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The retina rapidly incorporates ingested C20-D,-vitamin A in a

swine model
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Purpose: To determine how the retina uses vitamin A for vision, we studied the flux of oral vitamin A into and out of

the swine retina.

Methods: We administered labeled vitamin A to swine daily for 30 days and measured the percent of the labeled vitamin
A to native unlabeled vitamin A in the retinal epithelium, neuroretina, plasma, liver, lung, and kidney.

Results: We show that during normal vitamin A homeostasis, the retina rapidly assimilates newly ingested dietary
vitamin A, which replaces native vitamin A. Retinal vitamin A is turned over faster than previously thought. Provitamin
A carotenoids do not significantly contribute to retinal vitamin A pools when consuming diets adequate in vitamin A.
Conclusions: Fast vitamin A turnover in the retina has direct implications for emerging therapies to prevent major forms
of blindness based on controlling the concentrations of retinal vitamin A.

During vision, in the disc lumen of the normal func-
tioning eye, vitamin A as retinaldehyde becomes bound to
a phosphatidylethanolamine lipid to form a retinaldehyde—
phosphatidylethanolamine complex. A rim protein is respon-
sible for transporting this complex out of the disc lumen [1].
Patients with Stargardt disease have a genetic defect in the
gene encoding for this rim protein, the ATP-binding cassette
sub-family A gene [2]. With a dysfunctioning transporter, the
vitamin A complex reacts with vitamin A aldehyde to form
vitamin A dimers, N-retinylidene-N-retinylethanolamine
(A2E) and all-trans-retinal dimer (ATR-dimer), which
precede clinical signs of Stargardt. Vitamin A dimers are
also elevated in the eyes of those with age-related macular
degeneration and Best disease.

The observations that the accumulation of vitamin A
dimers precede retinal degeneration and that these dimers
can cause cellular and retinal toxicity in animal and cell
models have prompted the development of pharmacological
interventions to retard vitamin A dimerization [3-7]. We have
shown that replacing the eye’s natural vitamin A with vitamin
A deuterated at carbon-20 (C20-D,-vitamin A) prevents the
formation of vitamin A dimers [8,9]. However, an interven-
tion based on controlling the concentration of retinal vitamin
A has been questioned because 1) the retina is notoriously
hard to deplete of vitamin A [10,11]; 2) vitamin A has a long
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half-life in the body of 140 days [12]; and 3) the many dictary
sources of vitamin A and provitamin A carotenoids make
it hard to limit intake of dietary vitamin A. Accordingly,
we followed the rates of C20-D,-vitamin A accumulation in
the retinal epithelium (RE) and the neuroretina of the eye,
and in the plasma, liver, lung, and kidney of swine given
a C20-D,-vitamin A capsule while fed normal amounts
of dietary provitamin A carotenoids. We found that under
normal vitamin A homeostasis, retinal vitamin A is rapidly
replaced with newly ingested vitamin A, and that plasma
and retinal vitamin A pools are in equilibrium. These data
suggest that C20-D,-vitamin A can rapidly replace vitamin
A in the retina to potentially prevent vitamin A dimeriza-
tion, making pharmacological control of retinal vitamin A a
pragmatic clinical approach to combat major forms of retinal
degeneration.

METHODS

Animals: Columbia University’s Animal Care and Use
Committee approved this study. We used male swine, York-
shire crossbreeds, 4 weeks of age, weighing 7 kg (Animal
Biotech Industries, Inc., Danboro, PA).

Intervention: Animals were given 3 mg of retinyl acetate
per day as a mixture of 2.85 mg C20-D,-retinyl acetate
(Alkeus Pharmaceuticals, Boston, MA) and 0.15 mg retinyl
acetate (Sigma Aldrich, St. Louis, MO). The retinyl acetate
mixture was dissolved in olive oil at a concentration of 3 mg
mixture/200 ul olive oil. As a stabilizer, we added 3 mg of
butylated hydroxytoluene per 200 pl of olive oil. The oil
(200 pl) was then injected into gelatin capsules, which were
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inserted into cherry tomatoes and given daily to each animal
during their morning feeding.

Five treated animals were housed per cage. In each cage,
in the morning, we placed 3 kg per day of a diet without
supplemented or naturally derived preformed vitamin
A. The diet consisted of ground corn, wheat middlings,
dehulled soybean meal, porcine meat meal, cane molasses,
calcium carbonate, salt, sodium selenite, biotin, trace mineral
premix, choline chloride, folic acid, cholecalciferol (vitamin
D-3), zinc oxide, dicalcium phosphate, dl-alpha tocopheryl
acetate, calcium pantothenate, nicotinic acid, vitamin B-12,
riboflavin, and L-lysine. As a source of carotenoids, the diet
contained 10% dehydrated alfalfa. In the late afternoon,
animals were given cracked corn (3 kg per day per cage) and
a treat of peanut butter, tomatoes, apples, and/or bananas.
After 2 weeks on this diet, animals weighed an average of
1242 kg and at 4 weeks on this diet, animals weighed an
average of 1743 kg.

Tissue collection: Treated animals were sacrificed with intra-
venous injection of 1ml Euthasol® (Virbac AH, Inc., Fort
Worth, TX) per 10 Ib of body weight, after 2 and 4 weeks of
daily dosing and 24h after administration of their last vitamin
A capsule. Eyes were removed under room lighting, immedi-
ately placed in a solution of PBS (Phosphate Buffered Saline,
Catalog number 21-030-CV, Mediatech Inc., Manassas, VA),
and kept in the dark for 2 h. Subsequently, under 660 nm
light, eyes were placed in a 4% formaldehyde [13] PBS solu-
tion and refrigerated for three weeks in the dark. Eyes were
dissected under room lighting. The neuroretina and RE were
extracted and analyzed separately. Blood was collected in
tubes containing EDTA. Plasma was separated from cells
within 1 h by centrifugation and kept frozen at —80 °C until
use. Other tissues (40-50 g) were collected within 20 min
after death, washed free of blood with saline, and stored at
—80 °C in saline until use.

Tissue extraction: Samples were processed under a dim
yellow light as previously described [14]. Tissues were
homogenized in saline with a bead mill homogenizer
(BBY24M Bullet Blender® STORM, Next Advance Inc.,
Averill Park, NY) using stainless steel beads. Plasma or
tissue homogenate was mixed with three volume equivalents
of absolute ethanol, 100 pmol of retinyl acetate (added as
internal standard), and three volume equivalents of hexane
containing 1 mg butylated hydroxytoluene per milliliter. The
samples were vortexed for 1 min on the highest setting and
the phases separated by centrifugation at 3,000 g for 10 min.
We then transferred the organic phase into a new tube and
evaporated the organic solvent under a stream of nitrogen.
Samples were immediately resuspended in 50 pl of methanol
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and transferred into liquid chromatography—mass spectrom-
etry (LC-MS) vials (Waters, Milford, MA). Samples were
maintained at 4 °C in an autosampler and 5 pl was loaded
onto the LC-MS system.

Retinoid analysis: The LC-MS system was a Waters Xevo
TQ MS ACQUITY UPLC controlled by MassLynx Software
v 4.1, attached to a Waters ACQUITY UPLC BEH phenyl
column (3.0 mm inner diameter X100 mm with 1.7 um parti-
cles) and a 2.1x5 mm guard column with the same packing
material (Waters). The column was held at 40 °C. The flow
rate was 500 pl per minute and initiated with 5% phase A
(water containing 0.2% formic acid and 1 mM ammonium
formate) and 95% mobile phase B (methanol containing 0.2%
formic acid and 1 mM ammonium formate). Mobile phase
B was increased linearly to 97.5% over 5 min. The column
was washed with 99% methanol for 1 min between every
sample. Positive electrospray ionization MS with selected
ion recording was performed using the following parameters:
capillary voltage -4.0 kV, source temperature 150 °C, desolva-
tion temperature 500 °C, and desolvation gas flow 1,000 1
per hour. Multiple selected reaction monitoring transitions
for retinoids were as follows: retinol and retinyl esters m/z
269.2, C20-D,-retinol and retinyl esters m/z 272.2, and reti-
naldehyde 285.2 and C20-D,- retinaldehyde 288.2. Difference
species were identified by comparing the retention times of
experimental compounds with those of authentic standards.
Concentrations of retinol and retinyl esters in the plasma
were quantitated by comparing integrated peak areas for
those of each retinoid against those of known amounts of
purified standards. Any potential loss during extraction was
accounted for by adjusting for the recovery of the internal
standard added before extraction.

Under our LC conditions, retinol eluted at 1.5 min, reti-
naldehyde at 1.7 min, and retinyl acetate at 1.8 min. Retinyl
esters eluted as five peaks between 3.5 and 4.5 min. Retinyl
myristoleate (C14:1), retinyl myristate (C14), retinyl oleate
(C18:1), and retinyl stearate (C18) eluted separately, while
retinyl palmitoleate (C16:1) co-eluted with retinyl alpha-
linoleate (C18:3) and retinyl palmitate (C16) co-eluted with
retinyl linoleate (C18:2). For negative controls, we analyzed
tissues from control animals not given deuterated vitamin A
(Cohen Max Insel Animal Organs & Tissues for Research
Inc., Livingston, NJ). If ions at 272 and 288 mass units, with
the same retention times, were detected in control samples,
they were subtracted from the treated samples.
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TABLE 1. UPTAKE OF NEWLY INGESTED VITAMIN A INTO THE RETINA.

Tissue vitamin A 2-weeks 4-weeks
Neuroretina Retinaldehyde 82+7% 94+2%
Retinal Epithelium Esters 70+4% 74+2%
Retinal Epithelium Retinaldehyde T7+7% 86+3%
Plasma Retinol 84+2% 86+3%

Liver Esters 57+6% 67+4%

Liver Retinol 62+6% 74+3%

Kidney Esters 68+9% 79+3%

Kidney Retinol 45+5% 42+13%

Percentage of deuterated vitamin A in selected tissues of swine given 3 mg of oral vitamin A as, 95%
deuterated vitamin A and 5% vitamin A, daily for two and four weeks. Data represent an average of five
animals per group per time point (n=5). Standard deviations are shown.

RESULTS

To determine how quickly retinal vitamin A pools exchange
with newly ingested vitamin A, we administered C20-D,-
retinyl acetate to young swine and measured the accumulation
of the deuterated vitamin in the retina. To model the median
dietary intake of unlabeled dietary vitamin A in humans,
we administered, a capsule containing 3 mg vitamin A as
95% C20-D,-retinyl acetate and 5% unlabeled retinyl acetate.
Animals were fed a vitamin A free diet but were given above
the recommended daily allowance of provitamin A carot-
enoids. After 14 and 28 days of this treatment, we collected
the retinal epithelium, neuroretina, plasma, liver, lung, and
kidney and determined the percentage of C20-D,-vitamin A
relative to total vitamin A in the tissues using LC-MS (Table
D).

After two weeks of administration, 84+2% of plasma
retinol was C20-D,-retinol. Plasma retinyl esters were all
deuterated and represented 5% of plasma retinol. The neuro-
retina’s retinaldehyde pool was 82+7% C20-D,-retinaldehyde.
The percent deuteration was equal to the percentage of deuter-
ated retinol in the plasma. In the RE, 70+4% retinyl esters and
77+7% of retinaldehyde were deuterated. The kidney (45+5%
for retinol and 68+9% for esters) and liver (62+6% for retinol
and 57+6% for esters) were less enriched compared to the
retina and plasma. The lung contained no detectable amounts
of retinol; small amounts of retinyl esters were detected, and
these were all deuterated.

At 4 weeks, plasma retinol was enriched further by 2%
to 86+3%. The neuroretina’s deuterated vitamin A reached
94+2% and reflected the steady-state intake of the vitamin
mixture, i.e., 95% deuterated vitamin A. Vitamin enrichment
in the RE was close to that of the plasma (74£2% for retinyl
esters and 86+3% for retinaldehyde). The liver was enriched

approximately 10% more compared to 2 weeks of treatment
(74+3% for retinol and 67+4% for esters). Kidney retinol
remained the same (42+13%), but enrichment increased by
10% for kidney retinyl esters (79+3%). Enrichment in the
lung remained the same as in the 2 week animals, containing
only a small amount of deuterated esters (data not shown).

Total plasma vitamin A (retinol and retinyl esters) were
the same in the 2-week and -4 week animals, consistent with
homeostatic control [15]. Total liver vitamin A increased
21+17% after 4 weeks of treatment compared to animals
treated for 2 weeks. All clinical blood parameters for the
treated animals, alkaline phosphatase, gamma-glutamyltrans-
ferase, aspartate aminotransferase, alanine aminotransferase,
amylase, blood urea nitrogen, glucose, phosphorus, calcium,
albumin, cholesterol, uric acid, creatine kinase, creatinine,
total bilirubin, total protein, globulin, blood urea nitrogen
to creatinine ratio, albumin to globulin ratio, sodium, potas-
sium, and chloride, were within the 95th percentile for healthy
8-week-old swine [16] (Table 2).

Statistics: Data represent an average of five animals per
group per time point (n=5). Means and standard deviations
are given. Comparisons between 2 and 4 weeks were made
with two-tailed, paired t-tests. For all tissues except the
kidney, the percent of enriched vitamin A at 4 weeks was
significantly increased compared to the percent at 2 weeks,
as defined by a p value of less than 0.05.

DISCUSSION

The successful translation of the use of C20-D,-vitamin A
to prevent vitamin A dimerization in humans depends on
attaining a high steady-state ratio of the deuterated vitamin
over total vitamin A in the disc lumen of the neuroretina.
To do this, the ingested ratio of deuterated vitamin A to

1679


http://www.molvis.org/molvis/v19/1677

Molecular Vision 2013; 19:1677-1683 <http:/www.molvis.org/molvis/v19/1677>

© 2013 Molecular Vision

TABLE 2. DEUTERATED VITAMIN A SHOWED NO TOXICITY IN RESPONSE TO UP TO FOUR WEEKS DAILY DOSING.

Test 2-weeks 4-weeks units
alkaline phosphatase 234450 252+40 u/
gamma-glutamyltransferase (GGT) 52420 69+31 U/l
aspartate aminotransferase (AST) 201£12 45+8 U/
alanine aminotransferase (ALT) 50+£28 3948 u/i
aSmylase 1573+480 1565+93 U/l
blood urea nitrogen (BUN) 12+4 1741 mg/dl
Glucose 137469 108+16 mg/dl
Phosphorus 11+1 11+1 mg/dl
calcium (less than) 11£2 11£1 mg/dl
albumin 3.0+0.7 2.0+0.4 mg/dl
cholesterol 98+53 87+12 mg/dl
uric acid (less than) 1 1 mg/dl
creatine kinase (CPK) 779+274 463+71 mg/dl
creatinine 1.0+0.3 1.0£0.1 mg/dl
total bilirubin (less than) 0.06 0.06 mg/dl
total protein 541 5.0+£0.2 g/dl
globulin 3.0£1 3.0£0.2 g/dl
blood urea nitrogen to creatinine ratio 20+2 32+4 -
albumin to globulin ratio 1.0£0.3 1.0+0.2 -
sodium 136+5 139+2 mmol/l
potassium 6+3 5.0+0.4 mmol/1
chloride 102+2 10142 mmol/]

Data represent an average of five animals per group per time point (n=5). Standard deviations are shown.

vitamin A should be as high as possible, but the total amount
of ingested vitamin A (nondeuterated and deuterated) should
be under the recognized safe limits. In the United States, the
median daily intake of vitamin A as retinol is 0.3 mg, which
comes mainly from the consumption of vitamin A fortified
milk, butter, margarine, egg yolks, and ready-to-eat cereals
[17]. Thus, on prolonged consumption of 3 mg of C20-D,-vi-
tamin A per day, 91% of the body’s vitamin A would eventu-
ally be replaced by C20-D,-vitamin A and the combined total
amount of ingested vitamin A would still be well within safe
limits [18]. If consumption of dietary, nondeuterated vitamin
A were to be halved, 95% of the steady-state intake would
be C20-D,-vitamin A. Here, swine were administered 95%
C20-D,-vitamin A to 5% vitamin A. For the 7 to 17 kg swine
used in this study, 3 mg of retinyl acetate corresponded to 5
to 8 times the recommended daily allowance of retinyl acetate
(0.38—0.60 mg per day, NRC, 1998) and was below the toxic,
chronic intake of vitamin A for swine [19].

In humans, absorption of vitamin A (as retinol, retinyl
esters, or retinaldehyde) is nearly complete; at doses below

15 mg, 70 to 90% is absorbed by enterocytes in the small
intestine within 2 to 6 h [20-22]. Enterocytes transform and
package vitamin A into chylomicrons containing 90—95%
retinyl esters and 5—10% retinol (Figure 1). The chylomicrons
enter the general circulation where they can distribute vitamin
A directly to the retina and other tissues or can be taken up by
the liver. In the liver, the vitamin is stored, metabolized and/
or is released, bound to retinol binding protein (RBP), into the
general circulation for tissue uptake. Like the liver, the RE
acts as a storage depot for vitamin A. The vitamin A pool in
the RE is composed of mainly retinyl esters [23] and is used
by the neuroretina to enable vision.

In this study, we used 4- to 8-week-old swine because
they have similar 1) anatomic and physiologic gastrointestinal
tracts to humans [24]; 2) similar vitamin A requirements to
adult humans (0.38-0.60 mg of retinyl acetate per day) [24];
and 3) similar concentrations of plasma vitamin A (<1.2 uM).
For these and other reasons, swine are widely used to model
vitamin A pharmacokinetics in humans [25-29].
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Figure 1. Vitamin A absorption and
retina uptake Vitamin A is denoted
as lollipops. RBP: Retinol binding
protein. RE: retinal epithelium.
Dietary vitamin A is absorbed by
the intestine and packaged into
chylomicrons, which are secreted
.\ into the circulation. Plasma chylo-
microns can deliver vitamin A
RBP to tissues or to the liver where
vitamin A is stored and rereleased
into circulation as retinol bound to
its binding protein (RBP) for tissue
uptake.

Our data suggest that at normal vitamin A homeostasis,
the vitamin A pool in the neuroretina quickly equilibrates
with newly ingested vitamin A. This suggests that C20-D,-vi-
tamin A can rapidly accumulate in the neuroretina to prevent
the formation of vitamin A dimers. This finding is in contrast
to the belief that the retina’s vitamin A pool is turned over
very slowly. Previous studies, suggesting a long half-life of
retinal vitamin A [10,11], were done in animal models during
vitamin A deprivation and as such cannot necessarily be
applied to animals consuming vitamin A adequate diets.

Data further suggest that retinal vitamin A quickly equil-
ibrates with plasma vitamin A, revealing that plasma vitamin
A can be used as a biomarker to predict the percentage of
deuterated vitamin A in the retina. A fast plasma-retinal
vitamin A equilibrium is consistent with 1) RPE cells and
retinal blood vessels of the retina having some of the highest
concentrations of RBP-receptors [30,31]; 2) the observation
that the first symptom of depleting one’s diet of vitamin
A, delayed dark adaptation, can occur within days, despite
normal liver stores [32-34]; 3) observations of night-blindness
within two weeks of administration of compounds that lower
plasma vitamin A [35]; and 4) the observation that injected
labeled vitamin A is rapidly incorporated into the neuroretina
even in the dark [36].

The finding that the percent of deuterated vitamin A in
the neuroretina was higher than the percent of deuterated

vitamin A in the plasma and RE might reflect a contribution
of plasma retinyl esters, which were nearly all (95%) deuter-
ated, to the neuroretina vitamin A pool via retinal vessels,
thus bypassing the RE. The delivery of retinyl esters via the
chylomicron pathway has been proposed as an important
mechanism to maintain retinal vitamin A homeostasis in
addition to RBP-mediated vitamin A delivery [37-39]. Alter-
natively, the RE being a storage depot of vitamin A, may
mimic the liver [40] and newly incorporated vitamin A might
be first incorporated into the neuroretina for vision.

Like humans, swine are able to convert provitamin A
carotenoids to vitamin A [41]. For example, 5 g of alfalfa
meal is enough to supply the daily vitamin A requirement to
a 200 kg pig [42]. In this study, we gave each swine, weighing
between 7 and 17 kg, approximately 60 g of alfalfa meal per
day, corresponding to 21 mg of carotene [43]. If our swine
converted this 21 mg of carotene into vitamin A, then an
additional 1.7 mg [44] of unlabeled vitamin A would have
been added to each animal per day. This amount of unlabeled
vitamin A is more than half the amount of the 3 mg of deuter-
ated vitamin A that we administered and would significantly
perturb the percentage of deuterated vitamin A in the eye.
Thus, the finding of 95% enrichment in the retina suggests
that dietary carotenoids did not significantly contribute to
retinal vitamin A pools.
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This study suggests that the majority of vitamin A in the
plasma is newly ingested vitamin A, and supports the “last
in first out” hypothesis of liver vitamin A usage. We further
showed that, during a vitamin A adequate diet, plasma
vitamin A is in fast equilibrium with retinal vitamin A pools.
The findings suggest that retinal vitamin A can be rapidly
swapped, within a few weeks, with a C20-D,-vitamin A drug
to prevent vitamin A dimerization and suggest that the extent
and rate of this swap can be estimated by measuring the ratio
of C20-D,-retinol to retinol in the plasma.

ACKNOWLEDGMENTS

We thank the American Health Assistance Foundation (grant
number M2010096) and the National Institute of Health,
National Eye Institute (grant numbers 1R01EY021207 [DMM
and IW] and SR01DK068437 [WSB and HJ]) for financial
support.

REFERENCES

1. Molday RS, Zhong M, Quazi F. The role of the photoreceptor
ABC transporter ABCA4 in lipid transport and Stargardt
macular degeneration. Biochim Biophys Acta 2009;
1791:573-83. [PMID: 19230850].

2. Allikmets R, Shroyer NF, Singh N, Seddon JM, Lewis RA,
Bernstein PS, Peiffer A, Zabriskie NA, Li Y, Hutchinson A,
Dean M, Lupski JR, Leppert M. Mutation of the Stargardt
disease gene (ABCR) in age-related macular degeneration.
Science 1997; 277:1805-7. [PMID: 9295268].

3. Kubota R, Boman NL, David R, Mallikaarjun S, Patil S,
Birch D. Safety and effect on rod function of ACU-4429, a
novel small-molecule visual cycle modulator. Retina 2012;
32:183-8. [PMID: 21519291].

4. Maiti P, Kong J, Kim SR, Sparrow JR, Allikmets R, Rando
RR. Small molecule RPE65 antagonists limit the visual
cycle and prevent lipofuscin formation. Biochemistry 2006;
45:852-60. [PMID: 16411761].

5. Mata NL, Lichter JB, Vogel R, Han Y, Bui TV, Singerman
LJ. Investigation of Oral Fenretinide for Treatment of
Geographic Atrophy in Age-Related Macular Degeneration.
Retina 2013; [PMID: 23023528].

6. Golczak M, Maeda A, Bereta G, Maeda T, Kiser PD, Hunzel-
mann S, von Lintig J, Blaner WS, Palczewski K. Metabolic
basis of visual cycle inhibition by retinoid and nonretinoid
compounds in the vertebrate retina. J Biol Chem 2008;
283:9543-54. [PMID: 18195010].

7. Radu RA, Mata NL, Nusinowitz S, Liu X, Travis GH.
Isotretinoin treatment inhibits lipofuscin accumulation in a
mouse model of recessive Stargardt’s macular degeneration.
Novartis Found Symp 2004; 255:51-63. [PMID: 14750596].

8. Kaufman Y, Ma L, Washington I. Deuterium enrichment
of vitamin A at the C20 position slows the formation of

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

1682

© 2013 Molecular Vision

detrimental vitamin A dimers in wild-type rodents. J Biol
Chem 2011; 286:7958-65. [PMID: 21075840].

Ma L, Kaufman Y, Zhang J, Washington I. C20—D3-vitamin
A slows lipofuscin accumulation and electrophysiological
retinal degeneration in a mouse model of Stargardt disease.
J Biol Chem 2011; 286:7966-74. [PMID: 21156790].

Johnson ML. The effect of vitamin A deficiency upon the
retina of the rat. J Exp Zool 1939; 81:67-89. .

Dowling JE, Wald G. Vitamin a Deficiency and Night Blind-
ness. Proc Natl Acad Sci USA 1958; 44:648-61. [PMID:
16590255].

Sauberlich HE, Hodges RE, Wallace DL, Kolder H, Canham
JE, Hood J, Raica N, Lowry LK. Vitamin A metabolism and
requirements in the human studied with the use of labeled
retinol. Vitam Horm 1974; 32:251-75. [PMID: 4617402].

Suzuki T, Fujita Y, Noda Y, Miyata S. A simple procedure for
the extraction of the native chromophore of visual pigments:
the formaldehyde method. Vision Res 1986; 26:425-9.
[PMID: 3727408].

O’Byrne SM, Wongsiriroj N, Libien J, Vogel S, Goldberg 1J,
Baehr W, Palczewski K, Blaner WS. Retinoid absorption and
storage is impaired in mice lacking lecithin:retinol acyltrans-
ferase (LRAT). J Biol Chem 2005; 280:35647-57. [PMID:
16115871].

Goodman GE, Alberts DS, Peng YM, Beaudry J, Leigh SA,
Moon TE. Plasma kinetics of oral retinol in cancer patients.
Cancer Treat Rep 1984; 68:1125-33. [PMID: 6478452].

Friendship RM, Lumsden JH, McMillan I, Wilson MR. Hema-
tology and biochemistry reference values for Ontario swine.
Can J Comp Med 1984; 48:390-3. [PMID: 6509366].

Dwyer J, Picciano MF, Raiten DJ. Estimation of usual intakes:
What We Eat in America-NHANES. J Nutr 2003; 133:609S-
23S. [PMID: 12566511].

Berson EL, Rosner B, Sandberg MA, Weigel-DiFranco C,
Willett WC. omega-3 intake and visual acuity in patients with
retinitis pigmentosa receiving vitamin A. Arch Ophthalmol
2012; 130:707-11. [PMID: 22332205].

Blair R, Burton BA, Doige CE, Halstead AC, Newsome FE.
Tolerance of weanling pigs for dietary vitamin A and D. Int
J Vitam Nutr Res 1989; 59:329-32. [PMID: 2634037].

Eckhoff C, Bailey JR, Collins MD, Slikker W Jr, Nau H. Influ-
ence of dose and pharmaceutical formulation of vitamin A
on plasma levels of retinyl esters and retinol and metabolic
generation of retinoic acid compounds and beta-glucuronides
in the cynomolgus monkey. Toxicol Appl Pharmacol 1991;
111:116-27. [PMID: 1949028].

DeRitter E. Vitamins in pharmaceutical formulations. J Pharm
Sci 1982; 71:1073-96. [PMID: 6754906].

Kagan BM, Jordan DA, Gerald PS. Absorption of aqueous
dispersions of vitamin A alcohol and vitamin A ester in
normal children. J Nutr 1950; 40:275-9. [PMID: 15406204].


http://www.molvis.org/molvis/v19/1677
http://www.ncbi.nlm.nih.gov/pubmed/19230850
http://www.ncbi.nlm.nih.gov/pubmed/9295268
http://www.ncbi.nlm.nih.gov/pubmed/21519291
http://www.ncbi.nlm.nih.gov/pubmed/16411761
http://www.ncbi.nlm.nih.gov/pubmed/23023528
http://www.ncbi.nlm.nih.gov/pubmed/18195010
http://www.ncbi.nlm.nih.gov/pubmed/14750596
http://www.ncbi.nlm.nih.gov/pubmed/21075840
http://www.ncbi.nlm.nih.gov/pubmed/21156790
http://www.ncbi.nlm.nih.gov/pubmed/16590255
http://www.ncbi.nlm.nih.gov/pubmed/16590255
http://www.ncbi.nlm.nih.gov/pubmed/4617402
http://www.ncbi.nlm.nih.gov/pubmed/3727408
http://www.ncbi.nlm.nih.gov/pubmed/16115871
http://www.ncbi.nlm.nih.gov/pubmed/16115871
http://www.ncbi.nlm.nih.gov/pubmed/6478452
http://www.ncbi.nlm.nih.gov/pubmed/6509366
http://www.ncbi.nlm.nih.gov/pubmed/12566511
http://www.ncbi.nlm.nih.gov/pubmed/22332205
http://www.ncbi.nlm.nih.gov/pubmed/2634037
http://www.ncbi.nlm.nih.gov/pubmed/1949028
http://www.ncbi.nlm.nih.gov/pubmed/6754906
http://www.ncbi.nlm.nih.gov/pubmed/15406204

Molecular Vision 2013; 19:1677-1683 <http:/www.molvis.org/molvis/v19/1677>

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Robison WG Jr, Kuwabara T. Vitamin A storage and peroxi-
somes in retinal pigment epithelium and liver. Invest
Ophthalmol Vis Sci 1977; 16:1110-7. [PMID: 924741].

Miller ER, Ullrey DE. The pig as a model for human nutrition.
Annu Rev Nutr 1987; 7:361-82. [PMID: 3300739].

Sun T, Surles RL, Tanumihardjo SA. Vitamin A concentra-
tions in piglet extrahepatic tissues respond differently ten
days after vitamin A treatment. J Nutr 2008; 138:1101-6.
[PMID: 18492841].

Surles RL, Mills JP, Valentine AR, Tanumihardjo SA.
One-time graded doses of vitamin A to weanling piglets
enhance hepatic retinol but do not always prevent vitamin
A deficiency. Am J Clin Nutr 2007; 86:1045-53. [PMID:
17921383].

Surles RL, Li J, Tanumihardjo SA. The modified-relative-dose-
response values in serum and milk are positively correlated
over time in lactating sows with adequate vitamin A status.
JNutr 2006; 136:939-45. [PMID: 16549454].

Penniston KL, Tanumihardjo SA. Elevated serum concentra-
tions of beta-glucuronide metabolites and 4-oxoretinol in
lactating sows after treatment with vitamin A: a model for
evaluating supplementation in lactating women. Am J Clin
Nutr 2005; 81:851-8. [PMID: 15817863].

Valentine AR, Tanumihardjo SA. Adjustments to the modi-
fied relative dose response (MRDR) test for assessment of
vitamin A status minimize the blood volume used in piglets.
J Nutr 2004; 134:1186-92. [PMID: 15113968].

Kawaguchi R, Yu J, Honda J, Hu J, Whitelegge J, Ping P, Wiita
P, Bok D, Sun HA. membrane receptor for retinol binding
protein mediates cellular uptake of vitamin A. Science 2007;
315:820-5. [PMID: 17255476].

Heller J. Interactions of plasma retinol-binding protein with
its receptor. Specific binding of bovine and human retinol-
binding protein to pigment epithelium cells from bovine eyes.
J Biol Chem 1975; 250:3613-9. [PMID: 1092676].

Hecht S, Mandelbaum J. The relation between vitamin A and
dark adaptation. J Am Med Assoc 1939; 112:1910-6. .

Wald G, Steven D. An Experiment in Human Vitamin A-Defi-
ciency. Proc Natl Acad Sci USA 1939; 25:344-9. [PMID:
16577912].

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

© 2013 Molecular Vision

Wald G, Jeghers H, Arminio J. An experiment in human
dietary night-blindness. J Am Jour Physiol. 1938; 123:732-
46. .

Kaiser-Kupfer M1, Peck GL, Caruso RC, Jaffe MJ, DiGiovanna
JJ, Gross EG. Abnormal retinal function associated with
fenretinide, a synthetic retinoid. Arch Ophthalmol 1986;
104:69-70. [PMID: 2935125].

Pourcho RG, Bernstein MH. Localization of (3H2)vitamin
A in mouse retina. Exp Eye Res 1975; 21:359-67. [PMID:
1218543].

Quadro L, Blaner WS, Salchow DJ, Vogel S, Piantedosi R,
Gouras P, Freeman S, Cosma MP, Colantuoni V, Gottesman
ME. Impaired retinal function and vitamin A availability
in mice lacking retinol-binding protein. EMBO J 1999;
18:4633-44. [PMID: 10469643].

Biesalski HK, Frank J, Beck SC, Heinrich F, Illek B, Reifen
R, Gollnick H, Seeliger MW, Wissinger B, Zrenner E.
Biochemical but not clinical vitamin A deficiency results
from mutations in the gene for retinol binding protein. AmJ
Clin Nutr 1999; 69:931-6. [PMID: 10232633].

Seeliger MW, Biesalski HK, Wissinger B, Gollnick H, Gielen
S, Frank J, Beck S, Zrenner E. Phenotype in retinol defi-
ciency due to a hereditary defect in retinol binding protein
synthesis. Invest Ophthalmol Vis Sci 1999; 40:3-11. [PMID:
9888420].

Reinersdorff DV, Bush E, Liberato DJ. Plasma kinetics of
vitamin A in humans after a single oral dose of [8,9,19—-13C]
retinyl palmitate. J Lipid Res 1996; 37:1875-85. [PMID:
8895053].

von Lintig J. Provitamin A metabolism and functions in
mammalian biology. Am J Clin Nutr 2012; 96:1234S-44S.
[PMID: 23053549].

Myers GS, Eaton HD, Rousseau JE. Relative Value of Carotene
from Alfalfa and Vitamin-a from a Dry Carrier Fed to Lambs
and Pigs. J Anim Sci 1959; 18:288-97. .

Knowles RE. Livingst Al, Nelson JW, Kohler GO. Xanthophyll
and Carotene Storage Stability in Commercially Dehydrated
and Freeze-Dried Alfalfa. J Agric Food Chem 1968; 16:654-.

Wellenreiter RH, Ullrey DE, Miller ER, Magee WT. Vitamin a
Activity of Corn Carotenes for Swine. J Nutr 1969; 99:129-
[PMID: 5346545].

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China.
The print version of this article was created on 25 July 2013. This reflects all typographical corrections and errata to the article
through that date. Details of any changes may be found in the online version of the article.

1683


http://www.molvis.org/molvis/v19/1677
http://www.ncbi.nlm.nih.gov/pubmed/924741
http://www.ncbi.nlm.nih.gov/pubmed/3300739
http://www.ncbi.nlm.nih.gov/pubmed/18492841
http://www.ncbi.nlm.nih.gov/pubmed/17921383
http://www.ncbi.nlm.nih.gov/pubmed/17921383
http://www.ncbi.nlm.nih.gov/pubmed/16549454
http://www.ncbi.nlm.nih.gov/pubmed/15817863
http://www.ncbi.nlm.nih.gov/pubmed/15113968
http://www.ncbi.nlm.nih.gov/pubmed/17255476
http://www.ncbi.nlm.nih.gov/pubmed/1092676
http://www.ncbi.nlm.nih.gov/pubmed/16577912
http://www.ncbi.nlm.nih.gov/pubmed/16577912
http://www.ncbi.nlm.nih.gov/pubmed/2935125
http://www.ncbi.nlm.nih.gov/pubmed/1218543
http://www.ncbi.nlm.nih.gov/pubmed/1218543
http://www.ncbi.nlm.nih.gov/pubmed/10469643
http://www.ncbi.nlm.nih.gov/pubmed/10232633
http://www.ncbi.nlm.nih.gov/pubmed/9888420
http://www.ncbi.nlm.nih.gov/pubmed/9888420
http://www.ncbi.nlm.nih.gov/pubmed/8895053
http://www.ncbi.nlm.nih.gov/pubmed/8895053
http://www.ncbi.nlm.nih.gov/pubmed/23053549
http://www.ncbi.nlm.nih.gov/pubmed/5346545

	Reference r44
	Reference r43
	Reference r42
	Reference r41
	Reference r40
	Reference r39
	Reference r38
	Reference r37
	Reference r36
	Reference r35
	Reference r34
	Reference r33
	Reference r32
	Reference r31
	Reference r30
	Reference r29
	Reference r28
	Reference r27
	Reference r26
	Reference r25
	Reference r24
	Reference r23
	Reference r22
	Reference r21
	Reference r20
	Reference r19
	Reference r18
	Reference r17
	Reference r16
	Reference r15
	Reference r14
	Reference r13
	Reference r12
	Reference r11
	Reference r10
	Reference r9
	Reference r8
	Reference r7
	Reference r6
	Reference r5
	Reference r4
	Reference r3
	Reference r2
	Reference r1
	Table t1
	Table t2

