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Purpose. To reproduce and investigate in a primate animal model the phenomenon of the
red carotenoid canthaxanthin (§,8-carotene-4'4’-dione) to induce crystal-like retinal deposits
as they have been observed in the ocular fundus of humans after high canthaxanthin intake
(i.e., more than 30 mg/day).

Methods. Groups of four cynomolgus monkeys (Macaca fascicularis) per gender and dose were
administered 5.4, 16.2, or 48.6 mg canthaxanthin/kg body weight daily by oral gavage for 2.5
years. Eight control animals received placebo. In vivo ophthalmoscopy was performed at
intervals of 3 months along with electroretinography after 12 and 24 months and retinal
biomicroscopy just before the monkeys were killed. Retinal wholemounts or frozen sections
were investigated postmortem by polarization, bright field, and differential interference con-
trast microscopy. Retinal and preterminal plasma canthaxanthin concentrations were deter-
mined by high-performance liquid chromatography (HPLC).

Results. By ophthalmoscopy and retinal biomicroscopy in vivo, no crystals or other light-
reflecting particles were observed in the central paramacular retina. However, postmortem
polarization microscopy of all 24 canthaxanthin-treated animals showed a circular zone in
the peripheral retina containing birefringent, polymorphous red, orange, or white inclusions.
The density of these inclusions was diminished within 1 to 8 mm posterior to the ora serrata.
These inclusions were located mainly in the inner retinal layers, that is, the nerve fiber layer
and ganglion cell layer, inner plexiform layer, and inner nuclear layer. Twelve of the 24
canthaxanthin-treated animals showed yellow, golden birefringent inclusions in the macula.
Retinas of placebo-treated monkeys were free of birefringent, crystal-like inclusions. The
HPLC confirmed the presence of all-trans canthaxanthin, and 4OH-echinenone and isozeax-
anthin as well, in the retinas of all canthaxanthin-treated animals. Neither electroretinography
nor histopathology indicated any adverse effects of the canthaxanthin-induced retinal inclu-
sions seen in this study.

Conclusions. A high intake of canthaxanthin for 2.5 years led to the deposition of crystal-like
birefringent inclusions in the inner layers of the peripheral retina and, to some extent, the
central retina of cynomolgus monkeys. The presence of these deposits did not interfere with
morphology nor with retinal function. Invest Ophthalmol Vis Sci. 1997;38:741-752.

The carotenoid canthaxanthin (3,8-carotene-4'4'-di-
one) is synthesized in nature by the mushroom Canth-
arellus cinnabarinus. It also occurs in a variety of other
plants and animals (e.g., in algae, Crustacea, birds, or
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fish). Because of its intense red color, canthaxanthin is
used for both direct or indirect food coloring. In humans,
canthaxanthin is deposited in the skin where it has been
shown to be a free radical and singlet oxygen quencher.'
Based on these properties, a combination of canthaxan-
thin and f-carotene (Phenoro, F. Hoffmann-La Roche,
Basel, Switzerland) has been used since the beginning of
the 1970s as a dermal photoprotector in diseases such as
polymorphous photodermatoses and erythropoietic pro-
toporphyria. Furthermore, the skin coloring effect led to
the development of so-called “tanning pills”’ (Orobronze,
Applipharm, Marseille, France) to imitate sun tan. Since
1982,° reports have been published describing glittering
crystalline inclusions in the retina of humans after high
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dosage or long-term intakes or both of this carotenoid
either for cosmetic skin coloring or medical purposes
(reviewed by Arden and Barker’). In these reports,
golden yellow glistening crystals were observed by routine
ophthalmoscopy, occurring typically in a perimacular ring
configuration. In an anecdotal postmortem investigation
of a human,’ crystal-like inclusions were found in a perim-
acular ring but also were found in a peripheral zone of
the retina. In this report, high-performance liquid chro-
matography (HPLC) analysis and microphotometry
showed that canthaxanthin was present in the sample
tissue.

The deposition of crystal-like formations in the hu-
man retina typically has been associated with high dosages
or prolonged canthaxanthin intakes or both, with crystals
not likely to form at dosage levels <30 mg/day.’ Various
ocular diseases have been shown to increase the degree
of crystalline retinopathy.® People having these retinal
inclusions typically are without associated visual symptoms
or clinically measurable dysfunctions, including clinically
normal electrophysiological responses.”

Several animal studies were performed to investigate
these phenomena and to clarify the question concerning
the safety of canthaxanthin in medical and food applica-
tions. However, all attempts to reproduce retinal canthax-
anthin crystals in species such as cats,” rabbits,® ferrets,’
dogs, or rodents (unpublished data) have failed. Only
recently, canthaxanthin crystal formation has been shown
in vitro in chick embryonic retina cells if they were cul-
tured in the presence of canthaxanthin bound to chicken
high-density lipoproteins (Bruinink et al, in preparation).
In addition, there were some earlier indications that
traces of crystals form histologically in the retina of can-
thaxanthin-treated monkeys.'” This primate species and
humans have a similar carotenoid metabolism, and both
deposit the carotenoids zeaxanthin and lutein as yellow
macular pigments in the retina,''~** thus raising the possi-
bility of using the monkey as a model for experimental
canthaxanthin studies.

The question whether and how canthaxanthin forms
crystals in the retina remains a topic of interest, especially
because of the increasing demand for specific carot
enoids, including canthaxanthin, as free radical and sin-
glet oxygen quenchers and as antioxidants.'* Thus carot-
enoids have the potential to act as preventive or therapeu-
tic photoprotectors, particularly in the retina.'® We
performed a study with cynomolgus monkeys (Macaca
fascicularis) to test whether these animals are a suitable
model for canthaxanthin-induced retinal crystal deposi-
tion and to determine whether the crystals have an effect
on retinal function.

MATERIALS AND METHODS

Chemicals

A commercial, cold water-soluble carotenoid beadlet
formulation (Dry Canthaxanthin 10% WS, F. Hoff-
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mann-La Roche, Basel, Switzerland), containing 10%
canthaxanthin (8,8-carotene-4'4’-dione); all-rac-a-to-
copherol and ascorbyl palmitate as stabilizer; vegeta-
ble oil; gelatine; sucrose; and corn starch as carrier,
was used as test material. Canthaxanthin content by
chemical analysis was 11.6%, with approximately 80%
trans and 20% cis-isomers. The canthaxanthin-derived
compounds 4-OH-echinenone and isozeaxanthin
were not detectable in the beadlet formulation. Pla-
cebo powder contained all ingredients except the ca-
rotenoid. Pure, crystalline canthaxanthin was used as
HPLC standard.

Animal Husbandry and Method of Carotenoid
Application

The study was performed at Corning Hazleton GmbH,
Munster, Germany, under Good Laboratory Practice
conditions and according to the guidelines for animal
trials in the EEC and the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research.
Cynomolgus monkeys were housed in individual cages
and exposed to a constant artificial light cycle (12
hours light/12 hours dark). The basic diet (Ssniff p
10 pellets; Ssniff Spezialdiaten GmbH, 59494 Soest,
Germany) was offered twice a day. In addition, fruits
were given twice.a week, a slice of bread once a week.
Four male and four female cynomolgus monkeys were
assigned for each dose group. The amount of canthax-
anthin powder necessary to achieve the target doses
of 5.4, 16.2, and 48.6 mg/kg/body weight per day was
solubilized in 4 ml water (40°C) and administered by
oral gavage once a day. The solutions were prepared
freshly each day. Placebo was administered to the con-
trol animals in amounts equivalent to the canthaxan-
thin formulation required to achieve a target dose of
16.2 mg/kg body weight per day.

In Vivo Retinal Examination

The eyes of all animals were examined before the
start of treatment and in intervals of approximately 3
months during the trial. Examinations were con-
ducted with the animals under sedation (10 mg/kg
ketamine hydrochloric acid, Ketavet, Parke-Davis, Frei-
burg, Germany) and with pupil dilation (Mydriaticum
Roche, F. Hoffmann-La Roche, Grenzach, Germany).
Examinations were performed using both direct and
indirect ophthalmoscopy. A slitlamp biomicroscope
(Zeiss, Jena, Germany) also was used to examine the
anterior segment and, before the animals were killed,
to examine the central retina using a Goldmann 3-
mirror lens and a Volk 90 D lens. Retinal photodocu-
mentation was made for selected cases (Kowa RC-2,
Disseldorf, Germany).

Electroretinography

Visual function was tested by electroretinography
(ERG) performed on all animals at 12 and 24 months.
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For the ERGs, the animals were sedated (10 mg/kg
ketamine hydrochloric acid, Ketavet, Parke-Davis, and
0.3 mg/kg diazepam, Valium, F. Hoffmann-La Roche)
with their pupils dilated (Homatropine-HBr, Ursa-
pharm, Saarbruckem, Germany) and their corneas an-
esthetized (Chibro-Kerakain, Chibret, Haar, Ger-
many). A standardized ERG protocol'® based on the
International Society for Clinical Electrophysiology
(ISCEV'") was used. It included seven scotopic re-
sponses with increasing flash intensity, oscillatory po-
tentials, two 30-Hz flicker, and three red flash and one
white flash photopic recording. Additionally, ERGs
were recorded at low-flash intensity during 32 minutes
of dark adaptation.

Light stimulation for the ERGs was produced with
a Nicolet Compact Visual Ganzfeld dome (Nicolet In-
strument GmbH, Offenbach, Germany) illuminated
by a xenon stroboscopic flash. The ERGs were re-
corded using contact lens electrodes (Universo, Le
Chaux de Fonds, Switzerland) and the Nicolet re-
cording system.'® The peak amplitude and latency of
each response were evaluated. Data were subjected
to analysis of variance and covariance with repeated
measurements (GLM procedure; SAS Institute, Cary,
NC). In performing the data analysis, the values ob-
tained from the placebo and canthaxanthin-treated
groups also were compared to data obtained from a
collective of 23 untreated monkeys analyzed over 3
years at Corning Hazleton GmbH.

Necropsy

Animals were killed after approximately 31 months.
The monkeys were euthanized by an intravenous injec-
tion of pentobarbitone sodium (Eutha 77R Coopers
Tierarzneimittel GmbH) with immediate exsanguina-
tion by severance of the branchial or femoral vein and
femoral artery. All animals were examined externally,
and a full macroscopic examination of all tissues and
organs in situ was performed.

Retina Preparation

Eyes were enucleated and rinsed in phosphate-buf-
fered saline, and adhering fat and muscle were re-
moved. For cryostatic sections, eyes were frozen at
—70°C. For wholemounts, eyes were fixed in 4% buf-
fered formaldehyde solution and prepared no later
than 4 to 7 days postmortem. In some cases, whole-
mount preparations were performed with retinas fixed
in halfstrength Karnovsky’s fixative. Before prepara-
tion, the eyes were rinsed in water for 0.5 to 1.0 hour
to remove fixative, then the posterior eye chamber
was opened by a circumferential incision posterior to
the processus ciliaris removing cornea, iris, lens, ciliary
body, and most of the vitreous body. The retina care-
fully was peeled away from the pigment epithelium
and detached from the ora serrata. The retina was
dissected into three sections, leaving the optic nerve
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head and macula intact, each section being mounted
in Apathy’s gum syrup mounting medium on a glass
slide with a coverslip. The orientation of the whole-
mounted retina always was with the nerve fiber layer
up. Examination of wholemounts using polarization,
differential interference contrast, and bright field mi-
croscopy followed immediately after specimen prepa-
ration.

Cryostatic, 8 to 10-um sections were prepared
from unfixed frozen whole eyes or, in some cases,
from paraformaldehyde/glutaraldehyde fixed por-
tions of globes, then stained with aqueous Mayer’s
hematoxylin and mounted in crystal mount medium
(Biomeda, Foster City, CA) at 50°C. Paraffin sections
for histopathologic analysis were prepared and stained
with hematoxylin—eosin according to standard proce-
dures used for routine disease.

High-Performance Liquid Chromatography
Analysis of Canthaxanthin and Other
Carotenoids in Retinas

For chemical analysis of canthaxanthin (Bausch and
Liechti, unpublished data), the left retina of each ani-
mal was isolated immediately postmortem and frozen
at —70°C. Lyophilized retinas were extracted with 10%
ethanol in n-hexane, containing 0.05% butyl-hydroxy-
toluene. After evaporation under nitrogen at 30°C, the
residue was redissolved in n-hexane/dichloromethane
(1:1, vol:vol) and submitted to HPLC. The HPLC con-
ditions were as follows: column, 220 mm, 4.6 mm g;
stationary phase, spheri-5 silica, 5 um (Brownlee Col-
umns, Applied Biosystems, Santa Clara, CA), desacti-
vated with N-ethyldiisopropylamine.

Detection was performed using a diode array de-
tector (Hewlett Packard 1090; Hewlett Packard, Wald-
bronn, Germany) at a wavelength of 470 nm. Purities
of the carotenoid peaks were established by spectra in
the range of 350 to 600 nm. Typical retention times
for all-trans canthaxanthin, 9-cis and 13-cis canthaxan-
thin, 4'hydroxy-echinenone, and isozeaxanthin were
17.7, 18.0, 19.8, and 21.8 minutes, respectively. The
limit of detection for all-trans canthaxanthin was 250
pg. Recoveries from spiked samples were between 85%
for isozeaxanthin and 4’ hydroxy-echinenone and 98%
for the canthaxanthin isomers. All-trans canthaxan-
thin and canthaxanthin isomer concentrations were
expressed in nanogram/retina, canthaxanthin metab-
olites in percent of all-trans canthaxanthin peak val-
ues. Zeaxanthin and lutein were identified based on
spectral data.

Canthaxanthin Plasma Analysis

Plasma samples were obtained from all animals preter-
minally. Canthaxanthin plasma analysis was per-
formed according to standard procedures established
at F. Hoffmann-La Roche (unpublished data). Briefly,
thawed samples were extracted with water/ethanol
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per n-hexane, and HPLC was performed using Spheri-
sorb Alumina 5 ym with n-hexane/acetone (92:8) as
eluent. Photometric detection limit was 20 g/l can-
thaxanthin at 470 nm.

RESULTS
Clinical Retinal Examination

Clinical ophthalmoscopy and retinal biomicroscopy of
both experimental and placebo animals showed no
paramacular retinal crystals nor were there any treat-
ment-related pathologic lesions.

Electroretinography

After 12 and 24 months, no parameter of the ERG
showed any statistically significant, treatment-related
change of amplitude or latency when compared to
the placebo group nor to the historic background col-
lective (scotopic, photopic, dark adaptation, and oscil-
latory potential amplitudes and latencies; P = 0.05).

Postmortem Investigations

Distribution and Microscopic Characteristics of Can-
thaxanthin-induced Inclusions in the Peripheral Retina. Mi-
croscopic examination results of retinal wholemounts
of canthaxanthin-treated monkeys showed the pres-
ence of birefringent inclusions within a peripheral,
circular zone of the retina (Fig. 1A), visualized as
brightly shining, orange-yellow spots in polarized
light. Highest densities were observed in the group
with 16.2 mg canthaxanthin/kg/body weight per day.
The incidence of these inclusions diminished from
the ora serrata toward the posterior pole (Fig. 1C).

The width of the zone containing inclusions was dose
related, that is, from ~5 mm in the group with 5.4
mg/kg/body weight per day to 8 to 10 mm or larger
in the group with 16.2 mg/kg/body weight per day
(Fig. 1C). Retinas from placebo animals did not show
any birefringent inclusions (Fig. 1B). At higher magni-
fication, birefringent inclusions in retinal whole-
mounts appeared as glittering reddish, red, orange,
or greenish-white entities in polarized light (Fig. 2A).
They were located irregularly in the inner layers of
the retina. In bright field, the same inclusions were
reddish to orange brown and also very often (but not
exclusively) arranged as islets close to blood vessels
(Fig. 2B). Their morphology varied from rods to nee-
dles or microgranules of sizes between >1 and ~6
um (Figs. 2C, 2D). Increasing proportions of larger
particles predominantly were observed in animals of
the 16.2 mg/kg/body weight per day and 48.6 mg/
kg/body weight per day dose groups. Histologic exam-
ination results of frozen sections of peripheral retina
showed birefringent inclusions in the inner retinal
layers, for example, in the nerve fiber layer, ganglion
cell layer, inner plexiform layer, inner nuclear layer,
and to a lesser extent in the outer plexiform layer but
not the outer nuclear layer, photoreceptors, nor the
retinal pigment epithelium (RPE) (Fig. 2E). No crys-
talline deposits were observed within the choroid or
the RPE (Fig. 2E). Isolated large, orange or red parti-
cles were seen frequently in the inner plexiform layer
of animals receiving higher doses. Toward the center
of the retina, round-to-oval inclusions of similar size
and bright yellowish—orange-to-white color were asso-
ciated frequently with isolated ganglion cells (Figs. 3A,

\

FIGURE 1. Distribution of canthaxanthin-induced inclusions in wholemounts of peripheral
retina of (A) a female animal receiving 16.2 mg canthaxanthin/kg/body weight per day;
carotenoid inclusions are visible as bright, shining spots; (B) a placebo-treated male animal;
OS: ora serrata. (C) Retina wholemount from the same animal as in A. The photographs
were taken from consecutive parts of the retina, orientated from the ora serrata (left) to the
center (right), covering a distance of approximately 8 mm. Note the decreasing incidence
of inclusions toward the center. Polarization, X40.

FIGURE 2. Microscopic characteristics of canthaxanthin-induced inclusions. (A) Sector of
wholemounted, peripheral retina from a male animal fed 16.2 mg canthaxanthin/kg/body
weight per day, showing numerous birefringent inclusions with high light reflection in
polarized light. Note the reddish, orange, or bright yellow color of the inclusions and the
islet-like arrangements (arrows) close to a blood vessel. Polarization, X150. (B) Identical
sector as in A, bright field, showing the ganglion cell layer. Note the islet-like arrangement
of reddish brown, microgranular particles (arrows) close to a blood vessel that correspond
to those marked in A. Bright field, X150. (C) Polymorphous, birefringent retinal inclusions
in an animal fed 48.6 mg/kg/body weight per day with strongly light reflecting needles,
microgranttles, and clumps (arrows). Polarization, X300. (D) Identical sector as in C showing
the orange, yellowish color of the structures marked in C (arrows), and their irregular
distribution throughout the ganglion cell layer—inner plexiform layer. Differential interfer-
ence contrast, X300. (E) Cryostatic section of the peripheral retina of a male monkey fed
5.4 mg canthaxanthin/kg/body weight per day. Birefringent inclusions are located in the
ganglion cell layer, inner plexiform layer, and inner nuclear layer. Polarization, X150.
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3B), possibly also with amacrine cells in the inner
plexiform layer, adjacent to the inner nuclear layer
(Fig. 3E). Localization of a crystal inside the perikar-
yon or occasionally inside the cellular process (Figs.
3C, 3D, 3F) was attributable only for this type of islet-
like accumulations. The precise localization of all
other birefringent inclusions was not possible with the
techniques used.

Microscopic Characteristics of Macular Inclusions. In
prepared retinas, the macular yellow spot, normally
presentin any primate retina, appeared macroscopi-
cally to be a more intense yellow color in all canthax-
anthin-treated animals than those of placebo-
treated animals, which relatively were pale. A clini-
cally observable perimacular zone of crystals did not
develop in any of the canthaxanthin-treated animals
as seen typically in humans taking high dosages of
canthaxanthin. However, three animals of the 5.4
mg/kg/body weight per day group, five animals of
the 16.2 mg/kg/body weight per day group, and
four animals of the 48.6 mg/kg/body weight per
day group showed very small (<1 um) rod-like inclu-
sions in flat-mounted foveal-parafoveal areas.
These particles appeared golden birefringent in po-
larized light (Figs. 4A, 4C) and yellow-to-orange in
bright field (Fig. 4D). Just as with the peripheral
birefringent inclusions, they also were located in the
inner retinal layers but not in the photoreceptor
layer. Because of the thickness of these whole-
mounted tissues, a definite localization as to depth
was not possible. When present, macular inclusions
were observed in greatest number in those animals
treated with 16.2 mg/kg/body weight per day. Pla-
cebo-treated animals showed no birefringency in the
macula (Fig. 4B).

Retina Histopathologic Analysis

In paraffin sections that were prepared using organic
solvents known to solubilize canthaxanthin, birefrin-
gent inclusions were not observed in any part of the
retina. There also were no overt spaces in the inner
layers of the peripheral retina, especially at the gan-
glion cells level, which would mark localization of an
eluted foreign material. Dissociation within fiber lay-
ers or optically empty spaces (e.g., around cell nuclei)
was seen in both control and treated animals and was
assumed to be fixation artifacts. Proportions of the
different retinal layers within corresponding radial
sections were comparable in control or treated ani-
mals.

Canthaxanthin Plasma Concentrations

Preterminal canthaxanthin plasma levels in treated
animals were dose related (Table 1) (r = 0.756), but
increases were nonlinear. Highly variable levels of in-
dividual animals resulted in high standard deviations
for the groups. Mean concentrations ranged from
2018 = 839 ug/l in the 5.4 mg/kg/body weight per
day dose group to 4400 * 1682 in the 48.6 mg/kg/
body weight per day dose group. Canthaxanthin con-
centration in plasma correlated with retina concentra-
tions (r = 0.784).

Canthaxanthin Retina Concentrations

All-trans canthaxanthin, its 9-cis/13is isomers, and can-
thaxanthin-derived compounds 4'-OH-echinenone and
isozeaxanthin only were present in retinas of treated ani-
mals (summarized in Table 1). A typical HPLC chromato-
gram of an animal treated with 48.6 mg/kg/body weight
per day is shown in Figure 5. All-trans canthaxanthin

FIGURE 3. Localization of canthaxanthin-induced inclusions in relation to retina cell struc-
tures. (A) Wholemount of peripheral retina of an animal on 16.2 mg canthaxanthin/kg/
body weight per day. Birefringent bright yellowish microgranules are arranged as nest-like
islets. Polarization, X750. (B) Identical sector as in A, showing the location of the inclusions
in the cytoplasm of two ganglion cells in the peripheral retina. Differential interference
contrast, X750. (C) Strongly light reflecting microgranules in the peripheral retina of a
male animal on 16.2 mg canthaxanthin/kg/body weight per day, showing a nest-like arrange-
ment, with single particles aligning like a chain (arrows) toward the blood vessel on the
right side of the picture. The diffuse, whitish polarizing structures present in these sector
are artifacts due to fixation. Polarization, X750. (D) Identical sector as in C, differential
interference contrast. Microgranules inside the perikaryon of a bipolar cell. To the right,
the axon of the cell, which is protruding toward the blood vessel, contains chain-like aligned,
orange-colored particles (arrows). Differential interference contrast, X750. (E) Cryostatic
section of the peripheral retina of a male monkey (same animal as in Fig. 2) on 48.6 mg
canthaxanthin/kg/body weight per day showing a large bright orange birefringent inclusion
(arrowhead) in the inner plexiform layer adjacent to the inner nuclear layer, single, more
whitish shining, presumably amacrine cell-associated (small arrow), and GCL-associated inclu-
sions. Polarization, X750. (F) Similar cryostatic section as in E (i.e., from the same animal
as in Figs. 2 and 5E), showing accumulation of birefringent inclusions associated with a
ganglion cell and its cellular process arising from the inner nuclear layer. Polarization,
X750.
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concentrations varied considerably among individuals on
the same dose. Whereas there was an increase of all-
trans canthaxanthin concentrations (mean * standard
deviation) from 130.25 £ 100.37 ng/retina in the group
with 5.4 mg/kg/body weight per day to 257.18 * 137.65
ng/retina in the group with 16.2 mg/kg/body weight per
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day, there was a decrease to 173.86 = 132.44 ng/retina
in the group with 48.6 mg/kg/body weight per day. Can-
thaxanthin concentraton in the retina correlated well
with plasma concenurations (see above). In all treated
animals, concentrations of 9cis/13-is isomers were ap-
proximately 15% of those of all-transcanthaxanthin con-
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FIGURE 4. Macular canthaxanthin-induced inclusions in retinal wholemounts. (A) Fovea-
foveal slope of a female animal fed 16.2 mg canthaxanthin/kg/body weight per day with
tiny yellow, golden birefringent structures. Polarization, X300. (B) Fovea-foveal slope of a
placebo-treated, female animal without polarizing structures. Polarization, X300. (C) Higher
magnification of the golden yellowish structures from A. Polarization, X750. (D) Identical
sector as in C showing the orange color and rod—droplet-like morphology of the birefringent
structures in bright field. Polarization, X750.

centrations, 4'-OH-echinenone and isozeaxanthin con-
centrations increased dose dependently. In all weated
groups, relative levels of 4'-OH-echinenone were approxi-
mately 36.0%, and of isozeaxanthin, 5.5% of retinal all-
trans canthaxanthin peak values. The macular pigments
lutein and zeaxanthin were detected in retinas of all ani-
mals. Their relative amounts per retina as represented by
the peak areas varied considerably and were not depen-
dent on canthaxanthin treatment. There were no gender-
related differences in the concentrations of all analyzed
carotenoids between male and female monkeys.

DISCUSSION

Microscopic and chemical investigations of the eyes of
cgynomolgus monkeys treated with canthaxanthin for 2.5
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years showed that the formation of crystal-like inclusions
occurs in the retina in association with high dosages of
the compound. All 24 animals treated with doses from
5.4 to 48.6 mg canthaxanthin/kg/body weight per day
had formed birefringent inclusions in the retinal periph-
ery, and in 12 of them also in the paramacular area. In
contrast to the phenomenon observed in humans, where
canthaxanthin crystals were seen clinically as perimacular,
“glittering”” spots, in monkeys, these crystals were not
detectable within the central retinal area by conventional
in vivo ophthalmoscopy nor retinal biomicroscopy.

Localization and Characteristics of Retinal
Inclusions

Canthaxanthin inclusions were disaibuted in the retinas
in their highest densities near the ora serrata with dimin-
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TABLE 1. Canthaxanthin in Retina and Plasma
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Retina

Plasma

Canthaxanthin Isomers [ng/retina)

Canthaxanthin-Derived Compounds Canthaxanthin Plasma

Dose [ % of all-trans canthaxanthin) Concentration [pg/L]
e — All-trans 9-cis/13.cis All-trans
mg/kg per day n canthaxanthin canthaxanthin 4'-OH-echinenone Isozeaxanthin canthaxanthin
0 8 07+ 04 <DL* <DL* <DL* <DLt
5.4 8 130.3 * 100.4 20.01 * 16.0 379 £ 43 58 = 0.9 2018 = 839
16.2 8 257.2 * 137.6 38.01 = 18.7 36.7 + 6.8 57 x21 3089 = 1062
48.6 8 1739 * 1324 25.61 + 22.3 359 = 6.9 49 * 15 4400 £ 1682

* DL = detection limit in high-pressure liquid chromatography retina analysis: 250 pg.
T DL = detection limit in high-pressure liquid chromatography plasma analysis: 20 ug canthaxanthin/l plasma.

ishing density toward the center. Although this finding
generally is similar to that of Daicker et al,* who studied
the one known human postmortem retina, it differs re-
garding the variability of crystal density and size as a func-
tion of retinal location. Daicker et al' observed a tinted
red, 2.5- to 3.0-mm wide crystal-containing ring near the
ora serrata, the crystals ranging between 4 and 25 um
with the larger inclusions occurring paracentrally. In con-
trast, the monkeys in this study showed polarizing inclu-
sions having a maximum length of only 10 um at their
farthest peripheral location but decreasing in size to a
much smaller 2 ym in the macular area. This >10 dmes
difference in inclusion size explains their clinical invisibil-
ity in monkeys compared with that of humans. At 25 ym,

29 +
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cx-isomers

mAU
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the human crystals subtend a visual angle of just more
than 3 minutes of arc on ophthalmoscopy, which is just
larger than the expected minimum angle of resolution
of the examiner’s vision (1 minute of arc). In contrast, the
approximately 2-4m central inclusions of the monkeys, at
0.2 minute of arc, fall well below the examiner’s visual
clinical resolution ability. The occurrence of birefringent
particles was not dependent on specific cell structures in
the far periphery. A location inside the processes of
Muller cells, which wrap all neuronal cells, as postulated
by Daicker et al,* certainly is possible but will require
further detailed analysis (e.g., by immunolabeling of glial
proteins). Nevertheless, in this monkey study, at a distance
of approximately 5 to 8 mm from the ora serrata, birefrin-

isozea
lutein
zea

Ju

i s }
t T 1 1

14 16 18

20 22 24 26

Time {min)

FIGURE 5. High-performance liquid chromatography of a retinal extract from a male animal
treated with 48.6 mg canthaxanthin/kg/body weight per day. All-trans cx: all-trans canthax-
anthin; retention time (RT), 17.4 minutes; cx-isomers: 9-cis/13-cis canthaxanthin isomers,
RT, 17.8 minutes; 4'-OH-ech: all-trans 4’-OH-echinenone, RT, 19.6 minutes; isozea: all-trans
isozeaxanthin, RT, 21.7 minutes; lutein: all-trans lutein, RT, 28.4 minutes; zea: all-trans
zeaxanthin, RT, 23.5 minutes. (Diode array detection, signal wavelength 470.4 nm, reference

wavelength 590.24 nm.)
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gent particles seemed to be present preferentially within
ganglion cells.

The reason for the preferential distribution in the
periphery and for the location in the inner retinal
layers is not known. The absence of choroidal deposi-
tion could imply that canthaxanthin enters the retina
through the retinal vascular system arising from the
central retinal artery and not from the choriocapil-
laris. This idea also is supported by the finding that
ganglion cells, containing canthaxanthin inclusions,
also were often observed in the neighborhood or di-
rectly adjacent to blood vessels or capillaries. The reti-
nal vasculature of primates consists of several capillary
network planes and Snodderly and Weinhaus'® men-
tion that the thin retinal periphery contains a single,
superficial plane at the junction of the retinal and
ganglion cell layers. This was the location at which
peripheral inclusions in the monkey were observed
most frequently.

If canthaxanthin were to enter the retina through
the retinal vascular system, this would imply that its
capillary endothelium is permeable for canthaxan-
thin, or that a specific transport mechanism exists.
Similarly, in considering the possibility of supplying
canthaxanthin to the retina through the choriocapil-
laris, the tight junctions of the RPE form an intact
blood-retinal barrier, necessitating carrier proteins
for effective retinal transport.'” The RPE has a key
role in maintaining the retina through supplying it
with nutrients, delivering 70% to 80% of the oxygen,
and in resorbing degradation products from the tips
of the photoreceptor outer segments.?® If canthaxan-
thin had entered the retina through the choriocapil-
laris system and the RPE, it might accumulate prefer-
entially in the outer retinal layers and photoreceptor
segments, which are rich in membranes and lipids,
especially phospholipids.?’ However, we have never
observed canthaxanthin inclusions in the photorecep-
tor layer or in the RPE. Nevertheless, entry through
the choriocapillaris still is a possibility if an effective
intraretinal transport mechanism, such as the Muller
cell, exists that would move canthaxanthin inwardly
within the retina. In the monkeys, the area around
the macula and the optical disc was free of crystals,
whereas in the fovea and particularly in the parafoveal
slope, birefringent inclusions with different morpho-
logic appearance (‘‘droplet rod-like’’) and dichroic
properties like those of the periphery were detected.
Because they had uniform oval shapes, these inclu-
sions may have arisen from carotenoid containing
lipid droplets. Similar to those in the periphery, they
were localized in the inner retinal layers and not in
the photoreceptor layer of cones. In the same central
area of the retina are located the normally occurring
macular yellow pigments zeaxanthin and lutein. These
carotenoids reside within the receptor axon layer
(Henle fiber) and inner plexiform layer.?** The in-
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tensely yellow-colored maculas of treated monkeys and
the localization of zeaxanthin and lutein together with
canthaxanthin in these retinae also suggest that these
more-droplet to rod-like inclusions may be composed
of a mixture of zeaxanthin-lutein with canthaxanthin
or other canthaxanthin-derived compounds or both
(e.g., 4’hydroxyechinenone or isozeaxanthin).

Electroretinography

The presence of canthaxanthin deposits in the cyto-
plasm of retinal ganglion cells and other inner layer
locations did not interfere with retinal functions. The
ERGs taken after 1 and 2 years of treatment were
within normal clinical ranges and did not differ sig-
nificantly in any measured component when com-
pared with both the placebo and the historic control
groups. In contrast to the slight, reversible b-wave
changes noted in humans after canthaxanthin inges-
tion,> no abnormalities in the b-wave amplitude or
latency were measured. Because the b-wave is attribut-
able to the response of the glial Miiller cell, it has
been implicated in the theoretical mechanism of can-
thaxanthin-induced retinopathy in humans.® Of par-
ticular importance in this study was the lack of any
significant change in ERG oscillatory potentials, even
though there was clear histologic evidence of ganglion
cell inclusions, thus indicating no functional effect of
these ganglion cell inclusions.

Canthaxanthin Analysis in Retinas

Chemical analysis proved that canthaxanthin was pres-
ent in the retinas of all treated animals in an all-trans
to cis ratio similar to that of the beadlet formulation
used for dosing. Although retinal concentrations of
canthaxanthin achieved during the study showed in-
creasing levels between the lowest dose group (5.4
mg/kg/body weight per day) and the middle dose
group (16.2 mg/kg/body weight per day), this dose-
response effect showed a trailing off at the highest
dose (48.6 mg/kg/body weight per day). Also, retinal
canthaxanthin concentrations correlated well gener-
ally with the incidence of inclusions in the retinas,
being the highest in the 16.2 mg/kg/body weight per
day group.

The relatively high variability of canthaxanthin
retinal concentration among animals on the same
dose indicates that substantial individual metabolic
differences may exist. This is not surprising because
similar high levels of individual variation are described
for macular yellow pigment densities in humans and
nonhuman primates, including significant differences
in homozygous twins,? thus suggesting environmental
effects also may be in play.

Because 4-hydroxyechinenone and isozeaxanthin
were present at approximately 40% of all-trans canthax-
anthin concentrations, it may be concluded that the
birefringent inclusions observed, especially in the pe-
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FIGURE 6. Chemical structures of all-trans canthaxanthin (A)
and the macular yellow pigments zeaxanthin (B) and lutein

Q).

ripheral retina, probably were composed of canthaxan-
thin isomers (trans and cis) and canthaxanthin-derived
compounds. 4-OH-echinenone and isozeaxanthin have
been suggested to be metabolites of the reductive can-
thaxanthin pathway in chicken and other nonmamma-
lian species.” They also have been detected by Daicker
et al* in human eye tissues after high canthaxanthin
intake. Zeaxanthin and lutein concentrations in the
central retina varied considerably but were not influ-
enced by increasing amounts of canthaxanthin. Zeax-
anthin and lutein are both polar, diet-derived xantho-
phylls (Fig. 6) and currently represent the main carot-
enoids identified physiologically in primate retinas and
maculas.'"®® Because polarity seems to be associated
with retina entry and because the 4-oxo-group of can-
thaxanthin confers polarity to the molecule, it can be
speculated that canthaxanthin uses the similar trans-
port mechanisms as zeaxanthin and lutein. In humans?®’
and primates (W. Cohn, unpublished data), the main
fraction of canthaxanthin is transported in the plasma
through low density lipoproteins. It is well established
that molecules carried by low density lipoprotein parti-
cles enter cells by the specific mechanism of low density
lipoprotein receptor-mediated endocytosis. Thus, one
proposed hypothesis for canthaxanthin uptake in ret-
ina cells can be based on this mechanism, which in-
cludes binding using coated pits, invagination of the
cell membrane, and formation of intracellular-coated
vesicles. Consequently, canthaxanthin would be ex-
pected to accumulate in the cytoplasm inside mem-
brane vesicles. The morphology of the uniform, round-
to-oval inclusions inside the perikaryon of ganglion
cells, which resembled granulated vesicles in light mi-
croscopy, substantiates such a hypothesis. Furthermore,
although birefringent and dichroic, this type of particle
did not appear as that of typical crystals. It seems likely
that they were associated with lipoproteins as suggested
by Daicker et al.*
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Canthaxanthin Concentration in Plasma

Preterminal all-trans canthaxanthin concentrations in
plasma of treated monkeys were dose dependent.
Plasma concentrations achieved on the lowest dose of
5.4 mg/kg/body weight per day for 2.5 years (2018
ug/1) gave rise to retinal inclusions in all animals of
this group. Canthaxanthin plasma levels of patients
with retinal crystals have not been reported. In a ki-
netic study of canthaxanthin resorption in humans, a
single dose of 150 mg (approximately 2.5 mg/kg/
body weight) led to plasma concentrations of 4.3
pmol/1 (equivalent to 2429 ug/1) after 7 to 8 hours.?’
This is similar to our results of preterminal levels of
the monkeys. In contrast, plasma levels of ferrets fed
50 mg canthaxanthin/kg/body weight per day for 1
month were 100-fold lower.”® In addition, retinal crys-
tal formation has not been observed in this species,
even after 2 years’ treatment (unpublished data). In
contrast, the chicken, which as a species normally in-
corporates carotenoids within the retinal structures,
achieves similarly high canthaxanthin plasma levels
(2000 to 9000 pg/1) when fed up to 80 mg canthaxan-
thin/kg/body weight per day for 6 weeks (Goralczyk
et al, unpublished data).

In summary, because histologically visible retinal
inclusions developed in all treated monkeys, it can be
concluded that the threshold level for crystallization
is lower than 5.4 mg/kg/body weight per day. The
intake of humans in whom retinal inclusions devel-
oped is not known precisely. Recent statistical evalua-
tions’ of 411 crystal cases with known canthaxanthin
dosage information show a highly significant dose-re-
sponse relation. Intakes < 30 mg canthaxanthin daily
(i.e., approximately 0.5 mg/kg/body weight per day)
did not lead to crystal formation. But these levels were
for clinically observable crystals. To establish a no-
effect level in monkeys, further evaluations with lower
dosages currently are underway.

Our results show that the cynomolgus monkey is
an adequate animal model to study the crystallization
of canthaxanthin in the retina. High, chronic intake
led to the inclusion of birefringent retinal carotenoid
crystals with a typical distribution pattern. Adverse ef-
fects on visual functions were not detectable. Many
questions concerning the transport, entry, and subcel-
lular localization of canthaxanthin in the retina re-
main open and require further investigations.
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canthaxanthin, carotenoid, electroretinography, monkey,
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