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PURPOSE. To assess the role of vitamin E (VE) in age-related
changes in the retinal tissues by using a mouse model of severe
VE deficiency.

METHODS. Pups of �-tocopherol transfer protein null (a-
TTP�/�) mice were fed a VE-deficient diet for 4 or 18 months
(VE (�) group). Wild-type C57BL/6 mice were fed a 0.002%
�-tocopherol–supplemented diet (VE (�) group). In various
ocular tissues, the VE levels were measured by high-perfor-
mance liquid chromatography; the fatty acid composition by
gas chromatography (GC); and the hydroxyoctadecadienoic
acid and 8-iso-prostaglandin F2� levels, which are biomarkers
for lipid peroxidation, by GC-mass spectrometry. The retinal
structure was assessed by light, electron, and fluorescence
microscopy.

RESULTS. The �-tocopherol level in the retinas obtained from
4-month-old VE (�) animals was 71-fold lower than that in the
retinas obtained from the VE (�) group. In addition, �-tocoph-
erol was not detected; thus, the VE (�) group demonstrated a
more severe VE deficiency than ever reported. In this group,
the concentration of n-3 polyunsaturated fatty acids decreased
(0.3- to 0.9-fold), whereas that of other classes of fatty acids
was unchanged or increased. At 18 months of age, the number
of the outer nuclear layer (ONL) nuclei was observed to be 17%
lower in the VE (�) than in the VE (�) group (P � 0.05).
Electron microscopy revealed larger amounts of matrix be-
tween the ONL nuclei indicating the Müller cell hypertrophy,
greatly expanded rod outer segment discs, and a larger number
of inclusion bodies in the retinal pigment epithelium (RPE; P �
0.05) in the VE (�) group. Fluorescence microscopy revealed
that the autofluorescence signal was increased in the RPE layer
in this group. When the observations of the 18-month-old
animals were compared to those of the 4-month-old animals,
the hydroxyoctadecadienoic acid and 8-iso-prostaglandin F2�

levels were found to be increased in the retina and RPE ob-

tained from both the VE (�) and VE (�) groups; however, the
age-related increases were more remarkable in the VE (�)
group (2.6- to 43.5-fold) than in the VE (�) group (0.8- to
8.7-fold).

CONCLUSIONS. The combined use of a-TTP�/� mice and a VE-
deficient diet leads to a severe deficiency of VE, enhances lipid
peroxidation in the retina, and accelerates degenerative dam-
age of the retina with age. (Invest Ophthalmol Vis Sci. 2007;
48:396–404) DOI:10.1167/iovs.06-0872

There are increasing experimental and clinical evidences that
suggest the involvement of the oxidative stress induced by

active oxygen and nitrogen species in the pathogenesis of various
diseases such as cancer and aging.1 As a consequence, the role of
antioxidants has received much attention.2 Protection against
oxidative stress in ocular tissues is thought to be mediated by
several antioxidants, such as the vitamins C and E,3,4 catalase,3

superoxide dismutases,3 the glutathione system,5,6 and the thiore-
doxin system.5,7 Until now, the preventive and therapeutic effects
of vitamin E (VE) administration have been reported in various
types of human ocular diseases.8–13

VE is a generic description for all tocopherol (Toc) and
tocotrienol derivatives. Tocopherols have a phytyl chain, while
tocotrienols have a similar chain but with three double bonds
at positions 3�, 7�, and 11�. Both tocopherols and tocotrienols
have four isomers (designated as �, �, �, and �), which differ
in the number and position of methyl groups on the chroman
ring (Supplementary Fig. S1, online at http://www.iovs.org/
cgi/content/full/48/1/396/DC1).14 �-Toc is the most abundant
VE in vivo,15 although plants and normal diets often contain a
nearly equal or a higher amount of �-Toc. �-Toc transfer pro-
tein (�-TTP), a cytosolic liver protein with a highly specific
binding affinity for �-Toc, selectively transports �-Toc from the
liver to the blood stream16; thus, the presence of �-TTP is
thought to be the reason for such a high bioavailability of �-Toc
in vivo. It has been demonstrated that mutations in the gene
that encodes �-TTP in humans cause ataxia with isolated VE
deficiency (AVED)17 and autosomal recessive retinitis pigmen-
tosa.18

In experimental settings, the role of VE in ocular homeosta-
sis was analyzed after the dietary deprivation of VE in ani-
mals.19–21 However, any attempt to reduce the VE level in
ocular tissues was met with some resistance. The concentra-
tion of �-Toc was 560 and 120 �g/g tissue in the rat retina after
16 weeks of feeding them regular laboratory chow and a
VE-deficient diet, respectively.19 Further, in the rats fed a VE-
deficient diet, there was a roughly 24-, 5-, and 8-fold decrease
in the concentration of �-Toc in the iris, whole retina, and
retinal pigment epithelium (RPE), respectively, when com-
pared with those fed a regular diet for 15 weeks after wean-
ing.21 More recently, a mouse with a targeted disruption of the
a-TTP gene was generated.22 We recently reported that the
concentration of �-Toc in wild-type mice fed a regular diet and
a-TTP�/� mice maintained on a VE-deficient diet was respec-
tively 2100 and 6 nM in the plasma (a 350-fold decrease) and
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19.9 and 0.26 nanomoles/g tissue in the liver (a 77-fold de-
crease) at the age of 11 weeks.23 Thus, the combined use of
a-TTP�/� mice and a VE-deficient diet leads to a more severe
VE deficiency than ever reported and is thought to be an
excellent model to assess the role of VE in vivo.

A previous study indicated that the dietary deprivation of VE
and other antioxidants alters the retinal structure through
events such as the mild loss of photoreceptor cells,24 an in-
crease in lipofuscin accumulation in the RPE19,25 as well as an
increase in lipid peroxidation,26 and a change in the fatty acid
composition in rod outer segments (ROS).20 We recently re-
ported that the totally assessed hydroxyoctadecadienoic acid
(tHODE) and 8-iso-prostaglandin F2� (8-iso-PGF2�), which are
derived from linoleic acid and arachidonic acid, respectively,
could be biomarkers for the peroxidation levels in mouse
retina.27 In the present study, we used a model of severe VE
deficiency to assess the role of VE in age-related changes in
ocular tissues in vivo, particularly in the retina and RPE. For
this purpose, the concentration of �- and �-Toc, the composi-
tion of fatty acids in various ocular tissues, and the tHODE and
8-iso-PGF2� levels in the retina and RPE were measured by
high-performance liquid chromatography (HPLC) and gas chro-
matography (GC). In addition, the retinal structure was as-
sessed by light, electron, and fluorescence microscopy in
young (4-month-old) and/or old (18-month-old) a-TTP�/� mice
maintained on a VE-deficient diet and compared to that of the
age-matched wild-type mice.

MATERIALS AND METHODS

Animal Care

All procedures were performed according to the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research. All protocols
were reviewed and approved by the Institutional Animal Care and Use
Committee (IACUC) of the National Institute of Advanced Industrial
Science and Technology. Male a-TTP�/� mice (B6.129S7 �-Ttptm1Csk;
19–24 g)22 obtained from an in-house colony were fed a VE-free diet
(Funabashi Nojyo, Chiba, Japan) during the experimental periods (VE
(�) group).23 Wild-type C57BL/6J mice (19–24 g) were purchased
from Nippon Clea Co. (Tokyo, Japan) and were fed the same diet as
that fed the VE (�) animals except that it was supplemented with
0.002% (wt/wt) �-Toc (VE (�) group). All animals were maintained
until they were 4 or 18 months old under standardized conditions of
light (7 AM on/7 PM off; 20–40 lux within the cages during the light
cycle), temperature (22°C), and humidity (70%).

Preparation of Ocular Tissue Samples

The preparation of ocular tissue samples has been described previously.15,27

Briefly, after a deep anesthesia was induced by an intraperitoneal injection of
pentobarbital sodium (30 mg/kg), the mice were perfused with ice-cold
phosphate-buffered saline (PBS; pH 7.4) from the left ventricle to wash out
the blood; subsequently, the eyes were rapidly enucleated. For morphologic
analyses, the enucleated eyes were immersed in fixatives, as described in later
sections. For the measurements of VE, fatty acid, tHODE, and 8-iso-PGF2�, the
enucleated eyes were dissected under a microscope into the cornea, crystal-
line lens, iris, neural retina, and the RPE fraction consisting of the RPE,
choroid, and sclera.15 The right eyes were used for the analyses of VE or the
morphology, and the left eyes were used for the analyses of fatty acids or
tHODE and 8-iso-PGF2�.

Analysis of VE in Ocular Tissues

The method for the analysis of VE was reported previously.15 The
ocular tissues from the 4-month-old animals were homogenized with
100 �L PBS by using pestles and tubes (Bel-Art Products, Pequannock,
NJ) for 4 minutes. The protein concentration of the sample was
determined using 5 �L of the aliquot and the bicinchoninic acid (BCA)

protein assay kit (Pierce, Rockford, IL). Chloroform-methanol (450 �L,
2:1 [vol/vol]) was added to the homogenized suspension, and VE was
extracted by centrifugation (15,000g, 4°C, 20 minutes) after it was
mixed vigorously with a vortex mixer. �-Toc and �-Toc were separated
on a column (5 �m, 250 � 4.6 mm; LC-18 ODSl Sigma-Aldrich Co.,
Tokyo, Japan) by using methanol/tert-butyl alcohol (95:5 [vol/vol])
containing 50 mM sodium perchlorate as the eluent at a flow rate of 1
mL/min. They were detected using an HPLC unit with an amperomet-
ric electrochemical detector (Nanospace SI-1; Shiseido, Tokyo, Japan)
that was set at 800 mV. The concentrations of VE were determined
using the standard samples of �- and �-Toc (purity, 99.9 wt%) that were
kindly provided by Eisai Co., Ltd. (Tokyo, Japan).

Analysis of Fatty Acids in Ocular Tissues

The method for the analysis of fatty acids was reported previously.23

Lipids were extracted from the ocular tissues of 4-month-old animals in
the same manner as described for the VE analysis. An aliquot of the
solution containing lipids was evaporated, and methanol/benzene 2
mL (4:1 [vol/vol]) containing an internal standard—tridecanoic acid
(600 �g)—was added to it. Acetyl chloride (200 �L) was added slowly
to this solution and subjected to methanolysis at 100°C for 1 hour.
After the sample was cooled in water, 5 mL of potassium carbonate (6%
in water) was added slowly to terminate the reaction and neutralize the
mixture. The solution was mixed vigorously with a vortex mixer and
centrifuged (3000g, 10 minutes), and an aliquot of the benzene layer
was injected into a gas chromatograph (GC 6890 N; Agilent Technol-
ogies Co., Ltd., Palo Alto, CA) equipped with a flame-ionized detector.
A fused-silica capillary column (SP-2560, 100 m � 0.25 mm; Sigma-
Aldrich Co.) was used for the analysis. Helium was used as the carrier
gas at a flow rate of 1.2 mL/min. The temperature programming was
performed from 140°C to 240°C at 4°C/minute. The injector temper-
ature was set at 250°C. The fatty acid composition was expressed as
mol% of the total fatty acids.

Analyses of tHODE and 8-iso-PGF2�

8-iso-Prostaglandin F2�-d4 [8-iso-PGF2�-d4], 9-hydroxy-10(E),12(Z)-octa-
decadienoic acid [9-(E,Z)-HODE], 13-hydroxy-9(Z),11(E)-octadecadien-
oic acid [13-(Z,E)-HODE], and 9(S)-hydroxy-10(E),12(Z)-octadecadien-
oic-9,10,12,13-d4 acid [9-HODE-d4] were obtained from Cayman
Chemical Company (Ann Arbor, MI). 9-Hydroxy-10(E),12(E)-octadeca-
dienoic acid [9-(E,E)-HODE] and 13-hydroxy-9(E),11(E)-octadecadien-
oic acid [13-(E,E)-HODE) were obtained from Larodan Fine Chemicals
AB (Malmo, Sweden). The method for the analysis of tHODE and
8-iso-PGF2� has been reported.27,28 The lipids were extracted from the
retinas and RPE fractions of the 4- and 18-month-old animals in same
manner as in the VE analysis. The internal standards—8-iso-PGF2�-d4

(100 ng) and 9-HODE-d4 (100 ng)—and 1 mL of methanol containing
100 �M 2,6-di-tert-butyl-4-methylphenol (BHT) were added to the sam-
ple, followed by the reduction of hydroperoxides and ketones with an
excessive amount of sodium borohydride at room temperature for 5
minutes. The reduced sample was then mixed with 1 M KOH in
methanol (1 mL) under nitrogen and incubated for 30 minutes in the
dark at 40°C on a shaker. The sample was centrifuged (3000g, 4°C, 10
minutes). The supernatant obtained was diluted with a fourfold vol-
ume of water (pH 3), and its pH was adjusted to 3 with 2 N HCl. The
acidified sample was centrifuged (3000g, 4°C, 10 minutes), and the
supernatant was subjected to solid phase extraction.27,28 The eluent
obtained was evaporated under nitrogen, and 30 �L of the silylating
agent N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA) was added to
the dried residue. The solution was vigorously mixed by vortexing for
1 minute and incubated for 60 minutes at 60°C to obtain trimethylsilyl
esters and ethers. An aliquot of this sample was injected into a gas
chromatograph (GC 6890 N) equipped with a quadrupole mass spec-
trometer (5973 Network; Agilent Technologies, Palo Alto, CA). A
fused-silica capillary column (HP-5MS, 5% phenyl methyl siloxane,
30 m � 0.25 mm; Agilent Technologies) was used. Helium was used as
the carrier gas at a flow rate of 1.2 mL/min. The temperature program-
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ming was performed from 60°C to 280°C at 10°C/min. The injector
temperature was set at 250°C; the temperatures of the transfer line to
the mass detector and the ion source were 250°C and 230°C, respec-
tively. The electron energy was set at 70 eV. On the basis of their
retention times and characteristic fragments, 8-iso-PGF2� and each
class of HODE were identified (m/z � 571 and 481 for 8-iso-PGF2� and
440, 369, and 225 for HODE; Figs. 1A, 1B). The retinal concentrations
of 8-iso-PGF2� and HODE were determined using the fragment ions
with an m/z ratio of 481 and 440, respectively. For the quantification
of 8-iso-PGF2� and HODE, 8-iso-PGF2�-d4 (m/z � 485), and 9-HODE-d4

(m/z � 444) were used as internal standards, respectively. The values
obtained were compared between the VE (�) and VE (�) groups or
between the groups comprising 4- and 18-month-old mice by an un-
paired t-test.

Preparation of Retinal Tissue Sections

For epoxy resin embedding, the right eyes enucleated from the 18-
month-old animals were fixed with 2% paraformaldehyde and 2%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 48 hours at 4°C.
Subsequently, the cornea and lens were removed from the eyeballs,
and the eye cups were radially cut into six pieces. These pieces were
postfixed with 2% osmium tetroxide for 2 hours, dehydrated in a
graded series of ethanol, and embedded in epoxy resin. For light
microscopy, each of the six pieces obtained from each eye was cut into
semithin sections (approximately 900 nm thick) and stained with
toluidine blue. For electron microscopy, each of the six pieces was cut
into ultrathin sections (approximately 90 nm thick) and stained with
uranyl acetate and lead citrate. For paraffin embedding, the right eyes
enucleated from the 4-month-old animals were fixed with 4% parafor-
maldehyde and 0.25% glutaraldehyde in PBS for 24 hours at 4°C.
Subsequently, the eyes were dehydrated in a graded series of ethanol,

embedded in paraffin, and cut into 5-�m-thick sagittal sections, includ-
ing the optic nerve head.

Light Microscopy

For each eye, digitized color images of six semithin retinal sections of
six pieces of retinal block were obtained using a digital imaging system
(PDMC Ie; Olympus, Tokyo, Japan). Each image located retinal areas
0.25 to 1 mm away from the optic disc. The thicknesses of the retina,
the outer nuclear layer (ONL), and the ROS were measured at the
center of each image by using ImageJ 1.32j software (available at
http://rsb.info.nih.gov/ij/; developed by Wayne Rasband, National In-
stitutes of Health, Bethesda, MD),29 and the number of toluidine
blue-positive photoreceptor cell nuclei in each image was counted
manually.7,30 The averages of the values obtained for the six sections of
each eye were calculated for both VE (�) and VE (�) groups and
compared by unpaired t-test.

Transmission Electron Microscopy

In each of the six pieces of retinal block obtained from each eye, black
and white images were obtained in 4–8 locations, including the inner
and outer regions of the retinal layers, RPE, and choroid; the photo-
graphs were obtained using a transmission electron microscope (EM-
002B; Topcon, Tokyo, Japan) with magnifications between 2200� and
6600�.31 For the quantification of the number of inclusion bodies in
the RPE, the images of the RPE layer located roughly 0.5 mm away from
the optic disc were photographed with a magnification of 2200�, and
the number of inclusion bodies in each image was counted manually.
Six images of the six retinal blocks were counted in each eye. The
averages of the values obtained from the six images in each eye were

FIGURE 1. Typical GC-MS spectra of
the trimethylsilyl ester and ether of
HODE (A) and 8-iso-PGF2� (B) in
mouse retina. (A) Detected peaks of
9- and 13-(Z,E)-HODE, 9-(E,E)-HODE,
and 13-(E,E)-HODE. (B) Detected peak
of 8-iso-PGF2�.
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calculated for both VE (�) and VE (�) groups and compared using an
unpaired t-test.

Fluorescence Microscopy

Autofluorescence from the retinal tissues was detected in the paraffin-
embedded sections by using a fluorescence microscope equipped with
494-nm/530-nm excitation/emission filters (IX-71; Olympus).

RESULTS

VE Concentrations in Ocular Tissues

Initially, we tested the VE level in the ocular tissues obtained
from the 4-month-old VE (�) and VE (�) animals (Table 1). In
the VE (�) group, �-Toc was detected in all the tissues that
were analyzed, whereas �-Toc was detected in the iris, retina,
and RPE fraction (Table 1, VE (�)). Both �- and �-Toc levels
were the highest in the retina among the ocular tissues in the
VE (�) group; this result was consistent with that described in
our previous report on rats.15 In the VE (�) group, �-Toc was
detected in the cornea and retina, and �-Toc was not detected
in any of the tissues (Table 1, VE (�)). The ratio of the VE level
(VE (�)/VE (�)) did not exceed 0.1 in any tissue; thus, VE was
severely depleted in the ocular tissues obtained from the VE
(�) group. Notably, the �-Toc level in the retinas obtained
from the VE (�) group was 71-fold lower than those obtained
from the VE (�) group.

Fatty Acid Composition in Ocular Tissues

Because age and antioxidant levels affect fatty acid composi-
tion,20,32 we next tested the fatty acid composition in the
ocular tissues obtained from the 4-month-old mice from the VE
(�) and VE (�) groups (Table 2). In both groups, the fatty acid
concentration was below the quantification level in the cornea
(Table 2). Unlike the results obtained for other ocular tissues,
docosahexaenoic acid (n-3 polyunsaturated fatty acid [PUFA])
was found to be the most abundant fatty acid in the retina in
both groups (Table 2, retina); this finding was consistent with
that described in a previous report.33,34 In the VE (�) group,
the concentration of the n-3 PUFAs decreased consistently in
all ocular tissues other than the cornea when compared to the
VE (�) group (0.3- to 0.9-fold). In contrast, that of the other
kinds of fatty acids such as saturated fatty acids (SFAs), mono-
unsaturated fatty acids (MUFAs) and n-6 PUFAs was unchanged
or increased in the VE (�) group in most of the tissues that
were analyzed (Table 2). Thus, VE deficiency altered the fatty
acid composition in the ocular tissues during the early phase of
the experiments.

Light Microscopic Observation

The toluidine blue–stained semithin sections of retinas ob-
tained from the 18-month-old animals were observed by light
microscopy (Fig. 2). In the ONL in the VE (�) group, the
cellular density was lower, and the intensity of the toluidine
blue staining in the ROS adjacent to the RPE was lower than
that observed in the VE (�) group (Fig. 2B). Quantification
revealed that there was no significant difference in the thick-
nesses of the total retina, ONL, and ROS of the VE (�) and VE
(�) groups (Fig. 2C); however, the number of ONL nuclei was
significantly lower in the VE (�) group than in the VE (�)
group (17% lower, P � 0.05; Fig. 2D). In the VE (�) group,
isolated cell nuclei were observed in the outer part of the inner
nuclear layer (Fig. 2B, arrows), indicting somatic translocation
of Müller cells.35 T
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Ultrastructural Observation

We further assessed the ultrastructure of the retina and RPE by
TEM in the 18-month-old animals (Fig. 3). In the VE (�) group,
the photoreceptor cell nuclei in the ONL were arranged regu-
larly, and a thin layer of matrix filled the spaces between the
nuclei (Fig. 3A). In the VE (�) group, the arrangement of the
photoreceptor cells was irregular, and a larger amount of
matrix filled the spaces between nuclei when compared to the
VE (�) group (Fig. 3B, arrows). In the VE (�) group, the disc
membranes of the ROS were arranged regularly and densely
from the base to the tip of the ROS (Fig. 3C). In the VE (�)
animals, the arrangement of the disc membranes at the base of
the ROS was relatively uniform and became greatly expanded
and irregular at the tip of the ROS (Fig. 3D, arrowheads). In the
RPE cells, we observed inclusion bodies that contained whorls
of electron dense, membranelike matter (Fig. 3E, arrowheads),
some of them being more compressed and electron dense (Fig.
3E, arrow). However, they were distinguishable from melano-
somes, which were the most electron dense, completely amor-
phous, and oval-shaped structures located in both the RPE and
choroid (Figs. 3E, 3F, asterisks). Although the inclusion bodies
were observed in both groups of animals, more accumulated in
the RPE cells in the VE (�) group (Fig. 3H) than in in the VE
(�) group (Fig. 3G). Furthermore, quantification revealed that
the number of inclusion bodies was significantly larger in the
VE (�) group than in the VE (�) group (P � 0.05, Fig. 3I).T
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FIGURE 2. Light microscopic observation. The eyes obtained from
18-month-old mice belonging to the VE (�) group (four eyes from four
mice) and the VE (�) group (six eyes from six mice) were analyzed. (A,
B) Representative images of toluidine blue–stained semithin retinal
sections of the VE (�; A) and VE (�; B) groups. Isolated cell nuclei
were observed in the outer part of the of the inner nuclear layer in the
sections obtained from the VE (�) group (white arrow). (C) Quanti-
fications of the total, ONL, and ROS thicknesses. The data are ex-
pressed as the mean � SD (n � 4 and 6 in the VE (�) and VE (�)
groups, respectively). NS indicates that there are no significant differ-
ences between the VE (�) and VE (�) groups, as determined by an
unpaired t-test. (D) Quantifications of the number of nuclei in the ONL.
The data are expressed as the mean � SD [n � 4 and 6 in the VE (�)
and VE (�) groups, respectively]. *P � 0.05, as determined by an
unpaired t-test. INL, inner nuclear layer; ONL, outer nuclear layer; RIS,
rod inner segment; ROS, rod outer segment; and RPE, retinal pigment
epithelium.
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Thickening of Bruch’s membrane and formation of vacuoles in
the RPE layer were observed in some sections; however, no
consistent difference in the thickening and in the vacuole
formations was observed between the VE (�) and the VE (�)
groups.

Detection of Autofluorescence in the Retina

We assessed autofluorescence in the retinal sections obtained
from the 4-month-old animals (Fig. 4). An autofluorescence
signal of greater intensity was observed in the RPE layer of the
VE (�) group (Fig. 4B, arrows) than in that of the VE (�) group
(Fig. 4A).

tHODE and 8-iso-PGF2� Levels in the Retina and
RPE Fraction

Because oxidative stress is thought to be closely related to the
aging process, we finally tested the levels of oxidative stress

FIGURE 3. Ultrastructural observation
by TEM. The eyes obtained from the
18-month-old mice belonging to the
VE (�) group (four eyes from four
mice) and the VE (�) group (six eyes
from six mice) were analyzed. (A, B)
Representative TEM images of the
ONL in the VE (�; A) and VE (�; B)
groups. Thick material was observed
in the intercellular space of photore-
ceptor cell nuclei in the sections ob-
tained from the VE (�) group (ar-
row). (C, D) Representative TEM
images of the ROS in the VE (�; C)
and VE (�; D) groups. The expanded
and irregular arrangement of disc
membranes was observed at the tip
of the ROS in the sections obtained
from the VE (�) group (arrowheads).
(E, F) Representative TEM images of
the inclusion bodies in the RPE (E)
and the melanosomes in the RPE (E)
and choroid (F). Inclusion bodies
that contained whorls of electron-
dense membranelike material (ar-
rowheads) or contained more com-
pressed and electron-dense material
(arrows) were observed in the RPE
cell bodies (E). These inclusion bod-
ies were distinguishable from mela-
nosomes (✱ ), which were the most
electron dense, completely amor-
phous, and oval-shaped structures lo-
cated in both the RPE (E) and cho-
roid (F). (G–I) Representative TEM
images of the RPE in the VE (�; G)
and VE (�; H) groups, and the quan-
tifications of the number of inclusion
bodies (I). The data are expressed as
the mean � SD (n � 4 and 6 in the
VE (�) and VE (�) groups, respec-
tively). *P � 0.05, as determined by
an unpaired t-test. ONL, outer nu-
clear layer; RIS, rod inner segment;
ROS, rod outer segment; RPE, retinal
pigment epithelium; BM, Bruch’s
membrane; and CH, choroid.

FIGURE 4. Detection of autofluorescence by using a fluorescence mi-
croscope. The eyes obtained from the 4-month-old mice belonging to
the VE (�) group (two eyes from two mice) and the VE (�) group (two
eyes from two mice) were analyzed. (A, B) Representative fluorescent
images of the retinal sections obtained from the VE (�; A) and VE (�;
B) groups. Remarkable autofluorescence is consistently observed in
the RPE layer in the VE (�) group (arrows).
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markers such as tHODE and 8-iso-PGF2� in the retinas and RPE
fractions obtained from the 4- and 18-month-old animals (Table
3). On the one hand, in the 4-month-old animals, there was no
significant difference between the VE (�) and VE (�) groups
with regard to the tHODE levels in any of the tissues examined.
On the other hand, 8-iso-PGF2� was detected only in the retinas
obtained from the VE (�) group (Table 3, 4-month-old). The
8-iso-PGF2� level in the retina and RPE fraction was 2.1-fold
higher in the VE (�) group than in the VE (�) group, and the
difference was found to be significant (P � 0.05). The tHODE
and 8-iso-PGF2� levels in most tissues in the 18-month-old
animals were higher than those in the tissues of the 4-month-
old animals in both VE (�) and VE (�) groups. However, the
increases related to aging were more remarkable in the VE (�)
group (2.6- to 12.4-fold increase in HODE and 3.5- to 43.5-fold
increase in 8-iso-PGF2�) than in the VE (�) group (0.8- to
7.3-fold increase in tHODE and 3.3- to 8.7-fold increase in
8-iso-PGF2�; Table 3, 18-month-old, ratio, 18 months/4
months). In the 18-month-old animals, the total HODE and
9,13-(Z,E) HODE levels in the retina and RPE fraction were
significantly higher in the VE (�) group than in the VE (�)
group, whereas there was no significant difference in the 9-(E,
E) and 13-(E, E) HODE levels between the VE (�) and VE (�)
groups.

DISCUSSION

In the present study, the �-Toc levels in the VE (�) group
markedly decreased in all the ocular tissues that were ana-
lyzed when compared to those in the VE (�) group (Table
1). In the retinas obtained from the VE (�) group, the �-Toc
level was 71-fold lower than those obtained from the VE (�)
group, indicating a more severe VE deficiency in dietary
deprivation than ever reported.19 –21 Thus, severe VE defi-
ciency achieved by the combined use of a-TTP�/� mice and
a VE-deficient diet is thought to be an excellent model to
assess the role of VE in vivo, particularly in tissues such as
the retina that are resistant to the dietary deprivation of VE.
Of interest, �-Toc deprivation was accompanied with a

marked reduction in the �-Toc level in the ocular tissues
(Table 1). This finding is in agreement with our previous
observation that the �-Toc level in the plasma and liver
decreased in the VE (�) group when compared to the VE
(�) group.36 Orally administered �- and �-Tocs are equally
absorbed from the intestine, but only �-Toc is preferentially
secreted from the liver to the plasma, owing to its specific
binding to �-TTP that is expressed in the liver.37 The de-
creased �-Toc level in the VE (�) group may suggest that
�-TTP or �-Toc play a role in the uptake, retention, and
metabolism of �-Toc; however, this assumption must be
confirmed. In the present study, we used wild-type C57BL/6
mice as the VE (�) control group. Any retinal phenotype of
mice derived from the ES cell line used for the generation of
a-TTP�/� mice was not reported, and a-TTP�/� mice used in
the present study were backcrossed with C57BL/6 mice.
Accordingly, we believe that the findings observed in the
present study are due to the difference in tissue levels of VE
between VE (�) and (�) groups and/or the elimination of
a-TTP gene in VE (�) group.

Previous studies reported that the decrease in docosahexae-
noic acid is a common feature of retinal disease, including
hereditary33,34 and light-induced38 retinal degeneration. In the
present study, n-3 PUFAs, including docosahexaenoic acid,
decreased in the retinas and RPE fractions obtained from the
VE (�) group when compared to the VE (�) group; thus, the
concentration of other kinds of fatty acids remained un-
changed or increased (Table 2). The dietary deprivation of VE
and selenium in rats for 26–32 weeks led to a marked decrease
in the concentration of n-3 PUFAs in the RPE fraction, but not
in the whole retina,20 which suggests that retinal degeneration
observed in the present study was more severe than that
observed in a previously reported experiment on dietary defi-
ciency alone. Light microscopy revealed a significant decrease
in the number of ONL nuclei in the VE (�) group when
compared to that in the VE (�) group, whereas no significant
difference was observed in the ONL thickness between the
groups (Fig. 2). The presence of dense matrix between the
ONL nuclei in the VE (�) group, as revealed by TEM (Fig. 3B),

TABLE 3. Levels of HODE and isoPs in Retina and RPE Fraction from 4- and 18-Month-Old Animals

4-Month Old

Retina RPE Fraction Retina � RPE Fraction

VE(�) VE(�)
Ratio

[VE(�)/(�)] VE(�) VE(�)
Ratio

[VE(�)/(�)] VE(�) VE(�)
Ratio

[VE(�)/(�)]

9,13-(Z,E) HODE 70 � 30 36 � 12 0.5 65 � 11 67 � 7 1.0 135 � 26 104 � 17 0.8
Ratio
(18-mo/4-mo)

9-(E,E) HODE 27 � 14 17 � 2 0.6 24 � 4 38 � 9 1.6* 51 � 12 54 � 9 1.1
Ratio
(18-mo/4-mo)

13-(E,E) HODE 29 � 9 17 � 6 0.6 104 � 86 55 � 16 0.5 133 � 90 73 � 21 0.6
Ratio
(18-mo/4-mo)

Total HODE 126 � 51 71 � 17 0.6 193 � 92 160 � 29 0.8 319 � 119 231 � 43 0.7
Ratio
(18-mo/4-mo)

8-iso-PGF2� ND 0.2 � 0.3 — 1.7 � 0.3 2.5 � 0.7 1.5 1.7 � 0.3 2.7 � 0.6 2.1*
Ratio
(18-mo/4-mo)

Values are expressed as the mean � SD (picomoles/mg protein); n � 4 in 4-month-olds VE(�) and VE(�) and 18-month-old VE(�); n � 6 in
18-month-olds VE(�). ND, not detectable.

* P � 0.05 between VE(�) and VE(�) calculated by unpaired t-test.
†, ††, and ††† P � 0.05, � 0.01, and � 0.001, respectively, between 4- and 18-month-olds, by unpaired t-test.
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explains this discrepancy. Recently, neural remodeling in reti-
nal degeneration has been recognized, and the Müller cell
hypertrophy plays an important role in such neural remodel-
ing.35,39,40 Müller cell hypertrophy is indicated by somatic
translocation of Müller cells in the direction of the outer retina
and by filling with Müller cell processes in intercellular space
of the ONL.35,39,40 Accordingly, compensatory hypertrophy of
Müller cells is likely to be involved in the morphologic changes
observed in the ONL of the VE (�) group. Previously, Yokota
et al.41 reported a change in the retinal morphology in
a-TTP�/� mice. Although they did not perform quantification,
they provided representative images of hematoxylin/eosin-
stained retinal sections in their reports, showing that at the age
of 20 months, the ONL thickness in the a-TTP�/� mice that
were fed a normal diet was roughly half that in the wild-type
mice fed a normal diet.41 The reason for this discrepancy
between the report published by Yokota et al. and the present
study is not clear, but the difference in the light intensity in the
vivarium or a small difference in the genetic background may
have affected the phenotype.

TEM revealed a marked alteration in the ultrastructure of
the ROS (Fig. 3D) and an accumulation of inclusion bodies in
the RPE of the retinas obtained from the VE (�) group (Figs.
3H, 3I). These observations agreed with previous reports that
aging alters the structure of the ROS and causes the accumu-
lation of inclusion bodies in the RPE and that the deficiency of
antioxidant nutrients, including VE, accelerates these retinal
changes with aging.19,25 Fluorescence microscopy revealed an
accumulation of autofluorescence in the RPE obtained from
the VE (�) group (Fig. 4B). Autofluorescent lipofuscin gran-
ules, which are indicative of inclusion bodies in the RPE, are
thought to be an end product of lipid peroxidation; thus,
oxidative stress is proposed to be involved in the age-related
changes in the retina.26,42 When the observations of the 18-
month-old animals were compared to those of the 4-month-old
animals, the tHODE and 8-iso-PGF2� levels, which are biomar-
kers for lipid peroxidation, were found to be increased in the
retinas and RPE fractions obtained from both VE (�) and VE
(�) groups; however, these age-related increases were more
remarkable in the VE (�) group (2.6- to 43.5-fold) than in the

VE (�) group (0.8- to 8.7-fold; Table 3). Accordingly, our
results support the previously proposed theory regarding the
involvement of nonenzymatic oxidation of lipids in the retina
and RPE in the aging process. It is known that the isomer
distribution of HODE depends on the oxidants and antioxi-
dants.43 The racemic 9(RS)-(E,E)- and 13(RS)-(E,E)-HODE,
which are formed in equal amounts, are markers for the free
radical–meditated lipid peroxidation, although it does not clar-
ify which radical initiated the chain oxidation. The regio-,
stereo-, and enantio-specific product 13(S)-(Z,E)-HODE clearly
indicates oxidation by 15-lipoxygenase, whereas 10- and 12-
HODE indicate oxidation by singlet oxygen. The reason that
(Z,E) and (E,E)-HODE showed different trends of change re-
lated to aging in this study (Table 3) should be investigated in
the near future from the viewpoint of isomer distributions.
Recently, we reported that the increase in tHODE and 8-iso-
PGF2� in retinal degeneration occurred after exposure to light
in mice.27 In the current study, we demonstrated the success-
ful measurement of both oxidation products even in small
amounts of the sample (i.e., one retinal sample [roughly 10 mg
wet weight] in each measurement). Because the increase in
both oxidation products was accompanied with retinal degen-
eration in this study, tHODE and 8-iso-PGF2� can be said to be
effective biomarkers for assessing age-related changes in the
retina as well.

In summary, the combined use of a-TTP�/� mice and a
VE-deficient diet leads to a severe deficiency of VE, enhances
lipid peroxidation in the retina, and accelerates degenerative
damage of the retina with age.
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TABLE 3 (continued). Levels of HODE and isoPs in Retina and RPE Fraction from 4- and 18-Month-Old Animals

18-Month-old

Retina RPE Fraction Retina � RPE Fraction

VE(�) VE(�)
Ratio

[VE(�)/(�)] VE(�) VE(�)
Ratio

[VE(�)/(�)] VE(�) VE(�)
Ratio

[VE(�)/(�)]

150 � 61 435 � 345 2.9 432 � 377 828 � 443 1.9 582 � 428 1264 � 373 2.2*

2.1 12.1 6.7 12.4†† 4.3 12.2†††
197 � 150 199 � 76 1.0 84 � 64 156 � 100 1.9 281 � 150 355 � 148 1.3

7.3 11.7†† 3.5 4.1† 5.5† 6.6††
65 � 43 136 � 115 2.1 78 � 67 142 � 78 1.8 142 � 101 278 � 135 2.0

2.2 8.0 0.8 2.6 1.1 3.8†
411 � 206 770 � 514 1.9 594 � 506 1127 � 562 1.9 1006 � 573 1896 � 589 1.9*

3.3† 10.8† 3.1 7.0†† 3.2 8.2†††
9.2 � 9.5 8.7 � 7.0 1.0 5.6 � 4.4 8.7 � 2.9 1.6 14.8 � 11.9 17.3 � 9.3 1.2

— 43.5† 3.3 3.5†† 8.7 6.4†
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