate formation and induce cellular
stress. They also proposed that “ inactivation’ of the WT ELOVLA4 protein through
sequestration to a non- ER compartment by ELOVL4 mutants may play a role in cellular
dysfunction. Ambasudhan et al. also demonstrated that Elovl4 is an ER-resident protein and
that the localization of two distinct mutations (a 5-bp deletion and a complex mutation from
the same region in exon 6 of this gene) was dramatically changed from an ER to a Golgi
distribution [110]. In ER, all identified ELOVL4 mutations produce ELOVLA4AC that lack a
motif for protein retention. Grayson et al. demonstrated that disease-linked ELOVL4AC
exert a dominant negative effect on wild type ELOVL4, altering its subcellular localization
[111]. All of the above observations suggest that the consequences of defective protein
trafficking could underlie the molecular mechanism associated with macular degeneration in
patients with AMD/STGD3. The apoptosis induced by a mutant ELOVLA4 fusion protein
may be the mechanism whereby photoreceptor cells degenerate in STGD3.

In summary, the above studies indicate that VLCPUFAs are necessary for normal function
of the retina, and defective ELOVL4 protein trafficking and/or altered VLCPUFASs
elongation underlies the pathology associated with STGD3. Determination of the role of
VLCPUFA:s in the retina, discerning the implications of abnormal trafficking of mutant
ELOVL4 and evaluation of the depleted VLCPUFA content in the pathology of STGD3,
will provide valuable insight in understanding the retinal structure, function and pathology
underlying STGD3 and may lead to a better understanding of the process of macular disease
in general. Our laboratory has detected deficiency of VLCPUFAS in TG2 mouse retinas
[61], which may be due to the ELOVL4 mutation.

The role of VLCPUFAs in AMD

As described above, fish oil and supplementation of DHA/EPA are associated with lower
incidence of AMD. Since fish oil components are precursors of VLCPUFAs, it is
hypothesized that ELOVLA4, the elongase of VLCPUFAs, may be related to AMD. Conley et
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al. investigated 21 polymorphisms within 15 genes from ARM Caucasian populations, and
found a Met299Val variant in the ELOVLA4 gene, as well as a Tyr402His variant of exon 9 in
the complement factor H (CFH) gene were significantly associated with ARM in case—
control allele (p <0.001), case— control genotype (p <0.001) and case—control family (p <
0.0001) tests [112]. These results support a potential role for multiple pathways in the
etiology of ARM, including pathways involved with FA biosynthesis and the complement
system. However, Seitsonen et al. investigated the association between AMD and the CFH,
ELOVL4, hemicentin-1 (HMCN1) genes in AMD patients from the Finnish population
[113]. They found that there is no association between the Met299Val polymorphism in the
ELOVL4 gene and GIn5345Arg variant in the HMCN1 gene with AMD, while it confirmed
that the Tyr402His polymorphism of the CFH gene is related to AMD. Furthermore, the
association of NV-AMD and ELOVL4 was not found by the DeAngelis et al. [114].
Similarly, the association between the M299V variant in the ELOVL4 gene and exudative
AMD was also not found in a Chinese population [115].

Our laboratory has studied VLCPUFAs in human retina and RPE/choroid (Figure 10 &
Table 3) [10]. The latter contained much lower concentrations of VLCPUFAs, which may
be due to the fact that RPE cells phagocytize approximately 10% of the photoreceptor outer
segment material daily [115]. Unlike LCPUFAs such as DHA, AA, EPA and their
precursors, VLC-PUFAs are not present in a normal human diet [116], but must be
synthesized from precursors such as 22:4n-6 and 22:5n-3 via a biochemical pathway (Figure
6) featuring the enzymes of the elongation of very LCFAs family along with 3-oxidases and
desaturases [10,54,55,117,118]. We also have compared the DHA and VLCPUFA
concentrations in retinas from AMD and age-matched normal donors and found that both
DHA and VLCPUFA levels in AMD retina were significantly lower than in normal donors
[10], which is consistent with macular degeneration mouse (TG2) retina [61] and STGD3
mouse retina [11]. This suggests that abnormalities in VLCPUFA levels related to dietary
intake of precursors and/or defects in metabolic enzymes may be involved in the
pathogenesis of AMD.

Conclusion

In this article, we systematically summarized the roles and possible mechanisms of
LCPUFAs and VLCPUFAs in AMD and STGD3. Many epidemiologic studies have
demonstrated an inverse association between diets high in -3 LCPUFAs such as DHA,
EPA and fish (DHA+EPA) and the risk of AMD, which may be explained to some extent by
their oxidative metabolisms (such as NPD1, RvD1-6 and RvE1) and their anti-inflammatory
activity. While AA, the major ®-6 LCPUFAs in retina, demonstrated protection against
neither AMD nor STGD3, it was directly associated with NV-AMD prevalence. This may
be attribitable to its potent proinflammatory metabolisms such as PGs, TXs and LTs.
Mutations of the ELOVL4 gene which elongates shorter FAs into VLCPUFAS causes
STGD3. A deficiency of retinal VLCPUFAs is found in STGD3 and AMD and is thought to
play a crucial role in its progression, but performance of definitive clinical and animal
studies to cure this condition through direct supplementation of VLCPUFAS remains
unfeasible, due to the lack of sufficient quantities of VLCPUFAs. Therefore, the role of
dietary alteration of retinal VLCPUFASs in AMD and STGD3 to halt or reverse disease
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progression remains unclear. Additional basic science and clinical studies should clarify this
question in the future.

Future perspective

For the study of the roles of LCPUFAs and VLCPUFAs in macular degenerations and
dystrophies, several aspects could be considered in the future.

In interventional studies of LCPUFAs in mouse models of STGD3 and in clinical studies of
humans with AMD and STGD3, the source should be fish oil with balanced levels of both
EPA and DHA because supplements with DHA only may not be efficient precursors for
VLCPUFA:s. If sufficient quantities of pure EPA become available, a direct comparison of
DHA versus EPA would be of interest.

Since VLCPUFAs are absent in a normal human diet, chemical synthesis of sufficient
quantities of relevant VLCPUFAs would be of great value for supplement studies.

Besides oral administration of FAs, intravitreal and subretinal injection into the eye may be
a better alternative of administration since it avoids intestinal absorption, the enteroheptic
cycle and the blood—ocular barrier, all of which can prevent the accumulation of FAs in
retina after oral administration.

Docosahexaenoic acid cannot be distinctly increased in mouse feeding studies, while rats
consuming a DHA rich diet can accumulate more retinal DHA relative to control rats [30].
Thus, the rat model with macular degeneration could be more proper for feeding studies.

A decreased ratio of mutant to normal ELOVLA4 protein may be a useful therapeutic strategy
for treating STGD3 disease. Increasing normal ELOVLA4 protein by delivering normal
ELOVL4 cDNA packaged as a proper vector through subretinal injection, or decreasing
mutant ELOVLA4 protein by ribozyme knockdown of mutant RNA, may be feasible and
attractive therapeutic strategies for the treatment of STGD3.

A deficiency of VLCPUFASs has been detected in mouse models of macular degeneration,
but it is unclear whether the deficiency or the degeneration happens first. Study of
LCPUFAs and VLCPUFAs in transgenic mice before retina degeneration begins, may
unravel this mystery and generate new insights to help improve the dietary treatment of
macular degenerations and dystrophies.
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Executive summary
Background

] Macula is anatomically divided into foveola, fovea, parafoveal area and
perifoveal area.

] Age-related macular degeneration (AMD), the most common type of macular
degeneration, can be further subdivided into dry and wet classifications.
Stargardt disease (STGD3), with similar clinical symptoms to AMD, is an
early onset, autosomal dominant macular degeneration.

The role of major ®-3 long-chain polyunsaturated fatty acid (docosahexaenoic acid
& eicosapentaenoic acid) in macular degeneration

] Most epidemiological and animal studies showed a inverse relationship
between dietary intake of docosahexaenoic acid (DHA), eicosapentaenoic
acid (EPA) or fish, and prevalence of AMD. Both an increase in dietary
intake and frequency of dietary intake resulted in a lowered risk of AMD
progression. DHA is detected at a lower concentration in AMD retina and
retinal pigment epithelium (RPE) compared with normal retina and RPE.

] The metabolites of DHA and EPA can explain the beneficial effects of ®-3
long-chain polyunsaturated fatty acid (LCPUFAS) to some extent.

] After one study demonstrated that the severity of STGD3 can be alleviated
by dietary supplementation of DHA, the National Eye Institute and John A.
Moran Eye Center have initiated clinical trials of DHA or fish oil
supplementation in STGD3 patients.

] DHA was lower in AMD retina and RPE compared with normal patient.
Consistently, TG2 mouse retinas contained lower DHA than control mouse
retinas.

The role of major @-6 LCPUFAs in macular degeneration

] Arachidonic acid (AA) and most of its metabolites are closely related with
inflammation, nerve cell apoptosis and oxidation, all of which are instigators
of macular degeneration.

The role of very-long-chain polyunsaturated fatty acids & ELOVL4 in STGD3

] ELOVLA is a fatty acyl elongase that participates in the biosynthesis of Cog—
Csg VLCFAs, both saturated and unsaturated. ELOVLA4 exists in restricted
organs such as retina, brain, testes and skin.

] STGD3 is caused by the mutation in the ELOVLA4 gene including 5-bp
deletion on exon 6, two 1-bp deletions (789delT and 794delT), and a 270
stop mutation.

] Many STGD3 mouse models with ELOVL4 gene mutations, such as TG1,
TG2, TG3 and heterozygous/homozygous knock-in/knockout mice, were
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produced. Very-long-chain polyunsaturated fatty acids (VLCPUFAS) are
deficient in STGD3 transgenic mouse retina, which indicates an important
role of VLCPUFAS in retinal function.

] The ELOVL4 mutation can cause the ELOVL4 protein to be mislocalized
from the endoplasmic reticulum where fatty acids are synthesized to other
compartments in an aggregated pattern with the cytoplasm, which may be the
mechanism of action of the ELOVL4 mutation in STGDS3.

The role of VLCPUFASs in AMD

] The correlation between the Met299Val variant in the ELOVL4 gene and
AMD needs further study.

= VLCPUFA:s are detected to be lower in concentration in the retina and RPE
of AMD patients compared with age-matched normal patients.

Future perspective

] Compared with pure DHA, fish oil or even pure EPA are better interventional
study alternatives for use in clinical studies of human and mouse models with
macular degeneration. The chemical synthesis of sufficient VLCPUFAS
would be of great value to supplement studies. Intravitreal and subretinal
injection can be better alternatives to oral administration.

] Developing a decreased ratio of mutant to normal ELOVL4 protein may be a
useful therapeutic strategy for the treatment of STGD3 disease.

Clin Lipidol. Author manuscript; available in PMC 2014 October 14.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

yduasnuel Joyny vd-HIN

Liuetal. Page 22

Figure 1. Clinical and correlated histopathologic views of the human macular region
The left-hand panels show fundus photographs of the (A) foveola (0.35 mm), (B) fovea (1.5

mm), (C) parafoveal area (0.5 mm) and (D) perifoveal region (1.5 mm). The right-hand
panel is a spectral-domain optical coherence tomography image showing the macular region
of a normal patient. The clinical and histopathologic views were kindly provided by James
Gilman (CRA, Project Administrator) of the John A Moran Eye Center Photography
Department, UT, USA.
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Figure 2. Clinical views of human macula from different age-related macular degeneration
stages

(A) The clinical view of normal patient macula. (B) The macula of a patient with dry AMD,
around which drusen have begun to accumulate. (C) The macula of a patient with wet AMD
in which blood vessels underneath the macula have leaked blood and fluid. (D) The SD-
OCT image of drusen. (E) The SD-OCT image of CNV.

AMD: Age-related macular degeneration; CNV: Choroidal neovascularization; SD-OCT:
Spectral-domain optical coherence tomography. The clinical views were kindly provided by
James Gilman (CRA, Project Administrator) of the John A Moran Eye Center Photography
Department, UT, USA.
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Figure 3. Clinical variability of autosomal dominant Stargardt macular dystrophy
Fundus photographs of selected STGD3 family members with phenotypic grades (Table 1),

including (A) grade 1 in the right eye, (B) grade 1 in the left eye, (C) grade 2 in the right
eye, (D) grade 2 in the left eye, (E) grade 3 in the right eye and (F) grade 3 in the left eye.
Reproduced with permission from [8]. © (2006) American Medical Association. All rights
reserved.
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Figure 4. Gas chromatography—mass spectrometry total ion chromatograms of long-chain fatty
acids in retina and retinal pigment epithelium/choroid

Mass spectrometry was performed under full scan mode (50-650 mau). (A & B) Long-chain
fatty acid chromatograms of typical human whole retina (A) and retinal pigment epithelium/
choroid (B), respectively.

(C & D) Amplified chromatograms for the purple square in (A & B), respectively. (E & F)
Amplified chromatograms for the green square in (A & B), respectively. Peak numbers 1-26
were identified according to standards and the NIST library, and these peaks’ data are shown
in Table 3. IS: Internal standard (capric acid).

Reproduced with permission from [10] © The American Society for Biochemistry and
Molecular Biology.
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Figure 5. Biosynthesis of long-chain and very-long-chain saturated fatty acids and some long-
chain polyunsaturated fatty acids in mammals

Pathways are based on published work by various research groups. Only biosynthesis of
FAs existing in the retina is shown. FA: Fatty acid.
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Figure 6. Biosynthesis of long-chain polyunsaturated fatty acids and very-long-chain

polyunsaturated fatty acids in mammals

Pathways are based on published work by various research groups. The enzymes for the n-3
long-chain polyunsaturated fatty acid pathway are the same for n-6 long-chain
polyunsaturated fatty acid synthesis. Enzymatic pathways for n-3 very-long-chain
polyunsaturated fatty acid (VLCPUFA) synthesis are better characterized than those for n-6
VLCPUFAs, and we have made the assumption that the same n-3 enzymes would be utilized

in n-6 VLCPUFA synthesis.
EFA: Essential fatty acid.

Reproduced with permission from [10] © The American Society for Biochemistry and

Molecular Biology.
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Figure 7. Enzymatically derived metabolites of docosahexaenoic acid metabolism
DHA: Docosahexaenoic acid; Rv: Resolvin.
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Figure 8. Enzymatically derived metabolites of eicosapentaenoic acid metabolism
EPA: Eicosapentaenoic acid; PLA: Phospholipase A; Rv: Resolvin.
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Figure 9. Enzymatically derived metabolites of arachidonic acid metabolism
AA-PL: Arachidonyl-phospholipid; HPETE: Hydroperoxyeicosatetraenoic; PG:

Prostaglandin; PLA: Phospholipase A; PLC: Phospholipase C; TX: Thromboxane.
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Figure 10. Selected ion monitor gas chromatography—mass spectrometry chromatograms of
Cy4—-C34 very-long-chain polyunsaturated fatty acids from human retina

IS: Internal standard (hentriacontanoic acid); TIC: Total ion chromatogram. Reproduced
with permission from [10] © The American Society for Biochemistry and Molecular
Biology.
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Table 1

Definition of autosomal dominant Stargardt macular dystrophy phenotypic grades.

Grade Definition

1 Normal or near-normal macula; mild pigmentary changes and/or a few flecks present; and visual acuity expected to be better than
20/40
2 Moderate maculopathy; moderate pigment changes and/or flecks present, but no significant foveal atrophy; and visual acuity

expected to be in the 20/40-20/100 range

3 Advanced maculopathy; foveal atrophy present and may be associated with flecks and pigmentary changes; and visual acuity

expected to be 20/200 or worse

Reproduced with permission from [8] © (2006) American Medical Association. All rights reserved.
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Table 2

Long-chain fatty acid compositions from human retina.
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<
% Peak no.T  Fatty acidsf  Common name Classification8
> 1 14:0 Tetradecanoic acid LCSFA
?__> 2 15:0 Pentadecanoic acid LCSFA
—+
8— 3 16:1n-9 7-hexadecenoic acid LCMUFA
% 4 16:1n-7 9-hexadecenoic acid LCMUFA
g 5 16:0 Palmitic acid LCSFA
(% 6 17:0 Heptadecanoic acid LCSFA
(@]
=, 7 18:3n-3 a-linolenic acid LCPUFA
©
- 8 18:2n-6 Linoleic acid LCPUFA
9 18:1n-9 Oleic acid LCPUFA
10 18:1n-7 11-octadecenoic acid LCMUFA
11 18:0 Octadecanoic acid/stearic acid LCMUFA
12 20:4n-6 Avrachidonic acid LCSFA
zZ 13 20:5n-3 5,8,11,14,17-eicosapentaenoic acid LCPUFA
|I 14 20:3n-6 8,11,14-eicosatrienoic acid LCPUFA
E 15 20:2n-7 8,11-eicosatrienoic acid LCPUFA
(1_> 16 20:2n-9 11,14-eicosatrienoic acid LCPUFA
'_j" 17 20:1n-9 9-eicosenoic acid LCMUFA
o
= 18 20:1n-7 11-eicosenoic acid LCMUFA
QZ, 19 20:0 Eicosanoic acid LCSFA
>
c 20 22:5n-6 4,7,10,13,16-docosapentaenoic acid LCPUFA
(7))
Q 21 22:6n-3 4,7,10,13,16,19-docosahexaenoic acid LCPUFA
_9.- 22 22:4n-6 7,10,13,16-docosatetraenoic acid (adrenic acid) LCPUFA
23 22:5n-3 7,10,13,16,19-docosapentaenoic acid LCPUFA
24 22:0 Behenic acid LCSFA
25 24:1n-9 15-tetracosenoic acid VLCMUFA
26 24:0 Tetracosanoic acid VLCSFA
=z t . .
= Peak numbers are shown in chromatograms of Figure 4.
T
'IU ¢Number of carbon atoms: number of double bonds, the position of first double bond.
> §
> Classification of fatty acids.
=
5." LCMUFA: Long-chain monounsaturated fatty acid; LCPUFA: Long-chain polyunsaturated fatty acid; LCSFA: Long-chain saturated fatty acid;
2 VLCMUFA: Very-long-chain monounsaturated fatty acid; VLCSFA: Very-long-chain saturated fatty acid.
<
Q
>
c
(7]
(@]
="
©
—
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Table 3

Very-long-chain polyunsaturated fatty acid compositions from human retina.

Peak no.  patty acids™  Classification®
1 24:5n-6 VLCPUFA
2 24:6n-3 VLCPUFA
3 24:4n-6 VLCPUFA
4 24:5n-3 VLCPUFA
5 26:5n-6 VLCPUFA
6 26:6n-3 VLCPUFA
7 26:4n-6 VLCPUFA
8 26:5n-3 VLCPUFA
9 28:6n-3 VLCPUFA
10 28:4n-6 VLCPUFA
11 28:5n-3 VLCPUFA
12 30:6n-3 VLCPUFA
13 30:4n-6 VLCPUFA
14 30:5n-3 VLCPUFA
15 32:5n-6 VLCPUFA
16 32:6n-3 VLCPUFA
17 32:4n-6 VLCPUFA
18 32:5n-3 VLCPUFA
19 34:6n-3 VLCPUFA
20 34:4n-6 VLCPUFA
21 34:5n-3 VLCPUFA

Page 34

TNumber of carbon atoms: number of double bonds: position of double bonds, the position of first double bond. These fatty acids’ peaks are shown
in chromatograms of Figure 10.

¢Classification of fatty acids.

VLCPUFA: Very-long-chain polyunsaturated fatty acid.
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