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Abstract Retinal long-chain PUFAs (LC-PUFAs, C;y-Cy,)
play important roles in normal human retinal function and
visual development, and some epidemiological studies of
LC-PUFA intake suggest a protective role against the inci-
dence of advanced age-related macular degeneration (AMD).
On the other hand, retinal very long-chain PUFAs (VLC-
PUFAs, C,.9,) have received much less attention since their
identification decades ago, due to their minor abundance
and more difficult assays, but recent discoveries that defects
in VLC-PUFA synthetic enzymes are associated with rare
forms of inherited macular degenerations have refocused
attention on their potential roles in retinal health and
disease. We thus developed improved GC-MS methods to
detect LC-PUFAs and VLC-PUFAs, and we then applied
them to the study of their changes in ocular aging and
AMD. With ocular aging, some VLC-PUFAs in retina and
retinal pigment epithelium (RPE)/choroid peaked in mid-
dle age. Compared with age-matched normal donors, doco-
sahexaenoic acid, adrenic acid, and some VLC-PUFAs in
AMD retina and RPE/choroid were significantly decreased,
whereas the ratio of n-6/n-3 PUFAs was significantly in-
creased.lll All these findings suggest that deficiency of LC-
PUFAs and VLC-PUFAs, and/or an imbalance of n-6/n-3
PUFAs, may be involved in AMD pathology.—Liu, A., J.
Chang, Y. Lin, Z. Shen, and P. S. Bernstein. Long-chain and
very long-chain polyunsaturated fatty acids in ocular aging
and age-related macular degeneration. J. Lipid Res. 2010. 51:
3217-3229.
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The biochemical profile of FAs in human retina was first
reported over 45 years ago when Futterman and Andrews
(1) identified five major FAs in human retina, including
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docosahexaenoic acid (DHA, 22:6n-3), arachidonic acid
(AA, 20:4n-6), stearic acid (SA, 18:0), oleic acid (OA,
18:1), and palmitic acid (PA, 16:0), all of which belong to
the long-chain FA (LC-FA, C;5-Cyy) family. Subsequent
studies demonstrated that DHA and AA are the major
components of human and vertebrate retinal long-chain
PUFAs (LC-PUFAs), and the highest content of LC-PUFAs
is found in human and vertebrate retinal rod outer seg-
ment membranes (2-4). Their high content and specific
tissue distribution suggest that LC-PUFAs have an impor-
tant functional role in the retina.

Human clinical studies and animal studies involving di-
etary manipulation in rats (5, 6) have shown that LC-PUFAs
are important for the development and function of the
central nervous system, particularly the visual system (7).
DHA prevented photoreceptor apoptosis caused by oxida-
tive damage (8) and promoted differentiation of develop-
ing photoreceptorsin culture (9). DHA also has significant
effects on photoreceptor membranes and neurotransmit-
ters involved in the signal transduction process, rhodopsin
activation, rod and cone development, neuronal dendritic
connectivity, and functional maturation of the central ner-
vous system (10). Low plasma and blood cell lipid DHA
have been linked to increased risk of poor visual and neu-
ral development in infants and children (11, 12). Deple-
tion of DHA, AA, or eicosapentaenoic acid (EPA) from
the retina interferes with normal neurogenesis, neurologi-
cal function, and visual signaling pathways, impairs vision
and visual learning tasks, and leads to an abnormal elec-

Abbreviations:  AA, arachidonic acid; AMD, age-related macular de-
generation; CEP, carboxyethyl pyrrole; DHA, docosahexaenoic acid,;
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LCI, liquid chemical ionization; LC-PUFA, long-chain PUFA; NIST,
National Institute of Standards and Technology; OA, oleic acid; PA,
palmitic acid; RPE, retinal pigment epithelium; SA, stearic acid; SIM,
selected ion monitoring; VLLC-PUFA, very long-chain PUFA.
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troretinogram (13-20). Thus, it is clear that LC-PUFAs
play an essential role in the development of vision during
human early life (16, 21). In later human life, some epide-
miological studies of LCn-3PUFA intake on the prevalence
of advanced age-related macular degeneration (AMD)
suggest a protective relationship (21-27), and Hubbard
et al. (28) showed a protective effect of DHA and EPA in-
take in autosomal dominant Stargardt disease. Their role
in the prevention of inherited retinal degenerations such
as retinitis pigmentosa is more ambiguous (29).

Although retinal LC-PUFAs have received extensive
attention over the past decades, very long-chain PUFAs
(VLC-PUFAs, C,.99) (30, 31) are also found in mammalian
tissues, but they occur in only a restricted number of
organs such as retina, testes, thymus, and brain in a low
amount and their saturated analogs are essential parts of
the skin moisture barrier (32, 33). Unlike DHA, AA, EPA,
and their precursors, VLC-PUFAs are not present in a nor-
mal human diet (34), but they can be synthesized from
precursors such as 22:4n-6 and 22:5n-3 via a biochemical
pathway (supplementary Fig. I) featuring the enzymes of
the elongation of very long-chain FAs family along with
B-oxidases and desaturases (31, 35-37). Defects in the elon-
gation of the very long-chain FAs-4 (ELOVL4) gene are as-
sociated with autosomal dominant Stargardt macular
dystrophy in the heterozygous state and neonatal demise
in transgenic mice due to loss of skin barrier function in
the homozygous state. VLC-PUFAs are of particular inter-
est, because they exhibit a unique hybrid structure com-
bining a proximal end with typical saturated FA character
and a distal end more characteristic of common PUFAs
(35, 36). They may play important roles in biological sys-
tems that cannot be performed by the more common satu-
rated and unsaturated LC-FAs (35, 36); however, their
greater length and minor abundance make them unusu-
ally difficult to analyze (36), which means that VLC-PUFAs
have often been overlooked since their discovery (33,
38).

In this study, we optimized analytical methods to detect
LC-PUFAs and VLC-PUFAs in human retina and retinal
pigment epithelium (RPE)/choroid. We applied these
methods to explore possible retinal functions of LC-
PUFAs and VLC-PUFAs, and we assessed how their levels
change in ocular aging and AMD.

MATERIALS AND METHODS

Materials and dissections

Human donor eyes were obtained from the Utah Lions Eye
Bank within 26 h after death, and donor demographic data are
shown in Table 1. All experimental procedures including tissue
procurement and distribution were conducted according to the
tenets of the Declaration of Helsinki. The time between donor
death and enucleation was <4 h. Dissections of donor eyeballs
were carried out 6-26 h [(mean + SD) 17.4 + 2.3 h] (Table 1)
after donor death in a dim-light environment. The posterior pole
of donor eyeballs was placed on a back-lit table and observed un-
der a dissecting microscope to prepare the tissue needed in the
present study. Normal donor eyes were inspected under magnifi-
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cation to assure that no significant macular pathology was pres-
ent. Likewise, eyes from donors with a clinical history of AMD
were inspected to confirm that their macular characteristics cor-
related with clinical examinations recorded prior to death. After
removal of the vitreous body, the whole retina and the RPE/
choroid layer were carefully separated with forceps. Wet sample
weights were recorded for all collected tissues after blotting ex-
cess moisture. All samples were immediately blanketed with ar-
gon and stored at —80°C until further analysis.

All analytical solutions such as methanol, hydrochloric acid,
isopropanol, and n-hexane were GC-MS grade reagents and were
purchased from Fisher Scientific (Pittsburgh, PA). All standards
such as tridecanoic acid (C;3) and hentriacontanoic acid (Cs;)
were purchased from Sigma-Aldrich (St. Louis, MO). Silica gel
glass-encased solid phase extraction cartridges (500 mg/6 ml)
were purchased from Sorbent Technology (Atlanta, GA).

Sample preparation including total lipid extraction, fatty
acid methyl ester formation, and sample cleaning with
solid-phase extraction

Samples were removed from the —80°C freezer and placed on
ice. Tridecanoic acid (20 pg) and hentriacontanoic acid (1 pg)
were added as the internal standards. Total lipid was extracted
from whole retina or RPE/choroid tissue based on a previously
described method (39). The samples were probe sonicated
with 0.5 ml hexane:isopropanol (3:2) in a glass bottle. Then
hexane:isopropanol (3:2) was added to a final volume equivalent
to 40 times the sample weight (i.e., 1 g in 40 ml of solvent mix-
ture). The sample bottles sealed under argon with Teflon-lined
caps were bath sonicated for 20 min at room temperature. The
extract was then centrifuged at 5,000 rpm for 5 min, and the up-
per layer was dried under vacuum.

The dried film dissolved in 200 pl hexane and 2 ml 8% HCl/
MeOH was sealed under argon with Teflon-lined caps and heated
at 80°C for 4 h to form fatty acid methyl esters (FAMEs) (36),
then cooled on ice. The cool reacted solution was extracted three
times with 1 ml distilled water and 2 ml hexane. The hexane lay-
ers were combined and dried under vacuum.

Silica gel glass-encased solid-phase extraction cartridges were
subsequently used to clean the FAME extracts. The cartridge was
activated by 6 ml of hexane before loading samples. The crude
FAME extract was dissolved in 200 pl of hexane and loaded onto
the activated cartridge. Then 6 ml hexane was used to wash the
cartridge, and the eluate was discarded. Then the FAMEs were
eluted by 5 ml hexane:ether (8:2), and the eluate was evaporated
to dryness under vacuum. The dry film was dissolved in 200 pl of
hexane and centrifuged for 3 min at 14,000 rpm to remove par-
ticles prior to GC-MS analysis. Then 1 pl of sample was injected
into the GC-MS instrument for LC-PUFA analysis. The sample
was dried under vacuum again and redissolved in 30 ul of hexane.
Then 5 pl samples were injected into the GC-MS instrument for
VLC-PUFA analysis.

GC-MS instrumentation and chromatographic conditions

The Thermo Trace GC-DSQ system (ThermoFisher Scientific,
Waltham, MA) consisted of an automatic sample injector (Al
3000), gas chromatograph, single quadrupole mass detector, and
an analytical workstation. The chromatographic separation was
carried out with an Rxi-bMS-coated 5% diphenyl/95% dimethyl
polysiloxane capillary column (30 m x 0.25 mm inner diameter,
0.25 pm film thickness, Restek, Bellefonte, PA).

For LC-FA analyses, we used the following MS conditions
(Method A): 1 pl from a 200 pl sample was injected into the GC-
MS using a splitless mode; the septum purge was on; and the in-
jector temperature was set at 200°C. The column temperature
was programmed as follows: initial temperature 60°C; 5 degrees/
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min to 170°C; 1 degree/min to 180°C; 2 degrees/min to 240°C;
4 degrees/min to 290°C; and a hold at 290°C for 5 min. Transfer
line temperature was 290°C. Helium was used as the carrier gas at
a flow rate of 1.0 ml/min. MS conditions were as follows: electron
ionization (EI) mode; ion source temperature, 200°C; multiplier
voltage, 1,182 V; solvent delay, 5 min. All data were obtained by
collecting the full-scan mass spectra within the scan range of
50-650 amu. Compounds were identified by comparing their
mass spectra with those in the National Institute of Standards
and Technology (NIST) library. Authentic reference compounds
were used to calculate the weight percentage of every peak.

For VLC-PUFAs, we used the following MS conditions (Method
B): 5 pl from 30 pl of sample was injected onto the GC-MS using
a splitless mode; the septum purge was on; and the injector tem-
perature was set at 200°C. The column temperature was pro-
grammed as follows: initial temperature, 60°C; 10 degrees/min
to 240°C; 1 degree/min to 290°C; and 290°C for 5 min. Transfer
line temperature was 290°C. Helium was used as the carrier gas at
a flow rate of 1.5 ml/min. Both liquid chemical ionization (LCI)
and EI modes were used to identify VLC-PUFAs, whereas only the
EI mode was used for quantification. The MS conditions for LCI
were as follows: ion source temperature, 180°C; multiplier volt-
age, 1,182 V; solvent delay, 22 min; selected ion monitoring
(SIM) mode with molecular weights plus one ion; acetonitrile
flow rate, 0.1 pl/min. The MS conditions under EI were as fol-

lows: ion source temperature, 200°C; multiplier voltage, 1,182 V;
solvent delay, 22 min, SIM mode with m/z 79, 108, and 150. Com-
parison was made by normalizing the each peak area with the
internal standard and the retina or RPE/choroid sample weight.
The formula to calculate the values in Tables 4 and 5 and Fig. 5
is as follows:

PA
Value = RE<Wx10° (Formula 1)
PA,
RF = PAd (Formula 2)
b

In the first formula, PA, RF, and W are the peak area of target
peak, response factor, and sample weight with grams as the unit. In
the second formula, PA, is the peak area of IS in the sample, and PA,,
is the peak area of fresh IS solution at the same concentration.

Statistical analysis

Quantitative data were expressed as mean + SEM, and they were
analyzed for statistical significance using one-way ANOVA in an
SPSS statistical package (SPSS Inc., Chicago, IL, wersion 12.0). The
number of samples used in each group is presented in the figure
legends. P< 0.05 was defined as the level of significance.
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Fig. 1.

GC-MS total ion chromatograms (TIC) of LC-FAs in retina and RPE/choroid using Method A. MS was performed in full scan

mode (50-650 amu). A and B are examples of LC-FA chromatograms of human whole retina and RPE/choroid, respectively; C and D are
amplified chromatograms corresponding to the larger rectangles in A and B, respectively; E and F are amplified chromatograms corre-
sponding to the smaller rectangles in A and B, respectively. IS: internal standard (tridecanoic acid; C;3). Peak nos. 1-26 were identified
according to authentic standards and the NIST library. Further structure information is shown in Tables 2 and 3.
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RESULTS

The characteristics of the various donor eyes such as the
time point of tissue collection, the ocular condition (AMD or
normal), sex, age, and tissue weight are described in Table 1.
Retina and RPE/choroid samples were grouped into three
age categories: young (age range 12-22 years, 16.4 + 3.6),
middle (age range 30-49 years, 38.2 + 6.2), and old (age
range 70-78 years, 74.0 + 3.4) and age-matched AMD (age
range 70-87 years, mean age + SD, 77.2 + 6.4).

Method development

Because these lipids, especially VLC-PUFAs, are difficult
to analyze, we had to optimize the assay conditions. Although
TLC is a commonly employed method for purification of
FAMEs formed after transesterification (33, 36, 40), it is
cumbersome, solvent consuming, and time intensive. To cir-
cumvent these disadvantages, TLC was replaced by solid-
phase extraction in our study to purify the samples following
total lipid extraction and methyl esterification. Cholesterol
is the main endogenous substance that can interfere with
the analysis of FAME. Therefore, we chose silica gel glass-
encased cartridges to remove it (supplementary Fig. II). Sil-
ica gel cartridges function in the same way as TLC but with
higher recovery and speed, which helps to minimize lipid
peroxidation that could occur during TLC analysis.

LC-FAs were identified and quantified by MS using the
fullscan EI mode (Method A), because all information
about LC-FAs in the NIST library was acquired in this man-
ner. Unfortunately, EI is less valuable for identification of
VLC-PUFAs, because they all exhibit the same base peak of
m/z'79 (36), no standards are commercially available, and
they are not a part of the NIST library. Therefore, we used
the LCI mode to identify VLC-PUFAs. Unlike the EI mode,
the base peak of each VLC-PUFA obtained under the LCI
mode corresponded to the molecular weight of the lipid
(supplementary Fig. III). Furthermore, n-3 and VLCn-
6PUFAs can be distinguished under EI mode based on the
ratio of 108 and 150 m/z (41) (supplementary Fig. IV). We
set the mass detector to be off at the first 22 min due to the
very high concentration of the LC-FAs that come out be-
fore 22 min and saturate the detector. Quantification of
the VLC-PUFAs was performed using SIM of the EI mode
(Method B).

In principle, the internal standard should have not only
similar chemical structure and characteristics with the tar-
get compounds, but also it should be absent in the sam-
ples. So far, there is no ideal unsaturated internal standard
for VLC-PUFA analysis on the market. Therefore, we chose
hentriacontanoic acid, a saturated VLC-FA, as the best
available internal standard for the measurement of VLC-
PUFAs in method B.

TABLE 2. LCFA composition from the whole retinas collected from young, middle, and old age and age-matched AMD human donors

Mole % of Total FAs"

Age-Matched AMD

Peakno.  RT (min)" FAs' Common Name Young Age Group  Middle Age Group  Old Age Group Group

1 23.51 14:0 Tetradecanoic acid 0.50 + 0.06 0.60 + 0.06 0.61 + 0.05 0.81 +0.09

2 26.42 15:0 Pentadecanoic acid 0.15 £ 0.05 0.12 +0.02 0.11 £0.01 0.21 £ 0.04

3 29.06 16:1n-9  7-Hexadecenoic acid 091 +£0.14 0.66 + 0.09 0.62 + 0.04 0.76 + 0.09

4 29.24 16:1n-7  9-Hexadecenoic acid 0.48 £ 0.03 0.49 + 0.05 0.36 £ 0.03 0.50 +0.07

5 30.39 16:0 PA 15.98 + 1.18 16.37 + 1.37 16.62 + 0.79 19.64 £ 1.79

6 34.45 17:0 Heptadecanoic acid 0.12 + 0.04 0.08 + 0.02 0.07 £ 0.02 0.14 £ 0.02

7 36.61 18:3n-3  a-Linolenic acid 0.39 +0.07 0.24 + 0.06 0.24 £ 0.05 0.30 £ 0.04

8 37.38 18:2n-6 LA 1.63 £ 0.13 2.12+0.15 1.93 + 0.20 2.35 +0.24

9 37.85 18:1n9 OA 14.88 + 0.46 16.04 + 1.56 1453 £ 1.11 17.14 +£1.38
10 38.02 18:1n-7  11-Octadecenoic acid 2.79 +0.17 2.83+0.12 2.57 +0.25 3.08 +0.23
11 39.18 18:0 Octadecanoic acid/SA 14.80 + 1.15 13.50 + 0.46 13.91 £ 0.53 15.45 + 0.98
12 44.47 20:4n-6  AA 13.43 + 0.34 14.26 + 0.64 14.04 £ 0.47 13.04 + 0.36
13 44.64 20:5n-3  5,8,11,14,17-EPA 0.27 +0.03 0.28 + 0.03 0.24 + 0.04 0.35 £ 0.05
14 45.18 20:3n-6  8,11,14- Eicosatrienoic acid 2.38 +0.28 2.63 +0.14 2.29 +0.27 2.57 +0.26
15 45.44 20:2n-7  8,11-Eicosadienoic acid 0.09 £ 0.03 0.13+0.05 0.10 £ 0.03 0.18 £ 0.02
16 45.99 20:2n-9  11,14-Eicosadienoic acid 0.09 £ 0.02 0.09 +0.02 0.14 £ 0.02 0.16 + 0.04
17 46.23 20:1n9  9-Ficosenoic acid 0.24 + 0.04 0.29 + 0.04 0.37 +0.04 0.55+0.14
18 46.51 20:1n-7  11-Eicosenoic acid 0.17 + 0.06 0.10 + 0.05 0.03 £ 0.00 0.04 £ 0.01
19 47.42 20:0 Eicosanoic acid 0.65 +0.03 0.66 + 0.01 0.82 £ 0.09 1.11 +£0.15
20 51.90 22:5n-6  4,7,10,13,16-Docosapentaenoic acid 1.42 + 0.33 1.03 £ 0.28 1.41 +£0.31 1.02+0.17
21 52.30 22:6n-3  4,7,10,13,16,19-DHA 23.74 + 1.48 21.75 +2.78 23.01 £ 1.65 16.49 + 0.62%
22 52.50 22:4n-6  7,10,18,16-Docosatetraenoic acid 2.21 +0.40 2.53 +0.38 2.82 +0.37 1.61 = 0.29%

(adrenic acid)

23 52.76 22:5n-3  7,10,13,16,19-Docosapentaenoic acid 1.52 +0.29 1.94 + 0.36 1.77 + 0.34 1.24 +0.25
24 55.39 22:0 Behenic acid 0.31 £ 0.02 0.40 0.03 0.41 £ 0.04 0.41 £ 0.03
25 61.83 24:1n-9  15-Tetracosenoic acid 0.66 + 0.15 0.56 +0.10 0.71 £0.13 0.60 = 0.15
26 62.75 24:0 Tetracosanoic acid 0.20 £ 0.03 0.31 +0.03 0.28 + 0.04 0.25 + 0.04
Ratio of AA/DHA 0.58 + 0.05 0.76 £0.17 0.63 + 0.06 0.79 + 0.02%
Ratio of n-6/n-3 LC-PUFAs 0.83 £ 0.05 1.05 £ 0.20 0.91 £ 0.06 1.18 + 0.04%

;' Peak no. was shown in chromatograms of Fig. 1.
"Retention time.

“Number of carbon atoms: number of double bonds, the position of first double bound.
“Mean + SEM; young age group: n = 5, middle age group: n = 6, old age group: n = 5, age-matched AMD group: n = 8.
“ Significant differences (P< 0.05) between old age and age-matched AMD group.
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Separation of LC-FAs from retina and RPE/choroid

Full scan (50-650 amu) MS under EI mode was used to
detect LC-FAs. The chromatogram is shown in Fig. 1.
Twenty-six LC-FAs ranging from 14:0 to 24:0 were identi-
fied in retina and RPE/choroid after comparison with the
NIST library and standards. Their retention times, struc-
tures, and common names are listed in Tables 2 and 3.
The retention time variation of individual peaks for differ-
ent runs within 1 day was + 0.1 min.

LC-FAs in retina

In whole retina, five major FAs (PA, OA, SA, AA, and
DHA; peaks 5, 9, 11, 12, and 21, respectively, in Fig. 1)
predominated, accounting for 82.09% in total. EPA, one
of the major components of fish oil, accounted for <0.29%
of retinal lipids. There were no significant differences
between young, middle, and old age groups for the 26
LC-FAs listed. When comparing AMD donors to an age-
matched old age group, the concentrations of two LC-PUFAs,
DHA and adrenic acid, were significantly decreased in the
presence of AMD (P < 0.05). The ratios of AA/DHA and
n-6/n-3 in age-matched AMD retinas (0.79 £ 0.02 and 1.13 =
0.04) significantly increased compared with the old age
group (0.63 + 0.06 and 0.91 + 0.06).

LC-FAs in RPE/choroid

In RPE/choroid, linoleic acid (LA) replaced DHA as
one of the five major FAs. Together, PA, LA, OA, SA, and
AA (peaks b, 8, 9, 11, and 12, respectively, in Fig. 1) ac-
counted for 78.78% of total lipids. The content of DHA
was low, more variable, and accounted for only 2.20-
14.96% of RPE/choroid lipids. After comparing the major
FAs in retina and RPE/choroid, we found that the per-
centage of DHA was much lower and more variable in
RPE/choroid (average 4.92 + 0.65%) than in retina (aver-
age 20.67 + 1.02%) (P < 0.05), whereas LA was much
higher in RPE/choroid (average 12.98 + 0.72%) than in
retina (average 2.06 + 0.11%) (P<0.05).

In RPE/choroid, the concentration of LA (peak 8) was
significantly higher in the old age group relative to the mid-
dle age group (P < 0.05). Our results further showed that
DHA and adrenic acid were significantly different between
the old age group and the age-matched AMD group. In par-
ticular, DHA and adrenic acid were higher in the old age
group relative to the age-matched AMD group (P < 0.05),
whereas DHA peaked in the middle age group (P < 0.05).
The ratios of AA/DHA and n-6/n-3 in age-matched AMD
retinas (6.41 + 0.41 and 7.97 + 0.51) were significantly
higher than the old age control group (3.90 + 0.19 and 5.22

TABLE 3. LC-FA composition from RPE/choroid collected from young, middle, and old age and age-matched AMD human donors

Mole % of Total FAs"

Peak no.” RT (min)” FAs* Common Name Young Age Group  Middle Age Group Old Age Group Age-Matched AMD Group
1 23.51 14:0 Tetradecanoic acid 0.51 +£0.07 0.60 +0.07 0.52 + 0.06 0.75 £ 0.10
2 26.42 15:0 Pentadecanoic acid 0.15 + 0.00 0.12+0.01 0.13+0.01 0.18 £ 0.03
3 29.06 16:1n-9  7-Hexadecenoic acid 0.41 +0.03 0.48 +0.05 0.48 + 0.04 0.68 +0.14
4 29.24 16:1n-7 9-Hexadecenoic acid 0.70 £ 0.08 1.03 £0.19 0.96 +0.10 1.20 £0.14
5 30.39 16:0 PA 18.41 = 1.00 17.77 £1.43 16.49 + 0.94 19.20 + 0.81
6 34.45 17:0 Heptadecanoic acid 0.17 £ 0.05 0.15+0.03 0.11 +£0.03 0.21 +0.03
7 36.61 18:3n-3  a-Linolenic acid 0.20 +0.05 0.22 +0.05 0.30 + 0.04 0.34 + 0.06
8 37.38 18:2n-6 LA 10.33 £ 0.69 9.46 + 0.02 13.80 = 0.61% 16.31 + 2.25
9 37.85 18:1n-9 OA 18.15 + 0.44 18.94 + 1.31 19.11 + 1.31 20.81 + 1.51

10 38.02 18:1n-7 11-Octadecenoic acid 1.92 £ 0.13 2.39 £ 0.30 2.07£0.16 2.45+0.17

11 39.18 18:0 Octadecanoic acid/SA 10.92 + 0.51 9.80 + 0.38 9.24 + 0.26 9.20 + 0.27

12 44.47 20:4n-6  AA 20.89 + 2.87 17.61 +1.75 19.14 + 0.30 17.19 + 1.10

13 44.64  20:5n-3 5,8,11,14,17-EPA 0.28 +0.03 0.34 +0.05 0.38 +0.04 0.49 + 0.09

14 45.18 20:3n-6  8,11,14- Eicosatrienoic acid 2.70 £ 0.26 2.64 +0.25 3.08 £ 0.51 2.33+0.19

15 4544  20:2n-7 8,11-Eicosadienoic acid 0.14 + 0.06 0.16 + 0.06 0.11 +0.02 0.21 +0.04

16 45.99 20:2n-9 11,14- Eicosadienoic acid 0.13+0.05 0.13 +0.04 0.19+0.05 0.11 +0.02

17 46.23 20:1n-9  9-Eicosenoic acid 0.13 +0.04 0.20 + 0.02 0.16 + 0.03 0.20 +0.01

18 46.51 20:1n-7  11-Eicosenoic acid 0.03 +£0.01 0.03 +£ 0.00 0.03 +£0.01 0.02 +0.00

19 47.42 20:0 Eicosanoic acid 0.71 £ 0.02 0.57 £ 0.05 0.62 +0.07 0.62 + 0.04

20 51.90 22:5n-6  4,7,10,13,16-Docosapentaenoic acid 0.96 +0.15 0.97 + 0.27 0.93+0.19 0.49 £ 0.07

21 52.30 22:6n-3  4,7,10,13,16,19-DHA 4.13 + 0.44 9.22 + 1.95% 4.94 +0.18" 2.72 +0.155"

22 52.50 22:4n-6  7,10,13,16-Docosatetraenoic acid 3.67 + 0.45 3.10 + 0.53 3.22 +0.34 1.48+0.11%

(adrenic acid)

23 52.76  22:5n-3  7,10,13,16,19-Docosapentaenoic acid 2.12 £0.48 2.27 +0.47 2.09 +0.26 1.31 +0.14

24 55.39 22:0 Behenic acid 0.76 + 0.06 0.61 +0.06 0.64 + 0.06 0.61 +0.04

25 61.83 24:1n-9  15-Tetracosenoic acid 0.48 +0.15 0.51+0.19 0.49 +0.10 0.42 +0.03

26 62.75  24:0 Tetracosanoic acid 0.97 +0.14 0.70 £ 0.09 0.74 £ 0.06 0.54 £0.08

Ratio of AA/DHA 5.24 + 0.49 2.42 + 0.64* 3.90 + 019/* 6.41 = 0.415"

Ratio of n-6/n-3 LC-PUFAs 5.84 +0.42 3.23 £ 0.65"% 5.22 + 0.22% 7.97 £0.515"

“Peak no. was shown in chromatograms of Fig. 1.
"Retention time.

‘Number of carbon atoms: number of double bonds, the position of first double bound.

“Mean + SEM; young age group: n =5, middle age group: n = 6, old age group: n = 5, age-matched AMD group: n = 8.
“ Significant differences (P< 0.05) between young and middle age group.

Fe Significant differences (P < 0.05) between middle and old age group.

# Significant differences (P< 0.05) between old and age-matched AMD age group.
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+0.22), whereas the ratios of AA/DHA and n-6/n-3 in mid-
dle age RPE/choroid were significantly lower compared
with young and old age retinas.

Separation of VLC-PUFAs from retina and RPE/choroid

Typical GCG-MS chromatograms of human retina lipids
using EI and LCI detection are shown in Figs. 2 and 3, respec-
tively. The same column and same temperature programs
were used for both EI and LCI, so the retention times of the
VLC-PUFAs were the same under both detection conditions.
Twenty-one VLC-PUFAs were identified in human retina and
RPE/choroid, and these 21 VLC-PUFAs belong to six groups:
Coy, Cog, Cog, Cgp, Cso, and Cgy. Each group had several sub-
types. The Gy, group had 24:5n-6, 24:6n-3, 24:n-6, and 24:5n-3;
the Gy group had 26:5n-6, 26:6n-3, 26:4n-6, and 26:5n-3; the
Cog group had 28:6n-3, 28:4n-6, and 28:5n-3; the Cg, group
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24:5n-6

had 30:6n-3, 30:4n-6, and 30:5n-3; the Cs, group had 32:5n-6,
32:6n-3, 32:4n-6, and 32:5n-3; and the Cs, group had 34:6n-3,
34:4n-6, and 34:5n-3.

VLC-PUFASs in retina

The results of retinal VLC-PUFA analyses are shown in
Table 4 and Fig. 4A. In the whole retina, the concentra-
tions of 28:4n-6, 30:6n-3, 30:5n-3, 32:4n-6, and 32:5n-3
peaked in the middle age group (P < 0.05). The concen-
trations of some VLC-PUFAs including 24:6n-3, 26:4n-6,
28:4n-6, 28:5n-3, 30:4n-6, 32:5n-6, 32:6n-3, 32:5n-3, and
34:4n-6 were significantly higher in the normal old age
group compared to the age-matched AMD group (P <
0.05). Other VLC-PUFAs also showed increased average
levels in the normal old group compared with the age-
matched AMD group, but these differences were not
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Fig. 2. Typical SIM GC-MS chromatograms of Cy;-Cs4 VLC-PUFAs analyzed from human retina using Method B in the EI mode. IS: inter-
nal standard (hentriacontanoic acid; Cs); TIC: total ion chromatogram.
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Typical SIM GC-MS chromatograms of Cy-Csy, VLC-PUFAs analyzed from human retina using Method B in the LCI mode. IS: in-

ternal standard (hentriacontanoic acid; Cs;); TIC: total ion chromatogram.

significant. The ratios of n-6/n-3 VLC-PUFAs and the sum
of all VLC-PUFAs in old age group retinas (0.83 + 0.09 and
3203 + 535) were significantly decreased compared with
the ratio and sum in age-matched AMD retinas (1.24 +
0.10 and 1355 + 268) (P< 0.05).

VLC-PUFAs in RPE/choroid

The results of the RPE/choroid VLC-PUFA analysis are
shown in Table 5 and Fig. 4B. Cy,-Cys VLC-PUFAs were
detectable in individual RPE/choroid samples, whereas
C30-Csy VLCG-PUFAs were detectable only in pooled sam-
ples from the same age group. Cog VLC-PUFAs were unde-
tectable even in pooled samples, suggesting that their
levels were quite low. The Co4-Cos VLC-PUFAs in RPE/
choroid were around one-third of that in retina, whereas
C3-C34 VLC-PUFAs were around one-tenth. Although
there are no statistics provided in this portion of the study
because samples had to be pooled, the trends of change of
VLC-PUFAs in RPE/choroid with aging and AMD were
similar to retina, peaking in middle age donors and se-
verely decreased in AMD donors.

DISCUSSION

In this study, LC-FAs and VLC-PUFAs were systematically
analyzed with regard to age and AMD status in human donor
eyes with special emphasis on VLC-PUFAs, because low levels
have recently been associated with ELOVL4related retinal
eye disease (42-44). No age-dependent change in the rela-
tive concentrations of the 26 LC-FAs was observed in total
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retinal lipids (Table 2). Our results are consistent with previ-
ous studies (40, 45, 46) in which it was reported that concen-
trations of 16:0, 18:0, 18:1, 18:2, 18:3, 20:4, 22:4, 22:5, and
22:6 also are not altered with age in total phospholipids,
which typically account for 74% of total retinal lipids. The
levels of 16:0, 18:0, 20:4, and 22:6 in FFAs have been reported
to have an increasing trend with age (47), but FFAs account
for <10% of total lipid in retina. AA has been reported to
increase in an age-dependent manner in human neural
retina (48), but their study’s age range (59-95 years) was
markedly different from our study’s age range.

Oxidative damage is postulated to be involved in AMD
(49). The multiplicity of double bonds in DHA renders
it extremely sensitive to free radical damage during oxi-
dative stress (50). Crabb et al. demonstrated that car-
boxyethyl pyrrole (CEP) protein adducts, the oxidative
protein modifications generated uniquely from the doco-
sahexaenoate-containing lipids such as DHA and adrenic
acid (b1), are more abundant in ocular tissues from AMD
retina than from normal retina (52). CEP biomarkers have
been shown to enhance the AMD predictive accuracy of
genomic AMD biomarkers (53, 54). The increase of CEP
protein adducts in AMD retinas indicates that increased
oxidation of DHA and adrenic acid that likely occurs in
AMD eyes may lead to a reduction in DHA and adrenic
acid, which is consistent with our study results. Dunaief
et al. (55, 56) reported that retinas and RPE/choroid
from AMD donor eyes exhibit marked accumulation of
iron stores compared with age-matched normal donor
tissue, which may lead to increased Haber-Weiss reactions



TABLE 4. VLC-PUFA composition from whole retinas collected from young, middle, and old age and age-matched AMD human donors

Peak Area Value Normalized with IS and Sample W’eightd

Peak no.” RT (min)” FAs* Young Age Group Middle Age Group Old Age Group Age-Matched AMD Group
1 23.27 24:5n-6 185.24 + 49.86 193.23 + 41.19 147.60 + 27.43 90.45 + 18.65
2 23.43 24:6n-3 677.13 + 237.78 668.48 + 93.48 463.55 + 55.82 151.65 + 35.28%
3 23.58 24:4n-6 1199.82 + 315.71 1188.55 + 142.75 1153.45 + 210.28 684.20 + 126.50
4 23.74 24:5n-3 1315.65 + 537.16 1442.42 + 246.56 1124.25 + 199.82 468.76 + 111.35
5 27.55 26:5n-6 6.64 + 2.46 10.74 + 2.50 4.07 + 0.99% 3.49 + 0.92
6 27.72 26:6n-3 25.77 + 8.76 27.74 + 4.07 23.73 + 5.22 10.45 + 1.78
7 28.00 26:4n-6 60.61 + 14.54 74.85 + 4.88 58.90 + 17.90 23.34 + 4.20%
8 28.22 26:5n-3 57.07 + 15.61 65.93 + 6.25 46.70 + 11.28 22.68 + 4.36
9 33.61 28:6n-3 2.15 +0.61 2.09 + 0.52 1.04 + 0.45 0.13+0.07
10 33.95 28:4n-6 2.54 + 0.68 5.47 +0.72% 2.63 + 0.88* 0.44 + 0.24%*
11 34.42 28:5n-3 8.71 £ 2.16 10.25 + 1.23 7.51 +3.25 0.93 + 0.50%
12 40.82 30:6n-3 2.62 +0.95 4.94 +0.93% 2.07 + 0.7/ 0.66 + 0.26
13 41.42 30:4n-6 3.61 £ 1.08 6.84 + 1.46 4.29 +1.79 0.90 + 0.34%
14 41.82 30:5n-3 5.57 +1.82 12.98 + 2.16% 4.93 +1.00% 2.20 +0.70
15 48.84 32:5n-6 8.45 +2.76 14.30 + 2.27 7.52 + 2.40/* 1.51 + 0.38%
16 49.32 32:6n-3 31.36 + 9.66 47.84 +5.48 95.11 + 5.78/* 3.97 + 0.97%
17 50.00 32:4n-6 40.12 + 11.35 80.71 = 15.27% 33.26 + 8.97% 9.20 + 3.21
18 50.46 32:5n-3 20.20 + 5.97 50.74 + 9.02% 21.53 + 6.29% 3.93 + 1.35%
19 58.49 34:6n-3 20.61 + 8.43 25.94 + 10.77 15.31 + 3.80 1.71 £ 0.42
20 59.21 34:4n-6 25.37 + 8.45 36.43 + 5.76 16.50 + 4.49% 2.41 + 0.77%
21 59.72 34:5n-3 57.05 + 28.08 105.06 + 15.67 38.49 + 16.01/* 7.35+2.19
Ratio of n-6/n-3 VLC-PUFAs 0.83+0.11 0.70 £ 0.11 0.83 +0.09 1.24 + 0.10%
Sum of all VLC-PUFAs 3757.77 +1205.26  4076.73 + 458.17 3202.96 + 535.34 1354.99 + 268.345*

* Peak no. was shown in chromatograms of Fig. 2.
"Retention time.

“Number of carbon atoms: number of double bonds, the position of first double bound.

“Mean + SEM; young age group: n = 5, middle age group: n = 6, old age group: n = 5, age-matched AMD group: n = 8.
“ Significant differences (P< 0.05) between young and middle age group.

& Significant differences (P < 0.05) between middle and old age group.

& Significant differences (P< 0.05) between old and age-matched AMD age group.

whereby n-6 and n-3 PUFAs undergo oxidative degrada-
tion, resulting in generation of the corresponding active
aldehydes such as CEP. Thus, accumulation of iron stores
in AMD eyes may lead to oxidative degradation of PUFAs
and subsequent CEP generation, which is consistent with
our study results and Crabb et al. (51-53).

Besides oxidative damage, inflammation is also postu-
lated to be involved in AMD (49). When inflammation
happens, cytokines and chemokines stimulate phos-
pholipase A2 and cyclooxygenases, which results in a
breakdown of membrane glycerophospholipids with the
release of DHA. Then, DHA is metabolized to resolvins
and neuroprotectins, which can prevent inflammation
by inhibiting transcription factor nuclear factor kB,
prostaglandins, leukotrienes, and thromboxanes, pre-
venting cytokine secretion and modulating leukocyte
trafficking (57, 58). Therefore, in our study, reduction
of DHA in AMD retinas may also be the result of anti-
inflammatory processes.

The ratio of AA/DHA is increased in AMD ocular tissue
compared with the age-matched normal group, suggesting
an imbalance in pro- and anti-inflammatory processes in
AMD retina. In accordance with our findings, a lower reti-
nal n-6/n-3 PUFA ratio has a protective effect against path-
ological angiogenesis (59). All of these results suggest that
oxidative stress and inflammation play an important role
in the etiology of AMD (60), whereas a reduction in DHA
and adrenic acid and an increase in the ratios of AA/DHA
and n-6/n-3 may be biomarkers of AMD.

When we analyzed RPE/choroid LC-PUFAs, we noted
some data with more variability relative to retina, perhaps
due to the presence of contaminating blood lipids. LA in
RPE/choroid was significantly higher in the old age group
compared with the young and middle age groups, suggest-
ing that LA might accumulate in RPE lipofuscin with age
after being delivered to the RPE from the diet (61). Lower
DHA in RPE/choroid than retina may be due to selective
recycling of DHA into photoreceptor outer segment lipids
(21, 62, 63). DHA and adrenic acid in RPE/choroid were
higher in the normal old age group than in the AMD
group, which was similar to findings in the retina. Such
similarity between retina and RPE/choroid is likely due to
RPE phagocytosis of approximately 10% of the photore-
ceptor outer segment material daily, because each photo-
receptor renews its outer segment every 10 days (61, 64).

Cy4 and Cos VLC-PUFASs can be made from 22:4n-6 and
22:5n-3 (35, 36, 65) (supplementary Fig. I). Thus, the de-
crease of Coyy and Cys VLC-PUFAs in AMD retinas com-
pared with age-matched normal retinas is consistent with
the decrease of 22:4n-6 and 22:5n-3. Many Cgs Cs, VLC-
PUFAs were significantly decreased in AMD retinas rela-
tive to age-matched normal retinas. This may be due to
the lower level of precursors such as 22:4n-6 and 22:5n-3
in AMD retina or impaired enzymatic processing. Cog Csg
VLC-PUFAs can be converted from EFAs through the
consecutive enzymatic activities of desaturases, elongases,
and B-oxidation enzymes in mammals (31, 35, 36) (sup-
plementary Fig. I), but elongation requires ELOVL4,
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Fig. 4. Comparisons of Cy;-Csy VLC-PUFAs in young age, middle age, and old age and age-matched AMD
donors. A and B are the levels of Cy-Cs, VLC-PUFAs in the whole retina and RPE/choroid, respectively, from
young age, middle age, old age, and age-matched AMD donors. Statistical analysis was performed using SPSS
statistical software. Statistical significance was determined by one-way ANOVA. §, Significant differences (P<
0.05) between young and middle age group; @, means significant differences (P< 0.05) between middle and
old age group; *, significant differences (P< 0.05) between old and age-matched AMD group. In B, there are
no statistics provided, because each group’s samples had to be pooled. IS: internal standard.

which uniquely exists in retina, sperm, skin, testes, thy-
mus, and brain (36) (supplementary Fig. I). Reduced lev-
els of VLC-PUFASs are found in retinas of animal models
of autosomal dominant Stargardt macular dystrophy, a
macular dystrophy that results from truncating mutations
of the FLOVL4 gene (42), and the Met299Val variant in
the ELOVL4 gene has been reported to be possibly associ-
ated with AMD risk (66). Furthermore, just like DHA,
more oxidization of VLC-PUFAs may also occur in AMD
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retinas, which can reduce VLC-PUFAs in AMD retinas
compared with normal retinas. The increased ratio of
n-6/n-3 VLC-PUFAs in AMD retinas relative to normal
retinas may also be due to differences in the relative
levels of their n-6 and n-3 precursors.

In RPE/choroid, Cy, and Cys VLC-PUFAs were detect-
able in all individual samples, whereas Cs 3, VLC-PUFAs
were at such low concentrations that they were detect-
able only in pooled samples, but they still exhibited



TABLE 5. VLC-PUFAs composition from pooled RPE/choroid collected from young, middle and old
age and age-matched AMD human donors

Peak Area Value Normalized with IS and Sample W’eight’l

Peak no.“ RT (min) b FAs" Young Age Group Middle Age Group Old Age Group  Age-Matched AMD Group
1 23.27 24:5n-6 78.04 97.41 83.09 62.80
2 23.43 24:6n-3 147.30 376.30 259.11 66.48
3 23.58 24:4n-6 321.66 522.54 365.28 148.77
4 23.74 24:5n-3 161.86 465.52 266.57 96.15
5 27.55 26:5n-6 2.44 3.88 3.01 1.78
6 27.72 26:6n-3 6.63 12.73 6.23 1.68
7 28.00 26:4n-6 16.08 18.22 17.68 5.59
8 28.22 26:5n-3 9.11 21.72 14.83 5.02
9 33.61 28:6n-3 0.00 0.00 0.00 0.00

10 33.95 28:4n-6 0.00 0.00 0.00 0.00

11 34.42 28:5n-3 0.00 0.00 0.00 0.00

12 40.82 30:6n-3 0.00 0.37 0.00 0.00

13 41.42 30:4n-6 0.00 0.50 0.00 0.00

14 41.82 30:5n-3 0.00 0.70 0.00 0.00

15 48.84 32:5n-6 0.13 1.62 0.48 0.00

16 49.32 32:6n-3 0.78 8.12 2.23 0.00

17 50.00 32:4n-6 0.80 8.89 2.69 0.00

18 50.46 32:5n-3 0.54 6.52 1.94 0.00

19 58.49 34:6n-3 0.00 5.03 0.60 0.00

20 59.21 34:4n-6 0.00 4.58 0.46 0.00

21 59.72 34:5n-3 0.00 11.14 1.42 0.00

Ratio of n-6/n-3 VLC-PUFAs 1.28 0.72 0.85 1.29

Sum of all VLC-PUFAs 745.37 1565.79 1025.62 388.27

“Peak no. was shown in chromatograms of Fig. 2.
Retention time.

“Number of carbon atoms: number of double bonds: position of double bonds, the position of first double

bound.

dAvcrage = peak area in pooled sample/n; young age group: n = 5, middle age group: n = 6, old age group:
n =5, age-matched AMD group: n = 8. No statistics are provided due to only one pooled sample in each group.

trends with age similar to retina. The RPE must phago-
cytize approximately 10% of the photoreceptor outer
segment material daily insofar as each photoreceptor
renews its outer segment every 10 days (61, 64), and
each RPE cell underlies as many as 200 photoreceptors
and may, therefore, ingest an equivalent of 20 entire
outer segments per day (61, 64). This suggests that
RPE/choroid may share the same Cs34 VLC-PUFAs with
retina. This sharing between RPE/choroid and retina
may explain our detection of Cgy 34 VLC-PUFAs in RPE/
choroid at lower concentrations with distributions simi-
lar to overlying retina even though ELOVL4 is absent in
RPE/choroid (36). Interestingly, Cos-Cs4 VLC-PUFAs
were below the limit of detection even in combined
AMD RPE/choroid samples, correlating well with our
retinal findings.

In summary, we have demonstrated that the human
retina and RPE/choroid exhibit substantial alterations in
PUFA levels with age and that these changes are magnified
in AMD donor eyes. These alterations are especially prom-
inent in lipids of the VLC-PUFA series in AMD eyes where
these lipids are severely reduced in the retina and unde-
tectable in the RPE/choroid, and n-6/n-3 ratios are in-
creased. The underlying causes for these changes with age
and disease remain to be elucidated, but they may origi-
nate from dietary alterations, decreased enzymatic synthe-
sis, oraccelerated breakdown of LC-PUFAsand VLC-PUFAs.
Future studies should include donor eyes with a wider
range of well-characterized AMD pathologies, because the

current study utilized predominantly early and intermedi-
ate stage AMD eyes, and higher sensitivity GC-MS methods
should permit study of regional variations of VLC-PUFAs
in macular and peripheral regions of the retina. Our re-
sults support the potential value of interventions to in-
crease retinal VLC-PUFAs and to decrease n-6/n-3 ratios
in the prevention and treatment of AMD Bl

We thank Robert E. Anderson, PhD and Richard S. Brush, PhD
for sharing insights on VLC-PUFAs analytical methods.
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