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Canthaxanthin (β,β-carotene 4,4’ dione) used widely as a
drug or as a food and cosmetic colorant may have some
undesirable effects on human health, caused mainly by
the formation of crystals in the macula lutea membranes
of the retina of an eye. Experiments show the exceptional molecular organization of canthaxanthin and a strong
effect of this pigment on the physical properties of lipid
membranes. The most striking difference between canthaxanthin and other macular pigments is that the effects of canthaxanthin at a molecular level are observed
at much lower concentration of this pigment with respect to lipid (as low as 0.05 mol%). An analysis of the
molecular interactions of canthaxanthin showed molecular mechanisms such as: strong van der Waals interactions between the canthaxanthin molecule and the acyl
chains of lipids, restrictions to the segmental molecular
motion of lipid molecules, modifications of the surface
of the lipid membranes, effect on the membrane thermotropic properties and finally interactions based on the
formation of the hydrogen bonds. Such interactions can
lead to a destabilization of the membrane and loss of
membrane compactness. In the case of the retinal vasculature, it can lead to an increase in the permeability of
the retinal capillary walls and the development of retinopathy.
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Introduction

Canthaxanthin (β,β-carotene 4,4' dione) is a carotenoid pigment widely distributed in nature. It is found
in green algae, bacteria, crustaceans and fish. In the last
30 years it has been a popular E161g food additive and
cosmetic colorant due to its very attractive color (Lober,
1985; Baker & Gunther, 2004). There are many reports
written on the undesirable health effects caused mainly
by the formation of canthaxanthin crystals in the macula
lutea membranes of the retina, associated with crystalline deposits of this pigment called canthaxanthin retinopathy (McGuinnes & Beaumont, 1985; Daicker et al.,
1987; Weber et al., 1987; White et al., 1988; Arden et al.,
1989; Bopp et al., 1989). There is an increasing number
of publications on other undesirable effects on human
health arising from the use of this carotenoid, conditions
such as retinal dystrophy (Hennekes, 1986) or aplastic
anaemia (Bluhm et al., 1990). Canthaxanthin is frequently
given to patients with tumours, as it can act as a strong
antioxidant. Its anti-tumour and radical quenching action

has been proven (Mayne & Parker, 1989; Palozza et al.,
1998; Chew et al., 1999). Experiments carried out on animals (Weber et al., 1987; Goralczyk et al., 2000) including
humans (Boudreault et al., 1983; Macdonald et al., 1984;
McGuinnes & Beaumont, 1985; Daicker et al., 1987;
Weber et al., 1987; White et al., 1988; Arden et al., 1989;
Bopp et al., 1989) show that when used in small quantities (such as in food colouring or cosmetics) canthaxanthin can form molecular aggregates that are deposited
in tissues especially in the macula lutea of the eye. The
exact mechanism of canthaxanthin crossing the bloodbrain barrier and its delivery to the retina is still unclear.
Some theories concerning macular pigments indicate
their passive diffusion (Beatty et al., 2004), the role of
cellular retinol-binding protein in this process (Bhosale
& Berstein, 2007) and the other assume that lipids play
a role (Yeum & Russell, 2002; Shafaa et al., 2007). Two
key xanthophyll-binding proteins responsible for the uptake and stabilisation of macular carotenoids have been
identified as GSTP1 (binding dietary zeaxanthin and non
dietary meso-zeaxanthin) and StARD3 (dietary lutein) (Li
et al., 2010; Li et al., 2011). The hypothesis was put forward that some specific properties of ocular carotenoids
may be responsible for their presence in primate retinas
(for review see: Subczynski et al., 2010). To understand
why carotenoid pigment canthaxanthin forms toxic molecular aggregates with the macula lutea lipid membranes
it is important to recognize the molecular mechanisms
guiding its interactions. Since natural membranes are
very composed structures, the usage of model lipid
membranes composed of defined lipids is very useful in
helping investigators to discern the specific cellular interactions. The question is how the membrane composition
and structure affects the molecular organisation of canthaxanthin pigment, especially its orientation, aggregation
process and distribution in the lipid membranes.
It has been proposed that the toxicity of canthaxanthin towards lipid membranes is the result of the strong
interaction between the pigment and lipid molecules and
of the formation of crystalline aggregates of canthaxanthin in the membranes (for review see: Sujak, 2009).
Overview of the experimental data

Experiments carried out on model systems indicated
an exceptional molecular organization of canthaxanthin
in lipid membranes as well as a very strong effect of this
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carotenoid on the physical properties of the lipid membranes.
Interestingly, all the effects were observed at much
lower concentrations of the pigment in the lipid
phase (below 1 mol%; in some cases as low as 0.05
mol%) than those of other xanthophylls such as lutein
or zeaxanthin (for review on other carotenoids see:
Gruszecki & Strzałka, 2005). This can be the consequence of different structures of these macular carotenoids themselves (Bart & MacGillavry, 1968; Linden
et al., 2004). Apart from the functional keto-group in
the ionone ring of canthaxanthin, the shape of the
polyene chains in these xanthophylls differ to such an
extent that this can affect their binding to the lipid
membrane and the formation of molecular aggregates
of xanthophyll molecules. The ends of the β-rings of
canthaxanthin have dihedral angles of 43º, making it
less probable that they will form a card-pack molecular aggregate, and increasing the likelihood of the formation of different types of aggregates. It also yields
the possibility of contact with one polar surface, as in
the case of lutein. The orientation angle of canthaxanthin in the lipid phase depend on the actual concentration of the pigment with respect to the lipid. The
mean angle between the dipole transition moment and
the axis normal to the plane of the DPPC membrane
was determined as 20º at 0.5 mol%. This confirmed
a vertical orientation of the axis connecting opposite
keto-groups of this xanthophyll at the 4 and 4' positions. The angle of 47º at 2 mol% of canthaxanthin
was measured, which implies the possibility that canthaxanthin incorporated into lipid membranes can be
distributed in such a way that its small fraction can be
oriented parallel to the plane of the lipid membrane.
This indicated that canthaxanthin is similar to other
macular pigment — lutein which parallel orientation
has been proposed previously (Sujak et al., 1999; Sujak
et al., 2005; Sujak, 2009); for review on other carotenoids see: Gruszecki, 2009.
Canthaxanthin toxicity towards the macula lutea lipid
membranes can result from its very strong molecular
interactions with the lipid molecules of different structures. Several of them are listed below.
1. Aggregation of canthaxanthin molecules in the
lipid phase. The process of forming canthaxanthin aggregates in the lipid phase can not be easily monitored
with the use of UV-Vis absorption as in the case of lutein and zeaxanthin (Sujak et al., 2000; Sujak et al., 2005).
Aggregation is accompanied by a gradual decrease of the
band representing the electronic transition between the
ground energy level (1Ag–) and the Bu+ state (main absorption maximum) and with its broadening (Sujak et al.,
2005) but not to such scale that it would clearly account
for the formation of H-type aggregates; J-type aggregates
are rarely observed. This shows that aggregate formation
may differ from that for lutein and zeaxanthin (Sujak et
al., 2000).
2. Strong van der Waals interactions between
the polyene chain of canthaxanthin and the lipid
chains. Following series of diffraction, infra-red spectra and monolayer technique experiments it was concluded that canthaxanthin promotes the extended conformation of alkyl lipid chains (Sujak et al., 2005; Sujak et al., 2007b). Experiments showed the increase in
thickness of the hydrophobic core of DPPC oriented
bilayers supplemented with canthaxanthin. The same
effect was observed previously for lutein (Sujak et al.,
2002). The effect of removal of the semi-plateau from
isotherms of compression of the DPPC monolayer
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containing between 0.2 and 1 mol% of canthaxanthin
was observed even at relatively low surface pressure
indicating the process of ordering of the hydrocarbon
lipid chains.
3. Modifications of the lipid properties in the
polar head zone. An analysis of the DPPC and EYPC
small liposome size distribution profiles showed that
canthaxanthin induces vesicle aggregation. Canthaxanthin caused the immobilization of the C-O-P-O-C and
PO2– groups (Sujak et al., 2005). 1H-NMR resonance
experiments showed that canthaxanthin influenced the
segmental molecular motion of DPPC lipid molecules
both in the head-group region (the N+(CH3)3 choline
polar head-groups) and in the hydrophobic core of the
bilayer (the CH2 and CH3 groups of the alkyl chains).
The strongest immobilization of this part of the lipid
molecules was observed at pigment concentrations between 1 and 1.5 mol% (Sujak et al., 2005) which can
be the indication of the existence of the pigment aggregation threshold for these concentrations.
4. Changes in the thermotropic properties of
lipid membranes. Like other macular xanthophylls,
canthaxanthin changed the membrane thermotropic
properties, but compared to lutein and zeaxanthin, the
effect was much stronger (Castelli et al., 1999). The
50% decrease in the maximal value of the membrane
molar heat capacity of DPPC multilammellar vesicles
required 1–2 mol% of lutein or zeaxanthin, while
only 0.5 mol% of canthaxanthin produced the same
effect (Sujak et al., 2007a). The strongest influence of
canthaxanthin on the main transition and pre-transition phases was observed on phosphocholines with
the thinnest hydrophobic region. The observed disappearance of the pre-transition peak indicated fluidisation of the Lb΄ phase, as reported previously for other
xanthophylls (Kolev & Kafalieva 1986; KosteckaGugala et al., 2003). The effect of canthaxanthin was
almost negligible in the case of lipids lacking the ester carbonyl groups. The shift of the main transition
peak position towards higher temperatures (~3ºC at
0.1 mol% of canthaxanthin) and narrowing of the
pre-transition component, especially for canthaxanthin
concentrations as low as 0.05 mol% were registered
which additionally accounted for the ordering effect
of canthaxanthin on the lipid acyl chains. Based on
Gaussian component analysis of the registered calorimetric signals, for all the kinds of lipids, formation of
new thermotropic phases was observed (Sujak, et al.,
2007a).
5. Interactions with the mediation of hydrogen
bonds. It was shown that the behaviour of canthaxanthin strongly depends on the ability of the pigment molecules to form hydrogen bonds with the mediation of
the canthaxanthin keto-groups located at the 4 and 4'
positions either directly or indirectly via water molecules
(Sujak et al., 2005).
The analysis of the FTIR spectrum of DPPC membranes containing 2 mol% of canthaxanthin confirmed
that these bonds can be created directly with the lipid
ester carbonyl group or indirectly via water bridges using the keto-groups of canthaxanthin (Sujak et al., 2005).
Additionally, the experiments show that the hydrophobic
polyene of a carotenoid is able to carry water molecules
bound by weak hydrogen bonds in which the water oxygen atom acts as a proton acceptor. It is also possible
that water molecules can be bound to the polyene chain
by weak hydrogen bonds with the π-conjugated doublebond system (Kupisz et al., 2008). This last mechanism
may have a crucial significance in the formation of the
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molecular aggregates of canthaxanthin that may produce
some undesirable health effects.
Conclusions

Geometry and properties of canthaxanthin can influence its transport to the macula lutea together with other
macular carotenoids. It is probable that the strong interactions between canthaxanthin and lipid membrane determine the membrane behaviour, including its stability.
Presence of this pigment within the lipid membranes
and its unique organisation and interactions can lead to a
destabilization of the membrane, resulting in the loss of
membrane compactness. In the case of the retinal vasculature, it can lead to an increase in the permeability of
the retinal capillary walls and the development of retinopathy.
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