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Nature is painting for us, day after day, pictures of infinite beauty if only we have the eyes
to see them.

John Ruskin (1819-1900)

1.1 Introduction

The beauty of nature never ceases to surprise: the countless number of shapes and forms, a
large diversity of fragrances and sounds, the unlimited palette of colors. Every day, we
perceive through the senses her breathtaking majesty. The reality seen with the eyes is a
mixture, the collage of rays of visible light reflected by the objects. This incredible
composition comes onto the retina where, thanks to the light-sensitive cells called cones, the
perception of the color is achieved. After the numerous physical and biochemical processes
that convert a light stimulus into nervous stimulus, an image of the world creates itself in the
brain. However, the leaves on the trees would never be green and the ripe tomatoes would not
be red without the presence of natural pigments. Plants are equipped with sophisticated
chemical compounds that absorb a part of the vital sunlight energy for use in photosynthesis
and to give them color. One of them, carotenoids, are the second most abundant (after
chlorophylls) pigments in nature, currently comprising over 700 specimens [1, 2]. They are
responsible for the yellow, orange, and red color of fruits [3], flowers [4], seeds [5],
flamingos [6—-8], shrimp [9], and various other higher animals [7, 10, 11]. The deep color of
these pigments is also characteristic for various simple organisms, such as yeast [12, 13], fungi
[14, 15], and algae [16, 17], being natural carotenoid producers. Carotenoids generally cannot
be synthesized by animals, but they are necessary in their diets and involved in many purposes,
for example, lutein and zeaxanthin accumulate in the human eye and serve as photoprotectants
against damaging effects of free radicals [18, 19]. So, without these pigments, we cannot see
the beauty painted by them. Carotenoids are ubiquitous in all kingdoms of living organisms and
provide various pivotal functions resulting from their structural diversity.

This opening chapter is addressed to gathering the fundamental knowledge of carotenoids,
concerning their nomenclature, structure with stereochemical features, occurrence, and
functions. Throughout this introductory chapter, references are made to the topics that are
discussed in this book in detail.



1.2 Nomenclature and structures

Carotenoids owe their name to carrots (Daucus carota) due to the fact that they constitute the
major pigments in the carrot root [20]. According to the International Union of Pure and
Applied Chemistry (IUPAC) definition [21], carotenoids belong to the class of organic, lipid-
soluble compounds, tetraterpenoids, which are composed of eight isoprenoid units joined
together in the polyene chain. The structure of isoprene and an example of carotenoid with
marked segments are presented in Figure 1.1. The arrangement of units is not obvious. From
the center of the molecule, they are reversed, and hence two central side-chain methyl groups
are in the 1,6 positional relationship while the remaining nonterminal groups are in the 1,5
relative positions. All carotenoids are derivatives of lycopene ({s,i-carotene), which is
represented by the formula C,yHz¢, having a long central chain of 11 conjugated double bonds

in the E (trans) configuration. This base acyclic structure can be chemically altered by
cyclization, hydrogenation and dehydrogenation, oxidation, or any combination of these
processes, making a vast range of possible carotenoids and their derivatives [22].

(A)

=

Figure 1.1 (A) The structure of isoprene; and (B) the arrangement of isoprenoid units in an
exemplary carotenoid: a-carotene.

The specific structure of the carotenoid backbone originates from its biosynthetic pathway [2,
23]. Carotenoids are synthesized by a large variety of phototrophic and nonphototrophic
organisms, including fungi, bacteria, and algae. In higher plants, the first step of the synthesis is
the condensation of two geranylgeranyl diphosphate molecules forming a linkage of two C,,

hydrocarbon fragments. This tail-to-tail enzymatic reaction is catalyzed by the phytoene
synthase. The resulting compound, 15-cis-phytoene, is the first carotenoid having three
conjugated double bonds. In further steps, a series of desaturation reactions, carried out by
appropriate enzymes in the presence of light, introduce alternating double bonds in the 40-
carbon basic skeleton leading to the lycopene structure. Thus, lycopene is the branching point
of this pathway and starting point for synthesis of all other carotenoids. More information on
the carotenoid biosynthesis and its regulation in plants is given in Chapter 10.



Carotenoids possess distinctive chemical reactivity and light-absorbing characteristics. One of
their most remarkable features is the system of subsequent double and single bonds in the
central part of the molecule. Due to the overlap of p-orbitals between adjacent carbon atoms,
the delocalization of m-electrons over the entire length of the polyene chain occurs. The excited
state of the molecule is accordingly of low energy, thus in general, absorption of the visible
light is enough to give rise to the electronic transitions from nt to * orbitals [24, 25].
Carotenoids possess 3—13 conjugated double bonds. Its number determines the color of the
pigment from pale yellow (i.e., for (-carotene with 7 double bonds); through bright orange,
characteristic for [3-carotene (9 double bonds); to intense, deep red color (i.e., for
canthaxanthin with 13 double bonds) [25]. Moreover, each double bond may exist in two
configurations: as geometric isomers Z (cis) or E (trans), with cis-isomers being
thermodynamically less stable, resulting in the all-trans isomers of carotenoids that are
predominantly found in nature [24].

Carotenoids can be divided into two subgroups of hydrocarbons: carotens, composed only of
carbon and hydrogen atoms (e.g., 3-carotene), and their oxygen-containing derivatives,
xanthophylls. In the latter, the additional oxygen atoms are found in various functional groups
(i.e., hydroxy-, keto-, carboxy-, carbomethoxy-, epoxy-, and lactone), comprising a wide range
of possible structures. Furthermore, the hydroxyl groups may also be esterified or
glycosylated. Examples of some popular and structurally interesting carotenoids are shown in

Figure 1.2.
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Figure 1.2 Examples of structures of carotenes and xanthophylls; a common natural source of
the pigment is given in parentheses. (A) -carotene (carrot Daucus carota); (B) astaxanthin
(alga Haematococcus pluvialis); (C) neoxanthin (green leafy vegetables, i.e., spinach
Spinacia); (D) synechoxanthin (cyanobacterium Synechococcus); (E) oscillaxanthin
(cyanobacterium Oscillatoria); (F) capsanthin (paprika Capsicum annuum); and (G) torulene
(yeast Rhodotorula spp.).

To better understand the nature of studied compounds, it is essential to follow the nomenclature
rules. Three naming conventions exist for carotenoids. The first one, the systematic
nomenclature, is based strictly on the organic chemistry nomenclature. This method is not
preferred for higher terpenoids and complex structures because their systematic names are long
and awkward. The second naming system uses trivial names referring to plants or organisms
from which they were originally extracted or to Latin words related to their properties. This
approach is widely applied to natural products, but it can introduce ambiguity, as in the case of
a-carotene that does not possess two a-ionone rings at the end of polyene chain but one a- and
one (-ionone ring. Therefore, the IUPAC Commission on Nomenclature of Organic Chemistry
and the [UPAC-IUB (International Union of Biochemistry) Commission on Biochemical
Nomenclature have issued the semisystematic names, based on both organic chemistry
nomenclature and biological origin, to define precisely the structure of carotenoids [21]. A
considerable advantage of this approach is the simplification in data searching in the literature
and facilitation of communication between scientists from different science branches.
Differences in the naming systems are presented in Figure 1.3 for lutein.

OH

TR R TRy R N RN N TR S

HO™

Systematic name: (1R,4R)-4-[(1E,3E,5E,7E,9E,11E,13E,15E,17E)-18-[(4R)-4-hydroxy-
2,6,6-trimethylcyclohexen-1-yl]-3,7,12,16-tetramethyloctadeca-1,3,5,7,9,11,13,15,17-nonaenyl]-
3,5,5-trimethylcyclohex-2-en-1-ol

Trivial name: lutein (from Latin luteus—yellow)

Semi-systematic name: (3R,3'R,6'R)-f,e-carotene-3,3’-diol

Figure 1.3 The structure of lutein and its names in three naming systems: systematic, trivial,
and semisystematic.

As was mentioned in this chapter, carotenoids’ names originate from lycopene. Its hydrocarbon
skeleton is a basic structure from which other names arise. The nomenclature consistent with
the semisystematic rules starts from the correct numbering of the carbon atoms. The system is
shown in Figure 1.4. However, the choice of locants of methyl groups at C1 atoms depends on
the stereochemistry [21]. In acyclic terminal groups with a double bond between one and two



carbon atoms (1" and 2' on the second end of the molecule), that methyl group is numbered as
1,6 which is in trans conformation to the main polyene chain. In f3, y, €, and k end groups, the
16 and 17 (16" and 17") are distinguished by the position of the R substituent denoting the rest
of the molecule. If this moiety is on the right from the C1 carbon atom, they are marked as
below and above the ring plane, respectively. However, when the R group in on the left, that
numbering is reversed.

(A)

(B) 20’ 19’

17 16 17 16 17 16 )\/S\/K/
18 17
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Figure 1.4 (A) The structure of lycopene compared with the structure of the carotenoid
polyene chain; and (B) possible end groups found in nature (with prefixes). The numbering
scheme for all structures is included.

Carotenoid molecules are composed of a hydrocarbon chain core (Fig. 1.4A) and two end
groups attached to its opposite edges (Fig. 1.4B). Each terminal group has nine carbon atoms
arranged in different structures (e.g., cyclohexene, cyclohexane, and cyclopentane) and is
described by Greek-letter prefixes. All names are based on the stem name “carotene” preceded
by the prefixes related to both groups occurring in the molecule. The letters should be cited in
alphabetical order and doubled if they are identical. Thus, -carotene is correctly written as
B,-carotene, a-carotene as [3,e-carotene, and so on. If the end groups are dissimilar, the
unprimed numbers of carbon atoms are given from the end of the molecule associated with the
first Greek letter appearing in the name.

Modifications to both the chain and end groups introduce further rules in the nomenclature of
carotenoids. Possible derivatives of carotenoids are presented in Figure 1.5, and the names are
explained below:

e For hydrogenated and dehydrogenated derivatives, it is necessary to attach the prefixes
“dehydro” and “hydro” when hydrogen atoms are removed or added, respectively, with the



locants of the carbon atoms where they occurred. Additional prefixes denoting the number
of modifications are used according to the standard organic chemistry principles.

If one or more CH,, CH,, or CH groups has been eliminated from a carotenoid, the prefix

“nor” with the locants of removed carbon atoms must be incorporated. In nor carotenoids,
the numbering of the remaining carbon atoms is preserved as in the original molecules.

Seco carotenoids are a subgroup wherein at least one band in the terminal rings has been
ruptured. Thus, the name is supplemented by the prefix “seco” and numbers of carbon
atoms where a gap occurs.

Xanthophylls nomenclature follows the rules of the general organic chemistry
nomenclature. For alcohols, carboxylic acids, esters of carotenoid alcohols and acids,
aldehydes, and ketones, the oxygen-containing group serves as a principal group and is
introduced by the use of a proper suffix. Xanthophylls classified as ethers are named in two
manners depending on the type of oxygen binding. The non-bridging ethers bring to the
name the appropriate “alkoxy” or “aryloxy” prefix, whereas oxygen bridges are introduced
by the prefix “epoxy.” In both cases, the point of attachment of the oxygen atoms in the
molecule must be specified. The numbering in xanthophylls is the same as in other
carotenoids only if the two end groups are dissimilar. Otherwise, the unprimed locants are
assigned to carbon atoms according to the order of importance: firstly to principal groups,
cited as the suffix, then in such a manner to obtain the lowest locants’ numbers.

If all conjugated double bonds are shifted by one position, the prefix “retro” should be
included in the name with appropriate locants. The first and second numbers indicate
carbon atoms from which protons were removed and added, respectively.

Apo carotenoids are derivatives in which a carbon skeleton has been shortened by removal
of a part of the molecule from one or both ends. The prefix “apo” is introduced with
locants indicating that the fragment beyond this carbon atom has been replaced by hydrogen
atoms. However, the side-chain methyl groups are not considered to be “beyond” the
carbon atom to which it is attached. Additionally, in the case when the locants preceding
the “apo” prefix are greater than 5, there is no need to give the Greek letters in the stem
name.

In contrast to apo carotenoids, there are subgroup of higher carotenoids composed of more
than eight isoprenoid units. Their names follow the general principle for organic molecules
and retain the numbering of the normal carotenoid.
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Figure 1.5 Various groups of carotenoid derivatives.

The last step in the procedure of carotenoid naming involves the stereochemistry. The absolute
configuration should be determined for each chiral center in the molecule using the R/S
convention. Additionally, if any Z (cis)-configuration of double bonds is present in the
structure, it should be denoted classically. The stem “carotene” indicates a molecule that
possesses all C=C bonds in the E (trans) configuration.

1.3 Occurrence and functions

The diversity of functions in which carotenoids partake, in both human beings and other



organisms, is enormous. Therefore, it is not particularly surprising that the number of literature

reports on this topic is rather substantial and well summarized in several review articles
published during the last three years (2012—-2014) [16, 26-43].

1.3.1 Functions in plants

About 50 carotenoids are fundamental components of the light-harvesting antenna complexes
(LHCs) of photosynthetic organisms. The main roles of pigments in LHCs are capturing light,
transferring electronic excitations to the acceptor chlorophyll molecules, as well as
photoprotection based on regulating the energy flow [43]. Carotenoids also play a role in
stabilization of biomembranes and membrane-bound pigment—protein complexes. The function
of carotenoids in pigment—protein complexes in relation to their structure is the topic of
Chapter 9 of this book.

1.3.2 Antioxidants in humans

Several carotenoids act as potent antioxidants in humans. The omnipotent free-radical
scavenger is astaxanthin, which has about 10-fold higher antioxidant activity compared to
zeaxanthin, lutein, cantaxanthin, and -carotene and 100-fold higher activity than a-tocopherol
[44]. The antioxidant properties are the basis of preventive function toward many chronic
diseases, including neurodegenerative diseases: stroke (lutein and astaxanthin), Alzheimer’s
disease (astaxanthin and [3-carotene), and Parkinson’s disease ([3-carotene); cardiovascular
diseases: atherosclerosis (lutein, astaxanthin, a-carotene, and crocin) and hypertension
(astaxanthin, a-carotene, crocin, and lycopene); diabetes (lutein, zeaxanthin, astaxanthin, o-
carotene, and lycopene); cancer (fucoxanthin, astaxanthin, a-carotene, crocin, and lycopene);
and osteoporosis (-cryptoxanthin and crocin) [28, 34, 35 and references cited therein, 37, 38,
45-46]. Moreover, several carotenoids are suggested to have a beneficial influence on the
immunological system, decrease drug-withdrawal syndrome, show neuroprotective effect, and
possess anti-inflammatory properties [28, 34, 35, 44].

It has been indicated that carotenoids can be used as biomarkers to distinguish between
cancerous/malignant and healthy cells and tissues, with practical potential in medical
diagnostics [47—49]. This subject is further developed in Chapter 2. Mechanisms of radiation
and photoprotection of dietary carotenoids are characterized in Chapter 3.

1.3.3 Role in visual and cognitive function

One of the most important and well-described functions of carotenoids is the pro—vitamin A
activity (i.e., their ability to convert into retinol) [43, 50]. Vitamin A is a compound of the key
importance for child health and survival, and its deficiency result in disturbances in vision and
a number of diverse other pathologies [51].

Two isomeric xanthophylls, lutein and zeaxanthin, play a key role in vision health [33 and
references cited therein, 43 and references cited therein]. These pigments, in the forms of
lutein, zeaxanthin, and mezo-zeaxathin, formed metabolically from lutein in the human body,
are concentrated in the central region of the retina, called the macula lutea. Macular



carotenoids prevent damage leading to age-related macular degeneration, visual impairment,
and cataracts [33 and references cited therein, 43 and references cited therein]. Lutein was
also suggested to influence early visual development [52]. This pigment is also a major
carotenoid of the human brain, involved in a number of cognitive processes such as learning,
memory, language, and executive functions [32 and references cited therein, 33 and references
cited therein]. The influence of macular carotenoids on human health is considered in Chapter
4.

1.3.4 Carotenoids in human skin

Skin coloration appears to play an important role in facial attractiveness, with skin yellowness
being a desirable feature. Overall, it was suggested that skin coloration is a part of the
carotenoid-linked health-signaling system that is of considerable meaning in mate choice [53].

Human skin contains various carotenoids, mainly a-carotene, y-carotene, -carotene, lutein,
zeaxanthin, lycopene, and their isomers, that serve the living cells as a protection against
oxidation [54]. A diet rich in carotenoids prevents cell damage, premature skin aging, skin
cancer, and other skin-related diseases as the increase of carotenoid level increases the
radical-scavenging activity of the skin and provides a significant protection against stress-
induced radical formation [55]. Moreover, the carotenoid level in the skin, which is quite easy
to measure with the help of Raman spectroscopy, reflects the antioxidant status [56]. This topic
is further developed in this chapter.

1.3.5 Signaling function

Carotenoids are responsible for the color of fruits, vegetables, and flowers, increasing their
attractiveness for pollination, seed dispersal, and sexual attraction. Apo carotenoids contribute
to the aroma of flowers, fruits, and vegetables. Carotenoid cleavage products are
phytohormones and essential signaling molecules [43].

1.3.6 Industrial applications

Astaxanthin, next to [3-carotene, is one of the most important carotenoids for industrial
applications. Astaxanthin and (to a much lower extent) cantaxanthin, obtained from de novo
manufacturers, play a crucial function as food colorants in salmonid and crustacean cultures
[44]. Algal and yeast cultures are not only feed but also more and more often exploited sources
of dietary carotenoids [16 and references cited therein]. Numerous factors influencing
carotenoids’ synthesis by microorganisms and various tactics that serve optimizing
technological processes of carotenoid production are characterized in Chapters 12 and 13.
Such microbial cultures are not only environmentally friendly but also, in the future, can
function also as “recycling trash-cans” for agro-industrial wastes. Successful carotenoid
production by microbial sources cultivated in industrial residues has been already reported
[57-59].

Both microorganism-derived and synthetic carotenoids are used commonly as dietary
supplements as well as pigments in food and beverages, for instance in fruit juices, soft drinks,



and dairy products [16 and references cited therein]. Additionally, they are applied as animal
feed and used in the pharmaceutical and cosmetic industries. There are often differences
between synthetic and biomanufactured carotenoids in the sense of structures, and therefore
their bioavailability. This point is referred to in Chapter 13. A general review of the recent
spectroscopic studies regarding structures of carotenoids in de novo manufacturers, plants, and
animals, also in situ, is discussed in Chapters 6-8. Topics related to carotenoids
bioavailability from the food matrix and optimization of extraction procedures are included in
Chapter 11. Various functions of carotenoids are summarized in Figure 1.6.
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Figure 1.6 Diverse functions of carotenoids.



1.3.7 Carotenoids of specified properties

Industry is searching for carotenoids of modified properties both for better functionality and
for new applications of carotenoids and their derivatives. Particularly, the pharmaceutical
industry is interested in more hydrophilic carotenoids, with Cardax'™ being an example of
this. This disodium disuccinate derivative of astaxanthin is an efficient cardioprotective drug
of increased solubility as compared with the original xanthophyll [60].

Various carotenoid-based compounds are synthetized and tested toward many specific
applications, with carotenoid—porphyrin—fullerene derivatives being probably one of the most
exotic carotenoid derivatives synthetized up to now [61]. Recent achievements, challenges,
and perspectives of syntheses with carotenoids are described in Chapter 14.
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2.1 Introduction

Since ancient times, humans have been trying to keep their skin looking youthful. In our time,
the desire for a lasting youthful appearance has become even stronger, as youthfulness and
beauty are often considered to be prerequisites for professional and personal success. Plastic
surgery is on the rise globally. Cosmetic skin care products are constantly gaining in
importance to both female and male consumers. Besides the application of cosmetic products,
there are simple behavioral patterns such as eating healthy and reducing stressors that may
influence the skin’s aging process decisively. The role of the antioxidative status in this
process, determined by the carotenoid level as indicator substance, is described in the present
chapter.

2.2 State of the art

2.2.1 Solar radiation and skin aging

Solar radiation is a basic requirement for the metabolism of the human species [1, 2]. It
induces the synthesis of vitamin D [1] in the skin and stimulates the well-being [3]. If skin is
exposed to excessive doses of solar radiation, however, the results may be sunburn, photo-
aging, immunosuppression, and even skin cancer [4, 5]. Such damage is predominantly due to
the formation of free radicals [6-8]. These highly reactive molecules are capable of destroying
cells and cell compartments as well as elastin and collagen fibers, and preventing their
regeneration [9, 10]. Through antioxidants, nature has evolved a defense system against the
destructive effects of excess free radicals. Antioxidants are capable of neutralizing the free
radicals before they can begin damaging the body [11, 12]. Although solar radiation is a major
cause of premature skin aging, genetic determinants also influence the aging process [13].

2.2.2 Carotenoids and the antioxidants of the human skin

Several of the antioxidants in the multilevel defense system cannot be generated by the human
body but must be ingested with a diet rich in antioxidant-containing foods, for instance fruit and



vegetables [14]. The antioxidants in the human body comprise carotenoids, vitamins, and
specific enzymes [15]. Most of the lipophilic antioxidants are excreted with the sweat and the
sebum onto the skin surface, where they disperse homogeneously [16, 17]. Subsequently, they
penetrate from the skin surface back into the uppermost layer of the stratum corneum, as if they
had been applied topically.

As the antioxidants form protective chains, which allow them to regenerate after neutralizing
free radicals, the analysis of one main antioxidant substance is sufficient to yield information
regarding the antioxidant status as a whole [18—-20]. Using electron paramagnetic resonance
(EPR) spectroscopy, it could be demonstrated that, for example, carotenoids represent
indicator marker substances for the overall antioxidant status of the epidermis [21].

Formerly, carotenoids were detected using high-pressure liquid chromatography (HPLC) or
mass spectroscopy (MS) [22]. These invasive techniques required the use of tissue or blood
samples. In addition, excised tissue samples could not be analyzed twice. Thus, kinetic
investigations had to be severely restricted in the past.

Through resonance Raman spectroscopy and reflectance spectroscopy, the noninvasive
detection of dermal carotenoids has become possible [23-25]. Figure 2.1 (Color Supplement)
shows a resonance Raman spectrometer and a reflectance spectroscopy—based skin scanner
(biozoom®, Agoura Hills, CA, USA). Both systems are suitable for analyzing the kinetics of
the carotenoids in human skin [8].



Figure 2.1 (A, B) Raman resonance spectrometer developed at the CCP; and (C) a biozoom®
skin scanner based on reflectance spectroscopy for the detection of carotenoids in human skin.

When the newly developed resonance Raman spectrometer was used for the first time at the
CCP in order to detect carotenoids selectively and sensitively, it had not been clear which
information could be derived from these measurements. Therefore, the staff of the CCP
participated in a one-year study, during which their carotenoids were measured before lunch
every workday [26]. The respective measurements took only a few minutes. In addition, the
volunteers were surveyed for their nutritional behavior and stressors. As a result, it turned out
that the antioxidant status can be considered to be a fingerprint of the specific volunteer. Those
volunteers who smoked and lived on relatively unhealthy diets exhibited lower carotenoid
concentrations, whereas volunteers who had eaten healthy food containing large amounts of
fruit and vegetables displayed higher carotenoid values. A typical example of a volunteer’s
one-year kinetics is depicted in Figure 2.2 [26]. In the summer and autumn, the measured
carotenoid concentrations were distinctly higher than in the spring and winter. The measured
values were grouped around a mean value. Distinct enhancements as those visible in Figure
2.2 indicate an increased intake of fruit and vegetables. However, in two cases, the antioxidant
status dropped during the measurements. Both cases were due to infections of the upper
respiratory tract. Although the affected volunteers did not report in sick because of these
infections, they involved considerable stress for them. Moreover, another strong decline was
noticed on day 120, which had not been related to a disease, but to a summer night party
involving much alcohol and lack of sleep.



0.08 -
_0.07 1
= y
S, 0.067 (e |} . : !
8 0059 [ 3 ; ; ;
S 1 - : : .
S 0.04 1 ; ; ::
o . | ! :
o 3 : :
2 (.03 4 | l
e : - E E
*g 0.02 4 i_ Spring __ Summer _j_ Autumn ..i. Winter
S E
001
0.00-"I""I""l""I""l""l""l""|'

0 50 100 150 200 250 300 350
Day

Figure 2.2 Kinetics of carotenoids measured in volunteers over a one-year period on every
workday [26]. The encircled values above the mean values correlate with an increased intake
of fruit and vegetables as disclosed by the volunteers in the surveys; whereas the lower values
encircled around days 40 and 220 correlated with an infection of the upper respiratory tract,
and on day 120 with a summer night party involving much alcohol consumption and lack of
sleep.

2.2.3 Factors influencing the antioxidant status of the skin

Based on the results of the one-year study, further studies addressed the influence of ultraviolet
(UV) [27] and infrared (IR) [18, 19] radiation as well as alcohol consumption [28] on the
antioxidant status of the skin. While a depletion of carotenoids due to UV exposure is plausible
and has been described in the literature [29-31], the decay of antioxidants as a consequence of
IR radiation was rather surprising, as the energy of the IR photons is insufficient for direct
radical formation. However, this decay could subsequently be verified by EPR spectroscopy
[32]. Consequently, it is assumed that there are structures in human skin that absorb IR
radiation, thus accumulating energy and finally inducing free radicals. Such structures are, inter
alia, the mitochondria [8, 33].



But the consumption of alcohol also induced free radicals, as shown in Figure 2.3 [28]. In this
study, the antioxidant status of the volunteers was measured prior to and at different times after
the consumption of alcohol. The volunteers were requested to drink 1 mL of ethanol per kg
body weight in the form of vodka or rum containing 40% alcohol within a time period of
approximately 15-30 minutes. In Figure 2.3, a strong depletion of the carotenoid concentration
can be observed immediately subsequent to the consumption of alcohol [28]. It took up to four
days and the intake of a healthy diet for the previous carotenoid level to be restored. Figure 2.3
also shows the points when minimum erythema dose (MED) measurements prior to and after
the alcohol intake were performed. The MED is a measure for the UV dose necessary to induce
sunburn in the skin. It is clearly shown that volunteers with a disturbed antioxidant protective
system are affected by sunburn much more quickly than volunteers whose antioxidant system is
intact.
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Figure 2.3 Influence of alcohol consumption on the carotenoid concentration of the skin [28].

2.2.4 Antioxidants and sun protection



In the previous paragraph, it was explained that free radicals in the skin can be induced by
solar radiation not only in the UV but also in the IR spectral range. In addition, free radicals
can also be induced by visible (VIS) light [34]. Sunscreens are designed to protect the human
skin against sunburn and damage in the UVB/UVA spectral range, and products with light
protection factors beyond 50 are commercially widely available. By using sunscreens,
however, people tend to expose themselves to the sun for much longer periods of time than if
they did not use sunscreen. Although the sunscreen provides efficient protection in the UV
range of the solar spectrum, radical formation in the VIS and IR ranges is enhanced.

Zastrow et al. [34] could demonstrate that 50% of the free radicals induced by solar radiation
are generated in the UV range, whereas the remaining 50% are formed in the VIS and IR
spectral ranges. In the absence of filter substances whose bandwidth would cover the VIS-IR
spectra completely, the protective strategy used against UV radiation in sunscreens cannot be
transferred to protective measures in the VIS—IR spectral ranges. Therefore, the intrinsic
protective mechanisms of the skin must be utilized for these ranges. The first of these
mechanisms is hyperkeratosis [35] (i.e., a thickening of the horny layer upon exposure to
sunlight radiation). Due to hyperkeratosis, fewer solar photons are able to penetrate into the
viable skin layers and can be reflected and scattered more efficiently in the stratum corneum.
The second mechanism is tanning [36], which results from an increased melanin production.
Melanin is a highly efficient absorber not only in the UV but also in the VIS and IR ranges of
the solar spectrum [37]. This means that the solar radiation is reflected and scattered, and
fewer photons reach the viable skin. The antioxidants contained in the human skin are the third
protective strategy. These antioxidants are capable of neutralizing the free radicals before they
become destructive in human tissue. These three protective mechanisms are also contained in
some of the modern sunscreens [38]. Pigments, specifically “physical filter” TiO,, added to the

sunscreen formulations ensure that the solar photons are reflected and scattered not only in the
UV but also in the VIS and IR spectral ranges for the skin. At the same time, antioxidants that
are added to the formulations to stabilize the UV filters have a protective effect in the VIS and
IR ranges. In order to investigate this effect, skin areas not treated with sunscreen as well as
sunscreens according to COLIPA standard P3 and four commercial sunscreens were tested for
their protective efficacy in the IR by EPR spectroscopy. Using this method, spin markers are
applied to the skin that are influenced by radical formation in the human skin. This influence
can be measured by the EPR system [30]. This study revealed that the untreated skin was
affected by the highest radical production subsequent to IR irradiation. The COLIPA standard
that contained neither TiO, pigments nor antioxidants yielded a result very similar to that of the

untreated skin. The sunscreens, however, reduced the radical formation considerably. Although
the concentration of antioxidants was not very high in the sunscreen that ranked most effective,
it reflected and scattered a high amount of solar photons because it contained a relatively high
concentration of TiO,. Regarding the second-best sunscreen product that differed only slightly

from the best one, this sunscreen contained a high concentration of antioxidants, compensating
the comparably lower amount of the physical filter TiO,.

Consequently, there are two mechanisms through which protection in the VIS and IR spectral



ranges can be provided. The first mechanism is based on micropigments reflecting and
scattering the solar radiation, whereas the second mechanism is based on antioxidants
preventing an excess of free radicals before becoming harmful [11]. Meanwhile, the first
commercial sunscreens are available that provide protection not only in the UV but also in the
VIS and IR spectral ranges, and are declared accordingly.

2.2.5 Antioxidants and skin aging

To date, many volunteers have been investigated with the resonance Raman spectrometer
developed at the CCP. As a result, it was found that subjects who exhibited high carotenoid
concentrations generally appeared younger looking for their age. This was not observed for the
volunteers with low carotenoid concentrations. To objectify this observation, a further study
was performed with volunteers aged between 40 and 50 years [39]. These volunteers were
measured for their antioxidant status and for photo-aging on the forehead. In this case, photo-
aging was determined by the skin roughness index that is based on the density and depth of the
furrows and wrinkles. As all volunteers were of a similar age, it can be assumed that their
different dermal profiles were due to their individual nutritional and stress behaviorisms. The
study involved only volunteers who had not changed their dietary and behavioral manners. A
clear correlation was found between the antioxidant status in the skin in the form of lycopene
concentration and the skin roughness (Figure 2.4). Volunteers with high lycopene
concentrations exhibited considerably less wrinkles than volunteers with lower carotenoid
values.
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Figure 2.4 Correlation between the antioxidant status of the volunteers in light-exposed skin to
skin roughness [39].

The results of the studies clearly showed that a diet rich in fruit and vegetables is an effective
prevention strategy against premature skin aging. Based on these findings, a further study was
conducted, this time involving high school students.

2.2.6 Investigations into the antioxidant status of high school
students

These investigations were aimed at positively influencing the lifestyles of adolescents, who
are still developing their nutritional and behavioral manners, using biofeedback measurements
of their antioxidant status. Instead of the resonance Raman system, the easy-to-handle and
portable reflectance spectroscopy—based biozoom skin scanner was used for measuring
carotenoids in this study. The measurements were taken over a period of two months. Fifty
volunteers were recruited for the study [40].

In month 1, the students were asked not to change their usual lifestyles in terms of nutrition,
alcohol consumption, and smoking. They were also requested to keep visiting discotheques and
staying up as long as usual. In addition, the students were surveyed regarding their nutritional
habits and their stressors. In this phase of the study, the students were not informed of their
measuring results.

In month 2, the students were served healthy lunches. In addition, informative courses and



lectures were held regarding the positive effects of a healthy nutrition and lifestyle on the
antioxidant status and overall health. The students were asked to consume a healthy diet and to
avoid stressors to the largest possible extent.

The results of the study showed that the students exhibited relatively high antioxidant values
already in month 1. As they were aware of being investigated, they were eager to present
themselves in the best light. In phase 2 of the investigations, the initial values were exceeded
as the students competed for the highest values. They not only reduced smoking and drinking
alcoholic beverages, but also returned home earlier from discotheques. By modifying their
lifestyles, the students improved, inter alia, their scholastic performance.

When the students were stressed by preparing for or undergoing exams, their antioxidant status
declined [40]. Also, infections of the upper respiratory tract coincided with a reduction of the
antioxidant status. On the other hand, the students’ high antioxidant values could always be
restored by healthy food rich in fruit and vegetables. These results were indeed surprising and
gave rise to the question whether the students had changed their habits only for the time of the
study or whether they had changed their lifestyles sustainably. Six months after the end of the
study, the antioxidant status of the volunteers was therefore determined once more [40], this
time without prior notice. It turned out that the students had not only maintained but even
slightly improved their measuring values. At the end of the study, the students were asked to
briefly summarize their experience from the investigations in writing. Nearly all of the students
agreed that they had been reluctant to listen to any advice of their parents or teachers, but
would be willing to drastically change their nutritional and behavioral habits now that they
have experienced the biofeedback from their own bodies.

2.2.7 Accumulation of antioxidants in human skin by systemic and
topical application

In Chapter 1, the importance of antioxidants in the prevention of skin aging was shown, stating
that the human body, specifically the skin, can be supplied with antioxidants by healthy food
rich in fruit and vegetables. In this context, studies addressing the topical and systemic
application of antioxidants were undertaken in which the effects of the verum products were
compared to placebo products [41]. Although none of the placebo products induced an
increase in the antioxidant status of the volunteer groups, the verum products—both tablets and
creams—resulted in a significant enhancement of the carotenoid concentration by almost 100%
after eight weeks of application, provided these antioxidants were topically applied as a film
or administrated in the form of tablets.

In addition, the combined application of tablets and cream was investigated in this study [41].
The result showed that the simultaneous application of the verum tablets and the verum cream
did not result in an antioxidant status that was twice as high as that achieved by the
individually applied verum products. The values only slightly exceeded those of the separately
applied verum tablets. This was due to the fact that the systemically applied antioxidants are
excreted with the sweat and the serum onto the skin surface, where they spread and penetrate
back into the skin as when applied topically [41]. If a cream is applied in a nutritious or fatty



formulation, the stratum corneum will be saturated by this cream so that the antioxidants being
excreted with the sweat and the sebum cannot efficiently penetrate back into the stratum
corneum anymore. They remain on the skin surface and will be washed off or removed by
textiles such as clothing and desquamation within 24 hours. From these findings, it is evident
that the galenics of a verum cream for topical application must be adapted to the specific
situation, permitting the cream to penetrate the stratum corneum without saturating it
completely. The stratum corneum must still be accessible for antioxidants that are excreted
onto the skin surface.

In this context, it must be emphasized that systemically applied food supplements yielded
enhanced antioxidant values in the skin for up to six weeks after discontinuance of their
ingestion, as the antioxidants taken in systemically are stored in the organism.

When topically applied, the cream was not detectable on the skin surface as early as 24 hours
later [41]. Consequently, the combined topical and systemic application of antioxidants was
identified as the optimal dosage form. The topical application provides an immediate effect on
the skin, although only for approximately 24 hours, and in most cases not on the entire skin
surface. By applying antioxidants systemically, the complete skin surface is treated, and long-
term protection is thereby induced [41].

Nevertheless, when a cream rich in hyperforin is applied twice daily, after four weeks the
radical-scavenging activity was highly enhanced at least 24 hours after the last application.
This could be shown using IR irradiation as a stressor [42]. Lower effect could be reached by
oral application of curly kale extracts containing carotenoids [22].

When administering antioxidants systemically, it must be considered however that their
composition must correlate with the physiological concentrations in the skin. A separate intake
of single antioxidants at high concentrations could turn these antioxidants deleterious so that
they generate free radicals instead of neutralizing them [14, 20]. This fact will have to be duly
considered in future regulatory measures for the production and sale of food supplements.

2.2.8 Ethnic influences on the antioxidant status

The previously described studies revealed that the antioxidant status of the organism, including
the skin, is influenced not only by nutritional habits but also by stressors. These findings could
be confirmed by another study involving ethnic groups [43]. In this study, the antioxidant
statuses of Germans, native Koreans living in South Korea, and volunteers recruited from the
Korean community in Berlin were investigated.

The Korean cuisine is deemed to be among the healthiest in the world as it contains a higher
amount of vegetables and lower amounts of total fat in comparison to Western or even
Japanese and Chinese cuisine [8, 20]. Furthermore, it is based on fermenting (including
pickling) or sautéing fruit and vegetables instead of boiling or frying them, thereby preserving
larger amounts of antioxidants [8, 20, 27]. It had been hypothesized that the native Korean
volunteers would exhibit an antioxidant status that is superior to that of the German volunteers.
In this context, it was interesting to elucidate the antioxidant status of the volunteers from the



Korean community in Berlin. The aim of the study was to reveal whether their antioxidant
status would correlate better with the status of the Korean citizens or with that of the German
volunteers.

Contrary to expectations, however, the results obtained from more than 700 volunteers showed
only slight differences between the antioxidant values of the German and the native Korean
volunteers despite the differences in dietary patterns. Evaluating the surveys, it could be
concluded that stress occupies another paradigm in Germany than in Korea [43]. While in
Germany the term “stress” is negatively connoted, it linked to high social appreciation in
Korea (e.g., in terms of a good family man or diligent employee). Above all, working
conditions as well as social and educational environments differ notably from those in
Germany. In this study, it could be clearly shown that the positive aspects of the very healthy
nutrition on the antioxidant status are compensated by specific stressors.

Interestingly, it turned out from the investigations of the Korean volunteers living in Berlin that
immigrant native Koreans exhibited an antioxidant status similar to that of the Korean
residents, whereas the antioxidant status of the immigrants’ descendants born and raised in
Berlin correlated with that of the German volunteers. This can be explained by the mainly
Korean dietary pattern of the immigrant Koreans, whereas the younger German-born
generations stated to consume more Western food or a mixture of both Korean and Western
food.

2.2.9 The antioxidant status in pregnant women and neonates

The investigations regarding the antioxidant status of the skin are interesting not only for
cosmetology but also for clinical applications. A further study focused on the antioxidant status
of expectant mothers and their newborns [44]. The aim of this study was to find out whether
pregnant women with a high antioxidant status would give birth to infants with high antioxidant
values and whether the antioxidant status of newborns delivered by women with low
antioxidant values would also be low. The pregnant women were investigated in gestational
week 39 and at the time they went into labor. In addition, the mothers were measured again for
their antioxidant status at days 1 and 5 subsequent to delivery. The results are presented in
Figure 2.5. The neonates were measured with the reflectance-based biozoom hand scanner at
the day of birth and at day 5 after birth. As the expectant mothers had ingested antioxidant-
containing food supplements during pregnancy, their values were in a normal range.
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Figure 2.5 Development of the mother’s antioxidant potential compared to the value measured
in pregnancy week 39 [44].

However, the investigations revealed a distinct decay of the antioxidant status of the expectant
mothers from gestational week 39 to the onset of labor [44]. Another slight decline was
recorded on day 1 subsequent to delivery, whereas the antioxidant status recovered until day 5
after childbirth. The trend observed for the neonates was vice versa. On the day of birth, their
antioxidant status was approximately five times higher than that of their mothers. However,
their antioxidant values decayed relatively quickly until day 5 after birth. The results of the
study disclosed that the fetuses accumulated as many maternal antioxidants as possible in their
bodies in order to be optimally protected against the altered environment in the first hours after
birth. As the birth process was highly stressful for the infants, their antioxidant status declined
quickly and was compensated only by the intake of breast milk.

Interestingly, it was found that the antioxidant status of mothers who had a normal childbirth
declined more strongly than that of mothers who had delivered by caesarean section. Contrary
to that, the normally delivered infants exhibited a higher antioxidant status than those delivered
by caesarean. It is assumed that a caesarean is in general not performed unless the mother or



her infant are directly in danger. Therefore, the stress during birth is higher for infants
delivered by a caesarean than for those born naturally.

The study results indicate that in the future, the date of birth could be exactly predictable by
measuring the antioxidant status. However, this will require more detailed investigations. A
follow-up study to this effect is in the state of preparation.

2.3 Summary

Since it has become possible to determine the antioxidant status in humans noninvasively,
research into the interaction of antioxidants and free radicals in the human skin has strongly
intensified. As most antioxidants cannot be generated by the human body automatically, they
must be taken in with healthy food rich in fruits and vegetables. High antioxidant
concentrations in the human skin are the best prevention strategy against skin aging. Using
biofeedback measurements, it was possible to improve the nutritional habits of high school
students who, at the same time, reduced their stress load. These investigations clearly showed
that the antioxidant status of the human skin and, consequently, the human body reflects the
results of both a subject’s nutritional behavior and stress load. In a clinical setting,
spectroscopic measurements of antioxidants in the human skin may also provide new potentials
as could be shown by exemplarily analyzing the antioxidant status of expecting mothers and
their newborns.

Conclusions

Today, scanners are available for analyzing the antioxidant status of the human skin via dermal
carotenoid measurements. Various studies have shown that healthy food rich in fruit and
vegetables enhances the antioxidant concentrations in the human skin, thus presenting the best
preventive strategy against premature skin aging. However, a healthy lifestyle must be adopted
already in adolescence, as it is impossible to regain one’s youth by eating a healthy diet in later
years. The scanner provides a valuable tool for documenting the consequences of stress for the
human body, particularly the skin. Similar to their applicability in nutritional sciences, the
scanner measurements will advance the development of new concepts on how to reduce and
cope with stress in the human body.
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Carotenoids are the pigments that are contained in fruits and vegetables such as mango,
pumpkin, apricots, watermelon, carrots, tomatoes, sweet potato, and broccoli. Their vibrant
orange, yellow, and green colors are related to unusually high extinction coefficients in the
visible (VIS) spectral region. Chemically, carotenoids are classified as belonging to a class of
tetraterpenes, and more than 600 natural structures of various size, shape, and polarity have
been identified [1].

B-carotene, lycopene, and lutein are all different varieties of carotenoids. Although the full
range of biological effects of carotenoids is still unknown, there is more and more evidence
that carotenoids play important roles in many biological processes such as antioxidative
defense, cell-to-cell communication, providing a source of vitamin A, harvesting light for
photosynthesis, affecting human health, and preventing disease [1-9].

In contrast to plants, fungi, bacteria, and algae, carotenoids are not synthesized in animals and
humans and must be incorporated from their diet. There have been many attempts to uncover
the relationships among a carotenoid-rich diet and cancer [2, 5, 10-18].

Many articles give overviews of the current state of knowledge regarding the cancer-
preventing potential of carotenoids [3, 19, 20]. Numerous retrospective and prospective
epidemiological studies have shown that a high intake of carotenoids-rich fruits and vegetables
is associated with a decreased risk of cancer for a number of pathologies, such as lung, breast,
and prostate cancers [8, 21-27].

Mechanisms by which certain carotenoids suppress carcinogenesis are being pieced together
bit by bit [1-5, 28]: antioxidative effects, anti-inflammation, immune modulation, induction of
cell differentiation, apoptosis induction, antiproliferation, modulation of the nuclear receptor
superfamily, enhancement of gap junction communication, and modulation of growth factor and
Wnt/[3-catenin signaling (Figure 3.1).
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Figure 3.1 Proposed mechanisms by which certain carotenoids suppress carcinogenesis [1-7].

Controversial data are reported about the location and distribution of carotenoids in human
cells and tissues [1]. Because carotenoids are highly hydrophobic, they are expected to be
distributed in lipophilic environments. Analytical obstacles and improvements of analytical
instruments to perform the structural elucidation and determine concentrations of carotenoids in
cells and tissues are discussed in Ref. [29].

With the exploitation of new technologies such as Raman imaging, the promise of label-free,
minimally invasive molecular detection and characterization has driven the field to results
unimaginable just a few years ago, and the pace of progress should increase significantly.

Although the difficulty lies in the number and complexity of the biological components in cells
and tissues, Raman spectroscopy is a feasible and valid method for noninvasively assessing
carotenoids as a biomarker for studies of nutrition, health, disease development, and therapy
response.

One of the main advantages of Raman imaging is that it can give spatial information about
various chemical constituents in defined cellular compartments, in contrast to other methods
(e.g., liquid chromatography—mass spectrometry [LC/MS], nuclear magnetic resonance
[NMR], and high-performance LC [HPLC]) that must rely on bulk or fractionated analyses of
extracted components.



We will demonstrate how strategies proposed in our laboratory can help in providing a
complete and accurate picture of the important biological effects of carotenoids and to uncover
the relationships among carotenoids and cancer.

3.1 Results

At the tissue level, a major goal has been the identification and quantification of chemical
differences between cancerous and normal tissue. Several groups have successfully

demonstrated their ability to analyze human breast cancerous tissues by Raman spectroscopy
[30—41].

The results demonstrated negligible contributions of carotenoids in both normal and cancerous
breast tissues [30]. The conclusions have been verified by Abramczyk’s group [33—41], who
showed that carotenoids are the main Raman biomarkers discriminating between normal,
benign, and malignant breast tissues.

In this section, we will show the distribution of carotenoids in human breast tissue ex vivo
[33—42]. We will compare the distribution of carotenoids in the tissue from the safety margin
and cancerous human breast tissue from the tumor mass. The assessment of the safety margin of
breast cancer is very important in clinical practice during partial mastectomy as a surgical
guidance tool. When a tumor is removed, some surrounding tissue is also removed. The safety
margin, also known as “margins of resection,” is an area within the distance between a tumor
and the edge of the surrounding tissue that is removed along with it in the surgery. A pathologist
checks the tissue under a microscope to see if the margins are free of cancer cells. Depending
upon what the pathologist sees, the margins of a tumor can be classified as:

e Positive margins: Cancer cells extend out to the edge of the tissue.
e Negative margins: No cancer cells are found.

e Close margins: Any situation that falls between positive and negative is considered
“close.”

Figure 3.2 (Color Supplement) shows the typical Raman and infrared (IR) spectra of the breast
tissue surrounding the tumor from the safety margin and the cancerous breast tissue (infiltrating
ductal cancer) from the tumor mass of the same patient.
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Figure 3.2 The average Raman and infrared (IR) spectra for the noncancerous and cancerous
breast tissues (infiltrating ductal carcinoma). (A) Raman spectra of patient P81; (B) IR spectra
of patient P83; (C) Raman spectrum for the noncancerous normal breast tissues of patient P81,

and IR spectrum for the noncancerous normal breast tissues of patient P83; and (D) Raman
spectrum for the cancerous breast tissues of patient P81, and IR spectrum for the cancerous
breast tissues of patient P83. Figure reprinted upon Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0) from Ref. [37].

The results presented in Figure 3.2 provide evidence that the Raman spectra and images are
very sensitive indicators that allow one to specify the pathology in the human breast tissue.

The most sensitive indicators of cancer can be seen in the following regions:

e The O-H stretching modes of water at around 3200-3500 cm !

e The C-C coupled with C-CH; and C=C stretching mode of carotenoids at 1004 cm™*, 1158

cm L, and 1518 cmt
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e The vibrational modes of the alkyl chains of lipids (triglycerides and fatty acids): CH,
symmetric stretching mode at 2854 cm !, CH, asymmetric stretching modes at 2888 cm ™!
and 2926 cm!, and (C=C)-C-H asymmetric stretching mode at 3009 cm™*

e The vibrational stretching mode of proteins at around 2940 cm ' [36-38].

Comparison in Figure 3.2A shows that the normal breast tissue from the safety margin
surrounding the tumor contains a markedly higher concentration of carotenoids and
monounsaturated triglycerides and fatty acids as compared to the cancerous tissue from the
tumor mass.

We have demonstrated (Figure 3.2B) that the Raman method has a markedly higher specificity
than IR that allow one to distinguishing between the normal and cancerous breast tissues, thus
having the potential to be a better diagnostic tool in breast cancer pathology. Indeed, a detailed
inspection into Figure 3.2C demonstrates that the vibrations originating from carotenoids at
1158 cm ! and 1518 cm™!, which are the strongest signals in the Raman spectrum, are not
visible in the IR spectrum. The reason is quite obvious, and that is because the excitation with
514 nm (or 532 nm) leads to the resonance Raman enhancement of carotenoids, which is not
present in IR measurements.

Raman spectroscopy coupled with various multivariate data analysis techniques allow
researchers to quantify chemical differences between normal and diseased tissues. Although
identifying human breast cancerous tissue with greater than 90% sensitivity and specificity, our
work also quantitatively revealed that normal breast tissue showed higher carotenoids and
monounsaturated triglycerides and fatty acids content, whereas tumor tissue had higher protein
and nucleic acid content.

Raman and IR imaging has brought a revolution in cancer detection and treatment. These
methods are ideally suited to explore the cancer phenotype by monitoring the biochemistry of
molecules that are necessary for survival, proliferation, differentiation, cell death, and
expression of many cell-type-specific functions [36-39, 43—45].

One step further, Raman imaging could also be used to quantitatively discriminate between
distribution of the biochemical components in the epithelial cells of ducts and the extracellular
matrix of breast tissue.

Figure 3.3 (Color Supplement) shows the microscopy images, Raman images, and typical
Raman spectra of the breast tissue surrounding the tumor from the safety margin and the
cancerous breast tissue (infiltrating ductal cancer) from the tumor mass of the same patient.
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Figure 3.3 Raman image and spectra of the noncancerous and cancerous breast tissue of patient
P81. Noncancerous breast tissue: (A) Microscope image (B) Raman image (400 x 400 pm)
from the region marked in (A); and (C) Raman spectra (integration time: 0.05 s). Cancerous
breast tissue: (D) Microscope image, (E) Raman image (300 x 300 pm) from the region
marked in (D), and (F) Raman spectra (integration time: 0.036 s). The colors of the spectra
correspond to the colors in the image. Mixed areas are displayed as mixed colors. Figure
reprinted upon Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0) from Ref. [37].

One can see that the Raman images in Figure 3.3 reveal an inhomogeneous distribution of
different compounds in the samples and resemble the microscopy images as well as
conventional histological images (not shown here) obtained from thin sections stained with
specific dyes (e.g., hematoxylin and eosin [H&E]). Quantitative Raman identification of tissue
will surely improve clinical diagnosis of cancer and reduce the number of false-positive
diagnoses of patients.

Figure 3.4 (Color Supplement) shows the Raman images for the noncancerous (Figure 3.4A)
and cancerous (Figure 3.4B) breast tissue for the filters at 1518 cm %, 2854 cm™, 2930 cm ™,
and 1800 cm™!, corresponding to the vibrational frequency of carotenoids, monounsaturated
fatty acids, proteins, and autofluorescence, respectively. A detailed inspection into Figure 3.4
demonstrates that the noncancerous areas in the breast tissue safety margin surrounding the
tumor (Figure 3.4A) contain a markedly higher concentration of carotenoids than the cancerous
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tissue from the tumor mass (Figure 3.4B). One can see that, for the noncancerous tissue, the
Raman image at the 1518 cm™! filter (Figure 3.4A) illustrating the distributions of carotenoids
is almost identical as that for the 2854 cm ! filter for monounsaturated fatty acids and
triglycerides. It clearly indicates that the monounsaturated fatty acids and triglycerides of the
adipose tissue act as a dynamic reservoir that supplies carotenoids to the human organs. In
contrast, the cancerous breast tissue does not contain any carotenoids, as demonstrated by
Figure 3.4B at the 1518 cm ™! filter [38].

(A)

70 um

1518 cm™! 2854 cm™! Autofluorescence

— o ]
60 pm 60pm

60 pm

1518 cm™ 2930 cm™! Autofluorescence

Figure 3.4 Raman images: (A) noncancerous and (B) cancerous breast tissue of patient P81.
Filters: carotenoids (1518 cm™!), monounsaturated fatty acids (2854 cm™), proteins (2930 cm

1), and autofluorescence (1800 cm 1. Figure reprinted upon Creative Commons Attribution
License (http://creativecommons.org/licenses/by/2.0) from Ref. [37].

Of particular interest is the recent demonstration that lipid composition of cytoplasmic lipid
droplets in the human breast epithelial cells and in large adipocytes of the breast tissue is
different. We have shown that the adipocytes in the cancerous breast tissue are dominated by
triglycerides of oleic and linoleic acid [36, 37]. By contrast, nonadipocyte lipid droplets in the
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cancerous epithelial cells contain triglycerides and fatty acids dominated by saturated and
polyunsaturated fatty acids with a profile typical for arachidonic acid derivatives [38]. It
suggests that the lipid droplet synthesis and growth are stimulated by different pathways
compared to the adipocytes, thereby affecting the functions of these cells. For example,
carotenoids are selectively absorbed by large adipocytes consisting of monounsaturated
triglycerides in contrast to the epithelial lipid droplets dominated by saturated and
polyunsaturated derivatives. Both profiles represent a lipophilic environment, and highly
hydrophobic carotenoids should be expected to be similarly distributed in both environments
in contrast to the experimental results that we have obtained recently by Raman imaging [36—
38].

Different chemical composition of lipids and distinct distribution of carotenoids suggest that
the large adipocytes in the breast tissue play different roles than the lipid droplets in the
epithelial breast cells. To answer this fundamental question, let us concentrate on the possible
mechanisms. The major role of white adipocytes in the breast tissue is related to storing energy
supply. However, our recent results showed that they also serve as a reservoir of anti—reactive
oxygen species (ROS) (particularly carotenoids), which may play a protective role against
cancer by increasing the resistance of cells to oxidative stress [36, 38, 39]. By contrast,
nonadipocyte lipid droplets in the cancerous epithelial cells contain saturated/polyunsaturated
triglycerides and fatty acids dominated by an arachidonic acid profile and a lack of
carotenoids.

Our results show evidence that lipid droplets in the breast epithelial cells and breast
adipocytes differ not only in size but also in biochemical composition. It indicates these lipid
bodies must play different roles in cancer pathology. The mechanisms leading to the
differences in adipose and lipid droplet composition are unclear, but they are likely to be
important for understanding the role of lipid droplets in cancer development.

Recent reviews [46] emphasize the role of lipid synthesis in cancer metabolism and tumor
development. Although fatty acid (FA) and cholesterol biosynthesis occurs mainly in liver,
adipose, and lactating breast tissues, enhanced de novo lipid biosynthesis is also observed in
cancerous tissue because it is required for the rapid proliferation of cancer cells. It has been
reported that the shift from lipid uptake to de novo synthesis in cancer cells leads to increased
membrane lipid saturation, resulting in higher levels of saturated and monounsaturated
phospholipids, potentially protecting cancer cells from oxidative damage by reducing lipid
peroxidation [47].

Increased levels of saturated FAs are found in aggressive breast cancers, suggesting that
reduced membrane fluidity is a feature of the advanced disease [48]. Furthermore, depletion of
sterol regulatory element-binding transcription factor 1 (SREBP1) and 2 (SREBP2) diminishes
levels of monounsaturated FAs, resulting in mitochondrial dysfunction, the accumulation of
ROS, and endoplasmic reticulum (ER) stress in immortalized human epithelial cells [49].

The lipid-anti-ROS phenotype was ignored for many years by the Raman scientific community,
which has focused almost exclusively on the proteome profile in Raman and IR spectra [50—
53]. Substantial progress in understanding the molecular events that may contribute to cancer



development made clear that the exclusive proteome approach is not fully justified as there are
many signaling pathways and metabolic alterations that are responsible for tumorigenesis.
Recent papers suggest that phenotypic heterogeneity in the majority of human cancers
represents both genetic and nongenetic inputs [54].

The complexity of cancer cell genotypes provokes a question of whether searching for
individual signaling molecules is useful, because thousands of mutations, translocations, and
amplifications have been monitored, even among histopathologically identical tumors.
However, some of these channels are absolutely required for tumorigenic transformation: (1)
rapid adenosine triphosphate (ATP) generation to maintain energy status, (2) increased
biosynthesis of macromolecules, and (3) maintenance of appropriate cellular redox status [55].
The link between cancer and the altered metabolism is usually described through the first
channel via glycolysis (glycolytic phenotype), known as the Warburg effect, which replaces
ATP generation through oxidative phosphorylation by ATP generation through glycolysis, even
under normal oxygen concentrations [56]. There is more and more evidence [36, 38, 39, 43,
44, 55, 57] that metabolic alterations in tumors extend beyond the Warburg effect, and
pathways (2) and (3) are equally important, particularly those that are crucial for
macromolecular building blocks such as reduced nicotinamide adenine dinucleotide phosphate
(NADPH), which is also an antioxidant forming the defense against ROS. These paths are also
associated with the production of fatty acids and are activated via multiple lipogenic enzymes
affected at all levels of regulation, including transcription, translation, protein stabilization,
and protein phosphorylation [48, 58].

Our study of human breast cancer showed that noncancerous tissues have increased 3-carotene
concentration compared to cancerous tissues. The beneficial effects of carotenoids are thought
to be due to their role as antioxidants. The chain-breaking antioxidant activity of carotenoids
(e.g., B-carotene) is very important in cancer etiology. The interaction of carotenoids with free
radicals and singlet oxygen can inhibit the lipid peroxidation processes by quenching or
inactivation of the oxidants. The efficacy of carotenoids for physical quenching is related to the
number of conjugated double bonds presented in the molecule.

3.2 Conclusions

We have shown that Raman medical diagnostics demonstrate fascinating properties, providing
applications that may overturn conventional boundaries in medical imaging in the near future.
Thus, it is only a matter of time until the first in vivo imaging of live breast tissue will be
demonstrated in clinical practice. One of the most important challenges of Raman medical
diagnostics is identification and characterization of cancerous and noncancerous human tissues
and distribution of the essential constituents of cells.

In this chapter, we present results on the endogenous Raman label-free reporters in human
breast tissue that can be useful in clinical practice. The results provide evidence that
distribution and composition of carotenoids and lipids in cancerous breast tissue from the
tumor mass differ significantly from that of the noncancerous breast tissue and may represent



key factors responsible for the mechanisms of carcinogenesis. We have found that fatty acid
derivatives composition in the cancerous breast tissue from the tumor mass is markedly
different from that of the surrounding breast tissue from the safety margin. The results are of
potential importance in clinical assessments, because knowing the removed tissue’s type of
margin helps in making the right treatment decisions. This is especially important in deciding
whether additional surgery is needed. If the margins are negative, one probably does not need
more surgery. If the margins are positive, more surgery is needed.

3.3 Perspectives

Cancer diagnosis requires better screening of early stages of pathology and monitoring patient
responses to treatment. Current technologies in the clinical sector based on polymerase chain
reaction (PCR) amplification or immunofluorescence staining are expensive, sophisticated,
and time-consuming. In this chapter, we propose a powerful alternative, double-modality
Raman-IR spectroscopy and imaging, which may bring a revolution in cancer detection and
treatment. The approach is ideally suited to explore cancer phenotypes by monitoring the
biochemistry and morphology of cells necessary for survival, proliferation, differentiation, cell
death, and expression of many specific functions. Raman-IR imaging will provide unique
insight into vibrational features of cell tissue and intracellular processes in normal and
cancerous human tissues as well as localization of chemotherapy drugs and photosensitizers.
This goal will be achieved by unsurpassed spatial resolution (nanometers), sensitivity (10~
M), and specificity offered by the double-modality approach. Vibrational signatures will be
broadly used to identify and discriminate structures in normal and cancerous tissues.
Carotenoids are examples of compounds that have a significant contribution to the observed
differences in the spectral profile of cancerous and noncancerous tissues, and the lack of
carotenoids can be considered as one of the features confirming the malignant status of the
tissue.

It has been demonstrated that our approach has reached a clinically relevant level in regard to
cancer diagnosis. Raman—IR imaging will provide an innovative biodiagnostic platform for
ultrasensitive, fast, noninvasive, objective cancer diagnosis, therapy monitoring, and imaging
based on Raman biomarkers that allows for guidance of intraoperative tumor resection in real
surgery time, and is capable of accurately delineating tumor margins (optical biopsy). At the
moment, No systems can monitor in vivo the biochemical status of the cell inreal time with high
spatial resolution.

The proposed approach has interdisciplinary character and combines the fields that have
already been preserved for physical scientists and, on the other side, for molecular biologists
and clinicians. The major limitation in such an interdisciplinary profile of the project is that the
physical background is needed to evaluate the technical part of the project and, on the other
side, the life science and clinical communities are capable of evaluating its impact on cancer
biodiagnostics.
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4.1 Introduction

The dietary carotenoids give photoprotection to photosynthetic systems, the eye, and the skin
from reactive oxygen species (aka reactive oxy-species, or ROS). Such ROS are either a range
of oxidizing (free) radicals or singlet oxygen (SO), and these arise via two pathways that are
often called the Type 1 and Type 2 mechanisms. In both cases, the photosensitizer responsible
for the biodamage absorbs light to give the excited singlet state, and these are converted,
within a few nanoseconds or less, to the lowest excited triplet state (>sens*). Generally, the
excited singlet states are too short-lived to be of significance in photosensitized reactions.
Once formed, the 3sens* can (1) undergo electron or hydrogen atom transfer with a substrate
(RH) producing free radicals that can then add molecular oxygen to give an oxy-radical
(RO,"), or (2) undergo energy transfer to ground state oxygen to produce a damaging oxidizing
species, SO. These processes are shown in Figure 4.1 together with possible subsequent
reactions of the RO," to initiate a chain reaction and of SO to produce oxy-adducts (ROOH).



0, RH
F{'L> ROO®
ROOH
(EL)
RH
Sens’”
Sens — »1Sens* 15 33gens?
Oz Sens
SO 7-} ROOH

RH
Figure 4.1 Photosensitized schemes for Type 1 and Type 2 reactions.

Additionally, many radicals are produced in the body during normal metabolic processes [1, 2]
and, of course, via environmental hazards (e.g., smoking, air pollution, and ionizing radiation).
Radicals are usually very reactive species, having one unpaired electron, and can be neutral or
positively or negatively charged. They are either oxidizing or reducing species, depending on
their reduction potentials and those of the substrates they react with, and they can also simply
add to substrates [3].

Lipids, proteins, and DNA are all susceptible to attack by both SO and free radicals [4].
Cellular damage is dependent on the location of the sensitizer and permeation of the sensitizer
to the target site. It has been suggested that many diseases, including cancer, age-related
macular degeneration (AMD), and neurological disorders such as Alzheimer’s disease [4, 5],
as well as the aging process in general [6], are all associated with SO and/or free radical
production.

Many carotenoids (CARs) and oxy-carotenoids (xanthophylls [ XANs]) occur naturally in our
foodstuffs, and, indeed, several are often added as food colorants, such as 3-carotene (f-CAR,
yellow-orange), lycopene (LYC, red-orange), lutein (LUT, yellow), canthaxanthin (CAN,
orange-red), 3-apo-8’-carotenal (APO, orange-red), and astaxanthin (ASTA, red). Some, for
example -CAR, LYC, LUT, and zeaxanthin (ZEA), are used, often in higher concentrations, as
dietary supplements.

The C,y CARs and XANs comprise one of nature’s major antioxidant groups: They are
extremely efficient quenchers of SO, simply converting the excess energy of SO to heat, and



they often react with oxy-radicals, but here the processes can be much more complex and in a
few cases actually lead to deleterious pro-oxidative effects. With the increasing use of CARs
(which are even being suggested as “nutraceuticals” and “cosmeceuticals™) [7], it is important
to establish evidence on the benefit-risk ratio of CARs and XANs in our diet.

4.2 Carotenoids and singlet oxygen

4.2.1 Organic solvents

The extremely efficient quenching of SO by all C,; CARs and XANs with 11 conjugated

double bonds in “simple” organic solvents such as benzene is well established and reviewed
[8, 9], and Figure 4.2 compares these for f-CAR and LYC with CARs with more and less
conjugated double bonds.
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Figure 4.2 Graph showing the relationship between the singlet oxygen (SO) quenching rate
constant (k;) and the wavenumber of the ground state absorption maximum for a range of

carotenoids in benzene;
adapted from Ref. [8].

Two points are worthy of further discussion:

1. The literature shows lycopene to be a more efficient quencher than 3-CAR (and all other
C49 CARs), but there is disagreement as to the extent of this effect. For example, our own

work suggests LYC is only about 20% more efficient than f-CAR [8], whereas Sies and
coworkers claimed a much greater efficiency [10]. The reason for the increased efficiency,
however big the factor, is probably structural. f-CAR, and all other “common” dietary
CARs, have terminal six-membered rings whereas LYC does not. Due to steric hindrance,
it has been suggested that a twisting and loss of planarity in all CARs with terminal rings
lead to an effective reduction in the length of the conjugated chain [11]. Because, for LYC,
this does not arise, it has a somewhat lower triplet energy level than CARs such as -CAR.
For this to be highly important, the CAR triplets must be close in energy to that of SO (94.6
kJ mol1). This is briefly discussed in point 2.



2. There have been several estimates of the lowest triplet energy level of f-CAR, using a
range of techniques such as simple extrapolation of data from shorter chain CARs, weak
phosphorescence via Fourier transform luminescence detection techniques, optoacoustic
calorimetry, and a temperature study of the SO quenching [12—-15]. However, in summary,
there is no fully established value except to say the triplet level of f-CAR is below but
near that of SO. In agreement with this statement, we note LUT has just one fewer
conjugated double bond than -CAR, so its triplet level will be expected to be a little
higher than that of B-CAR and the quenching of SO is reduced from that of B-CAR (13.5 %
10°M s H to 6.64 x 10° M1 s~! for LUT [9]. With only nine conjugated double bonds,
the quenching rate constant for septapreno-p-CAR drops to 1.38 x 10° Mt s7L, It is of
interest to note that Rondonuwu [16] used sub-picosecond laser flash photolysis to estimate
excited singlet and triplet state lifetimes that led to a measurement of the triplet energy
level of lycopene as 82 kJmol '—which is close to, but probably below, that of -CAR.
They also studied other CARs of differing chain lengths (9—13 conjugated double bonds),
and the lowest triplet energy levels were shown to be dependent on chain length, with the
more conjugated CARs having the lower triplet energies.

The cis isomers quench SO less efficiently than the all-trans isomer. Additionally, the
efficiency decreases as the cis bond moves away from the center of the molecule, with the
quenching rate constant decreasing from 13.5 x 109 M1 s—! for all-trans-p-CAR to 12.0 x
10% 10.4 x 102, and 8.99 x 109 M1 s71 for 15-, 13-, and 9-cis-p-CAR, respectively (see
Figure 4.3).
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Figure 4.3 Plot of first-order rate constant (k) for the decay of singlet oxygen (SO) against
carotenoid concentration in benzene for all-trans 3-carotene and some cis isomers.

A time-resolved resonance Raman study has indicated that all the isomers of B-CAR share a
common triplet state that is twisted about the central carbon—carbon double bond compared
with the ground state [17]. However, other Raman data have suggested that 9-cis B-CAR has its
own unique triplet configuration [18], which may be why its quenching ability is lower than
that of the other isomers. Also, if all-trans, 15-cis, and 13-cis -CAR (and possibly 9-cis [3-
CAR) share the same triplet state, the cis isomers will undergo a double conformational
change upon formation of the triplet, and this could be the reason for their lower quenching
abilities compared with the all-trans isomer, with the 15-cis isomer having the better
quenching ability of the three cis isomers studied due to the conformational changes being
about the same bond. It is interesting to note that, again, the order of the quenching rate

constants increases with increasing A ..

4.2.2 Cell models

Much of this work has concerned micellar and liposomal environments and has been
thoroughly reviewed quite recently [9]. For the hydrocarbon CARs, the SO quenching is
reduced by, typically, a factor of about 7 in both micelles and unilamellar liposomes compared



to organic solvents. For the XANs, there is a much greater loss of efficiency of SO quenching
in the liposomes compared to the micelles. Typically, SO quenching by XANs solubilized in
unilamellar liposomes is a factor of 70 lower than that observed in organic solvents, whereas
for XANs in aqueous micellar solutions the factor stays around 7, as it does for the
hydrocarbon CARs. Additionally, there can be a significant effect of concentration of XANs in
the liposomes (especially for ZEA) on the measured rate constant, suggesting “stacking” of
such XANs in the liposomes [19]. Adamkiewicz et al. [20] have recently shown that water
molecules can be bound to the aggregated structures formed by ZEA in the form of molecular
bridges between the terminal hydroxyl groups of adjacent molecules, whereas for 3-CAR,
which has no hydroxyl groups, the water molecules are weakly bound via n-type weak
hydrogen bonds. An interesting postulate is a molecular ladder mechanism of transferring a
proton across the lipid membrane via hopping between the water molecules along the ZEA
dimeric structure. It is noteworthy that in these cell model environments, unlike organic
solvents, the quenching of SO by LYC and [3-CAR is identical to within the experimental error.

4.2.3 Cells

Attempts to measure the SO quenching by CARs, especially f-CAR in cellular environments,
are plagued by experimental difficulties. For example, despite washing cells after incubation
with a CAR, there is still the possibility that the CAR is attached to the outer surface of a cell
rather than being embedded in the lipid membrane [21, 22]. However, a slight decrease in the
SO lifetime was detected with lymphoid cells extracted from the blood of individuals who had
been treated orally with 25 mg 3-CAR three times daily over 4 weeks [22]. In somewhat
corresponding work with lycopene, where the volunteers had consumed 500 ml/day tomato
juice (pre-boiled) or 400 g/day tomato soup [23], very little SO quenching could be detected
via time-resolved luminescence at 1270 nm. However, the cells were protected from damage
by SO as measured via standard cell-staining techniques. This possibly illustrates the
experimental problems that can arise (due, e.g., to light scattering) when measuring SO directly
via its 1270 nm luminescence. Interestingly, these workers observed a much more efficient
protection of lycopene-loaded cells from NO,'.

Important new results have been reported by the group of Ogilvy. These workers carefully
assessed the concentration of f-CAR in mammalian cells and used a microscope-based SO
luminescence technique on single HeLa cells to study the effect of the f-CAR on SO [24]. They
report little or no f-CAR-mediated change in the lifetime of intracellular SO (even in D,0).

They conclude that the protective effects of B-CAR in the cellular conditions they used must be
via trapping of radicals rather than SO. The results are rationalized in terms of the low rate of
diffusion of the SO in the high viscosity of the intracellular environment. In agreement with
these findings, we have reported (as discussed in this chapter) only very little quenching of SO
luminescence by LYC, which has been introduced into human lymphocytes via a dietary route
[23]. It is interesting to note that in the macula, where really efficient antioxidant behavior is
critical, the only CARs accumulated are LUT and ZEA. It would be of interest if the single-cell
luminescence study could be extended to these XANs in a suitable cellular environment.



It is also of interest to compare these results with the quenching of SO by 3-CAR and other
CARs in plants that has been established, for many years, as the first line of defense of the
plants against the damage due to SO [25]. Here, the CARs are located extremely close to the
singlet oxygen generator (triplet chlorophyll), and hence slow diffusion does not arise.
Effectively, we have “static” quenching of the SO by the CARs in the photosynthetic reaction
center. This, of course, is consistent with the failure to observe SO quenching in cells where
diffusion would be required for collisional energy transfer.

A further recent development has shown that chemical (as well as physical) quenching of SO
by several CARs in plants can lead to a buildup of oxidation products of the CARs [26, 27].
This work shows that carotene endoperoxides are the major oxidation products and that they
provide a useful internal probe of SO production. Additionally, they also show that one of the
breakdown products from chemical quenching by CARs (f-cyclocitral) can provoke genetic
responses to induce defense mechanisms and increase tolerance to oxidative stress.

4.3 Radicals

One of the earliest studies of electron-donor and electron-acceptor properties of CARs comes
from the electrochemical studies of Mairanovsky et al. [28]. It is now well established that
radicals (from, e.g., environmental pollution, ionizing, or nonionizing radiation) can react with
CARs via electron and H-atom transfer and also via addition reactions. Products of such
reactions are radical cations and anions of the CARs, neutral radicals, and radical adducts.
The best studied reactions are electron transfer reactions, which produce positively charged
CAR radical cations, and the subsequent reactions of these radical cations with other bio-
substrates. It is these subsequent reactions that can lead to a switch from a CAR acting as an
antioxidant to acting as a pro-oxidant. This has been reviewed [9], and only a brief summary of
these reactions together with a mention of some speculations on their role in human disease are
given below. Unfortunately, it is more difficult to study CAR-radical adducts and neutral CAR
radicals partly because of spectral overlap with the parent CAR. Radical anions can be
studied more easily, but they have not been observed in vivo and are not as biologically
relevant as the cations—so rather little work has been reported on these species.

4.3.1 Radical cations

One of the most convenient ways to study radical cations is via pulse radiolysis using fast
electrons to generate the primary solvent radicals, although they can also be generated by other
means such as pulsed laser methods. These techniques are well established [29] and have
allowed the one-electron oxidation potentials of several CARs to be measured in aqueous
micellar solution—they are typically near 1000 mV, so that CARs, once converted to their
radical cations, become rather strong oxidizing agents [30, 31] themselves. Indeed, unless
quenched by some reductant, the CAR radical cations can oxidize important bio-substrates
such as cysteine and tyrosine [31]. Pulse radiolysis has also allowed electron transfer to be
measured between pairs of CARs so that relative one-electron oxidation potentials have been
established [32], and this work has shown that LYC has the lowest potential, that is, it is the



most easily oxidized CAR. Thus, in a mixture of CARs (possibly in the in vivo environment), it
is LYC that is lost preferentially. Indeed, this “sacrificial” behavior of LYC may well mean
that it is the most effective free radical quencher (and, as noted, it is also the most efficient SO
quencher). Such behavior has been suggested as an explanation of LYC effectiveness against
AMD, even though it does not accumulate in the eye [33—35]. The speculation is that LYC
protects the LUT and ZEA en route to the macula (i.e., if the ZEA or LUT is oxidized in the
body, the LYC can reconvert ZEA and LUT radical cations back to ZEA and LUT). Indeed,
after solar-simulated UV light exposure, skin LYC is preferentially destroyed over -CAR
[36], suggesting, that in this situation, it is also the sacrificial CAR.

Another interesting speculation from the pulse radiolysis studies arises because it is easy to
show that CAR radical cations are converted back to the parent CAR by water-soluble
antioxidants such as ascorbic acid [9, 37]. Therefore, any pro-oxidant effect based on the
rather high redox potential of CAR radical cations will be mitigated by ascorbic acid. Smokers
have low levels of ascorbic acid [38], and free radicals from cigarette smoke can reach the
lungs. It has been shown that, for heavy smokers, a high concentration of 3-CAR can have a
damaging effect [39], and the speculation is that this may be due to these smoke-based free
radicals (e.g., NO,") reacting with B-CAR to generate the CAR radical cation, which can then

damage biomolecules (the CAR radical cations can be quite long-lived; indeed, when isolated
in sugar-based complexes, they can last for days [40], which increases the possibility of
damage to other bio-substrates). As noted above, smokers have low concentrations of ascorbic
acid, so they may well exhibit additional lung damage due to a f-CAR supplement.

There has been some interest in the properties of CAR radical cations in the presence of metal
ions, with a particular interest in manganese because of its biological relevance in
photosynthesis and enzyme activity. Using laser flash photolysis, El-Agamey and Fukuzumi
[41] have shown an increase in the lifetime of ASTA radical cations in the presence of a wide
range of metal ions in air-saturated solutions, with Mn?" showing the most dramatic increase:
The half-life increased by more than three orders of magnitude. The ground state of ASTA has
previously been shown to complex metal ions via its oxygen hetero atoms [42, 43], and this
was also seen by El-Agamey and Fukuzumi [41]. However, El-Agamey and Fukuzumi [41]
also observed increases inradical cation half-life for both CAN and 3-CAR, which do not
show any ground state spectral changes in the presence of metal ions, suggesting there is no
complexation. Although the stabilization of CAN radical cation was (like ASTA) stronger than
that for B-CAR, which may indicate that the oxygen in the carbonyl group of CAN can, in fact,
interact with the metal ions. The huge effect on the XAN"" lifetime is attributed to a reduction
in the back electron transfer involving the positively charged XAN'" and the negatively
charged superoxide radical, O,".

A slight increase in the half-life in the presence of metal ions was also found in the absence of
oxygen (with the half-life further increasing with oxygen concentration up to 5%, then staying
stable), although the studies by Polyakov et al. [42] that used cyclic voltammetry indicated the
opposite effect, with the radical cations having shorter lifetimes in the presence of Ca®*, Zn?",
or Fe?* in deaerated anhydrous acetonitrile.



4.3.2 Carotenoid-radical adducts

It is well established that peroxyl radicals add to CARs. Burton and Ingold [44] suggested that
B-CAR scavenges peroxyl radicals via an addition process yielding a resonance-stabilized
carbon-centered radical. Others have shown that such adducts can fall apart to generate the
CAR radical cation [45-47]. However, this process does depend on the environment and the
specific peroxyl radicals being studied [48]. These workers showed that in hexane and
benzene the radical cation is not formed from the adducts studied, whereas in polar solvents
the radical cation is formed but is not the only product. The overall situation is not fully
understood.

Probably the best example of CAR radical addition processes involves sulfur-based radicals
[49-52]. These workers used pulse radiolysis and/or laser flash photolysis to observe the
reaction of RS’ radicals (including the radical generated from glutathione) with -CAR. No
absorption in the region of the radical cations was detected, and the adducts were found to
absorb in the same spectral region as the parent CAR. A detailed kinetic analysis allowed the
presence of the adduct to be shown.

4.3.3 Neutral radicals

Studies linked to the understanding of the role of CARs in photosynthesis have involved the
study of B-CAR, for example, adsorbed onto a silica—alumina solid support and, more recently,
a copper-based molecular sieve [53]. These Photosystem II model systems have led to the
detection of a neutral radical of f-CAR via deprotonation of the radical cation, and the authors
suggest this species explains the previously unassigned near-infrared absorption at 750 nm
associated with Photosystem II and may suggest that the extensive secondary electron-transfer
pathway in Photosystem II may also be involved in proton transfer. Kispert and coworkers [54]
have also shown that, in such microenvironments, the deprotonation “position” depends on the
length of the CAR conjugation. The loss of a proton from a methylene group at the end of the
conjugation of the radical cation, forming neutral radicals that extend the conjugation, is
preferred.

Neutral radicals of the XANs CAN and ASTA have also been observed (in water-based
detergents) via protonation of the corresponding radical anions with A ., near 570 nm [55]. Of

course, these are different neutral radicals (XAN(+H)"), with an extra H atom compared to

those studied by Gao et al. (CAR(—H)") [53], and they are discussed in more detail in the
“Radical anions” section (Section 4.3.4).

max

In fluid solutions more than one neutral radical of a CAR is possible, and the underlying
chemistry is complex and not totally understood. In a recent study, Chen et al. [56] claim to
have used laser flash photolysis to generate both the hydroxyl radical (OH") and a thiyl radical
via 355 nm irradiation of N-hydroxypyridine-2 (1H)-thione. This is a complex system, and
several transients arise such as the triplet—triplet absorption of 3-CAR, a thiyl radical adduct
and a transient with a weak absorption near 750 nm, which the authors assign to a neutral
radical of B-CAR via H" abstraction from -CAR by OH:



OH" +B-CAR = B-CAR(-H)"+ H,0

This assignment was partially based on the disappearance of the transient in the presence of
OH’ scavengers. This process may be important under extremely oxidizing conditions and
appears to only be observed with hydrocarbon CARs and not with the more oxidizing XAN.
However, there is now some doubt concerning this assignment of the 750 nm transient
absorption. El-Agamey et al. [57], also using laser flash photolysis, have studied the effects of
pH increase on the reactivity of the f-CAR radical cation to further understand the claims of
Chen et al. In this recent work the neutral radical was generated by the following reaction:

B-CAR-H"+OH — B-CAR-H'+ H,0

El-Agamey showed that oxygen had no effect on the 750 nm transient so generated and
therefore, they propose that it is not due to the f-CAR neutral radical, f-CAR(-H)". As a result
they suggest that this weak transient species observed by Chen et al. is another absorption band
due to the CAR radical cation and not a neutral CAR radical.

4.3.4 Radical anions

There has been little development of this topic since that reported in 2006 and 2007 [55, 58].
This has also been reviewed quite recently [9], so only a summary is given here. However,
there has been recent interest in the interactions of CARs with superoxide radical anions, and
these are discussed here.

As with the radical cations, the relative ordering of the one-electron reduction potentials has
been obtained [58]. These increase in the following order:

ZEA<B-CAR=LUT<LYC<APO=CAN < ASTA

This sequence shows that, unlike the oxidation potentials where LYC is the most easily
oxidized CAR (and therefore acts as the sacrificial CAR in mixtures), LYC is not the most
easily reduced and XANs with carbonyl substituents are more easily reduced. The reduction
potentials for B-CAR and ZEA have been shown to be —2075 + 75 mV against NHE (normal
hydrogen electrode) [55], showing such radicals to be very strong reducing species. Thus,
there are virtually no biological or in vivo situations where we can expect a “natural” radical
anion to be quenched by a CAR via a direct electron transfer to generate the radical anion of
the CAR—in contrast to the situation of the radical cations discussed in this chapter. Also, of
course, CAR radical anions, unlike the radical cations, do react with oxygen—the product of
this reaction is not reported, but the generation of the superoxide radical anion would seem to
be a possibility. In unpublished work we have shown that, in hexane, the radical anion of 3-
CAR reacts with oxygen about twice as fast as that of LYC.

4.3.5 The interaction of CARs with the superoxide radical and its
protonated conjugated acid

The superoxide radical anion (O,") is generally regarded as unreactive, unlike its conjugate



acid, HO,' (the pK, of O,"/HO," is 4.7). Indeed, it is possible that any reactions claimed to
involve O,™", even at pH near neutrality, could be due to the small amounts of HO," present at
such pH values. However, because of the importance of O," in biochemical processes, there
have been studies of the possible reaction(s) between O," and CARs over the last 20 years or
so, and more recent work suggests that CARs do react with O,"". An early experimental study
[59] showed a reaction between O, ™ and $-CAR in aqueous Triton X detergent, which they

interpreted as formation of an adduct—however, reanalysis suggests this was the formation of
the B-CAR radical cation. These workers also studied the interaction between LYC and O,

but could make no measurements in detergent systems due to the low solubility of the lycopene.
Using hexane as solvent, they suggested a reversible electron transfer—however, the transients
observed are so weak that these results are not unambiguous.

In unpublished work, we have investigated the possible interaction between three CARs
(ASTA, ZEA, and crocetin) and O, /HO,". In pulse radiolysis studies using aqueous 2%
Triton X in water with 0.1 M sodium formate, we generate virtually only O, /HO, —the

formate, in the presence of air, converts the primary radicals, e,, and OH’, to O,"". Monitoring
the formation of the ZEA radical cation (A, 940 nm) as a function of pH from 0.96 to 5.80,

our results show very little detectable reaction at pH 5.80 but significant reaction below pH 3
(see Figure 4.4), consistent with a reaction between HO," and ZEA and no measureable

reaction between O," and ZEA:

s
ZEA + HO, »>ZEA" + H,0,
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Figure 4.4 Plot of absorbance change at 940 nm against pH, showing the increase in the
zeaxanthin (ZEA) radical cation at low pH after pulse radiolysis of an aqueous 2% Triton X
solution containing 0.1 M sodium formate and 10 pM ZEA.

Further increases in the yield of CAR™ at lower pH values are due to other processes,
possibly direct reaction of the CAR with the hydroxyl radical—the efficiency of the formate to
convert the hydroxyl radical to the superoxide radical anion being reduced in acid conditions.

In an attempt to further understand the role of O,™, we have studied the effect of y-radiation on

CARs in “simple” solutions—ASTA solubilized in Triton X detergents, and crocetin in water.
We choose crocetin, a water-soluble CAR, to eliminate any effects due to the detergents
themselves. Our results show there is virtually no absorbance change of ASTA or crocetin in
air-saturated water y-irradiated to 25 Gy in the presence of 0.1 M sodium formate compared to
an un-irradiated sample, suggesting no detectable reaction between both ASTA and crocetin

with O, at this low dose. The result with crocetin is the same as previously reported by Bors
et al. [60], who also used pulse radiolysis of aqueous solutions containing sodium formate.

However, the situation concerning CAR reactions with O, has become more uncertain with
both theoretical studies and experimental work on solubilized CARs, suggesting a reaction



involving O, itself. Galano et al. [61], using computational studies, show a reaction between
many CARs and O,"" and suggest that such a reaction is extremely efficient with a diffusion-

controlled rate constant. Cardounel et al. [62] have studied a water-soluble derivative of
ASTA (disodium disuccinate astaxanthin) with an activated human neutrophil assay and
showed that this ASTA derivative nearly completely eliminated the electron paramagnetic
resonance (EPR) signal from O,™".

Finally, in a recent study, Chetia et al. [63] studied the scavenging properties of 3-CAR (and a
flavonoid, naringenin) against a wide range of free radicals, including O, . These workers

used a phenazine methosulphate-NADH system to generate O," and a spectrophotometric

analysis method based on nitroblue tetrazolium superoxide. They found concentration-
dependent quenching of O," for -CAR, which was comparable to the quenching of
superoxide radical by vitamin C.

Clearly where a radiation method (pulse radiolysis or y-radiation) is used to directly generate
0O, there seems no evidence of a significant reaction with CARs unless the pH is low enough

to convert the radical to HO,". Other indirect techniques for generating the superoxide radical

anion and also computational studies suggest there is a direct and (according to the
computational work) efficient reaction between CARs and O,". More work is needed to
resolve this dilemma, which is discussed further in this chapter.

4.4 Future prospects and challenges

Although the efficient quenching of SO (often diffusion controlled) by dietary CARs in
“simple” solvents and some micro-heterogeneous environments (e.g., detergent micelles) is a
rather straightforward and well-understood process, the effect of different types of CAR—XAN
aggregation is not totally clear, leading in some cases to a much less efficient quenching.
Therefore, it would be worthwhile to measure the reactivity of carefully characterized CAR
aggregates with SO. Furthermore, as shown by Adamkiewicz et al. [20], water molecules can
be bound to ZEA aggregated structures as molecular bridges between the terminal hydroxyl
groups of adjacent molecules. A molecular ladder mechanism of transferring a proton across
the lipid membrane via hopping between the water molecules along the ZEA dimeric structure
suggests new challenges to understand all the roles of CARs in cellular environments. Also, it
is noteworthy that in cell model environments, unlike organic solvents, the quenching of SO by
LYC and 3-CAR is identical to within experimental error despite many old (but often repeated)
claims in the literature that lycopene is a more efficient quencher of SO than other dietary
CARs. Finally, the possibility that SO is not efficiently quenched by CARs in mammalian cells
[24] should be a subject of future research.

As noted here, not all free radical-CAR interactions are fully understood. For example,
although the radical cations and anions of the CARs are now quite well characterized, the
study of the various neutral CAR radicals is much more experimentally difficult, and extensive



work, possibly expanding the studies of Chen et al. and El-Agamey et al. [56, 57], is now
required. There is also confusion related to the interactions of CARs with (the biologically
important) superoxide radical anion, O, . We have studied the possible reaction between O,

and crocetin, a water-soluble CAR. This allowed us to study the interactions without any
possible contribution(s) for detergents or liposomes, which are usually needed to solubilize
the CAR. Our results clearly show that little reaction between crocetin and O, can be

detected. This result, with crocetin, is more or less the same as previously reported [60]. We
have made the same observation (i.e., no reaction) for other non-water-soluble CARs (in the
presence of detergents). However, the situation concerning CAR reactions with O,"™ has

become more uncertain with both theoretical studies and experimental work on solubilized
CARs, suggesting there is a reaction. Galano et al. [61], using computational studies, show an
efficient reaction between many CARs and O,"", and Cardounel et al. [62] have studied a

water-soluble derivative of ASTA and observed a nearly completely eliminated O, EPR

signal. Clearly, future studies are needed to resolve this apparent contradiction, especially as
O,"" is such an important radical for the in vivo situation.

4.5 Conclusion

Virtually all dietary CARs are regarded as efficient quenchers of ROS—SO and oxy-radicals.
It is straightforward to observe the very efficient quenching of SO by such CARs in organic
solvents, micellar solutions, and various cell models with rate constants near the diffusional
limit. However, it is not easy to observe such quenching in cells themselves, and this may
indicate that the major protective role of dietary CARs in vivo is via free radical quenching.
Such quenching of free radicals leads to other CAR radical species such as radical adducts,
radical cations, neutral radicals, and, in rare cases, radical anions. The reactivity of these
“new” radical species, especially the oxidizing ability of the radical cations, can be significant
and may well account for the switch in behavior of CARs from anti- to pro-oxidants in some
environments. This potential damaging switch may, for example, be associated with the
increased risk of lung cancer by smokers who ingest large amounts of -CAR.

Another significant aspect of CAR radical cations concerns the effect of metal ion, especially
manganese (a metal ion of biological importance), on ASTA. The metal ion can link to the
ASTA molecule at both ends via the hydroxyl and adjacent carbonyl groups on this CAR (a 2:1
complex) and, in a process involving oxygen, there is a spectral shift in the ASTA radical
cation absorption spectrum and, despite complex decay kinetics, a clear and dramatic increase
in the lifetime of the ASTA"". This huge effect on the ASTA'" lifetime is probably related to a
reduction in the back electron transfer involving the positively charged ASTA cation and the
negatively charged superoxide radical, O,".

The possible interactions of CARs with the superoxide radical anion have led to recent
controversy. Direct generation of the superoxide radical via various high-energy radiation
methods appears to lead to little reactivity with the CARs studied but reactivity, at lower pH



due to HO,', whereas computational studies and other methods of generating the superoxide

radical anion appear to show efficient reactions between this radical and several CARs. More
work is needed to resolve our understanding of the reactivity of CARs with superoxide radical
anion.
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5.1 Introduction

The macula lutea is the central part of the human retina and is responsible for the high-acuity
vision required for reading, driving, and recognizing faces. It is a visibly yellow spot that
consists of two dietary carotenoids, lutein and zeaxanthin, along with their metabolite meso-
zexanthin in the ratio of 1:1:1. They are collectively referred to as the macular carotenoids or
macular pigment (MP). The macular carotenoids are thought to play a major role in filtration
of potentially phototoxic blue light and in protection against singlet oxygen radicals and other
reactive oxygen species. The presence of the macular carotenoids in areas of the eye highly
enriched in polyunsaturated fatty acids is consistent with their antioxidant roles. Most
investigations into the relationship between the macular carotenoids and eye disease have
focused on age-related macular degeneration (AMD), a disease in which the oxidative damage
plays a major role. Epidemiological studies have indicated an inverse relationship between the
levels of the macular carotenoids in the diet and eye and the incidence of AMD, and that
supplementation of macular carotenoids can reduce the risk of advanced AMD [1-3].
Biological plausibility for the protective functions of macular carotenoids against AMD are
supported by (1) the chemical structures and biochemical properties of macular carotenoids;
(2) the topographic distribution of the macular carotenoids in the macula; and (3) the specific
uptake of macular carotenoids from a much more diverse pool of circulating dietary
carotenoids. In this chapter, we review the functional role of macular carotenoids, and their
stereochemistry, absorption, and metabolism.

5.2 Macular pigment distribution

Around 600 carotenoids exist in nature, 30—40 carotenoids are found in the human diet, and
about 15 are detectable in human serum, but only lutein, zeaxanthin, and meso-zeaxanthin are
present in human macula. The ratio of lutein:zeaxanthin: meso-zeaxanthin is 3:1:0 in blood and
liver, 2:1:0.5 in the peripheral retina and 1:1:1 in the macula [1]. The human fovea has the
highest concentration of lutein and zeaxanthin found anywhere in the human body at around 0.1
to 1 mM [1, 2]. The concentration of macular carotenoids declines over 100-fold just a few
millimeters from the center of the fovea. Cross-sectionally, macular carotenoids are deposited
preferentially in the Henle fiber layer of the fovea and in the inner plexiform layers of the
parafovea (Figure 5.1, Color Supplement) [3, 4].
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Figure 5.1 Schematic diagram demonstrating the distribution of macular pigment in the retina:
fundus (top) and cross-section (bottom).

The macular carotenoids are hydroxylated, which makes them xanthophylls with no vitamin A
activity, and they are characterized by a conjugated polyene chain and two terminal hydroxyl
groups. This unique structure makes them well suited antioxidant components of biological
membranes rich in polyunsaturated phospholipids that are susceptible to free radical-induced
damage [5]. Lutein and zeaxanthin have been shown to increase the rigidity of lipid bilayers
and act as “molecular rivets” because of their orientation within the membrane [6]. Zeaxanthin
adopts a roughly perpendicular orientation to the plane of the membrane, while lutein and its
isomers follow perpendicular as well as parallel orientations [7]. These direct effects of
macular carotenoids on lipid membranes, particularly their effects on the membranes’
structural and dynamic properties, seem to decrease lipid susceptibility to oxidative
degradation [8].

Lutein is the most abundant xanthophyll in the photosynthetic apparatus of plants. Lutein and
zeaxanthin are mainly bound to major light-harvesting complex proteins of both photosystem I
and photosystem II [9], where they reduce non-photochemical quenching and prevent photo-
oxidative damage to the photosynthetic apparatus [10, 11]. Lutein specifically quenches
harmful excited triplet chlorophyll species, formed by photo-oxidation, thus preventing the
formation of reactive oxygen species in plants [12].



5.3 Human health aspects

The human retina is at high risk of oxidative damage due to light exposure, which generates
free radicals and reactive oxygen species from the endogenous photosensitizers like retinal,
lipofuscin, A2E, and melanin [13]. The high abundance of polyunsaturated fatty acids in retina
makes it more vulnerable to oxidative damage [14]. The lipophilic macular carotenoids can
effectively absorb the short wavelength portion of the visible light spectrum, which enables
them to prevent or reduce free radical formation in the retina. They also directly quench free
radicals, lipid peroxy radicals, hydroxyl radicals, and superoxide anions [15, 16].

5.4 Age-related macular degeneration (AMD)

AMD is an eye disease that typically affects older adults >50 years old; its prevalence rises
dramatically in the elderly population older than 70 years. There are two common forms of
AMD, wet (neovascular) and dry (non-neovascular). Around 80-90% of AMD cases are the
dry form, characterized by the presence of drusen under the macular retina. Drusen are formed
due to oxidized lipids, protein adducts and inflammatory material that may accumulate as a
result of oxidative damage. An autopsy study by Bone et al. [2] using human donor eyes (56
AMD and 56 control) revealed that maculae from patients with AMD have lower
concentrations of macular carotenoids compared to the maculae from control patients.
Epidemiological evidence also suggests an inverse relationship between dietary intake [17,
18] and increased serum levels [19, 20] of lutein and zeaxanthin with incidence of AMD.
Acute light damage studies on primate retinas also suggested that lutein and zeaxanthin
supplementation can protect the fovea from blue light-induced oxidative damage, which may
thereby reduce the risk of AMD [21].

The association between AMD risk and lutein and zeaxanthin supplementation has been
explored in several large-scale epidemiological studies. The Eye Disease Case Control Study
found that the risk for advanced exudative AMD was reduced by 43% in participants in the
highest quintile of dietary carotenoid intake when compared with those in the lowest quintile
[18]. In 2006, the Carotenoids in Age-Related Eye Disease Study (CAREDS) concluded that
lutein- and zeaxanthin-rich diets may protect against intermediate AMD in female patients
younger than 75 years of age [22]. In a case control study using resonance Raman measurement
of macular pigment conducted at a time when lutein-containing supplements were just entering
the American market, the group of AMD patients regularly consuming high-dose lutein
supplements had MP levels significantly higher than those of their cohorts not using lutein
supplements (p=0.038) and were indistinguishable from those of normal subjects (p=0.829)
[17]. More recently, the Blue Mountain Eye Study [23] reported that higher dietary lutein and
zeaxanthin intake reduced the risk of AMD incidence over 5 and 10 years. Participants in the
top tertile of intake (=942 pg/day) had a decreased risk of incident neovascular AMD, and
those with above-median intakes (743 pg) had a reduced risk of indistinct soft or reticular
drusen when compared with the remaining population. The original Age-Related Eye Disease
Study (AREDS) did not provide the subjects with lutein—zeaxanthin supplementation, but



dietary lutein—zeaxanthin intake (as determined by a food frequency questionnaire at
enrollment) was inversely associated with prevalent neovascular AMD, geographic atrophy,
and large or extensive intermediate drusen when the highest versus lowest quintiles were
compared [24]. Although studies have shown that macular pigment optical density (MPOD) is
partially related to dietary intake or serum levels of lutein and zeaxanthin [25], the results
relating MPOD to AMD have been less consistent across populations and are influenced by
many factors that affect uptake and distribution of these carotenoids in the body. Recent reports
from the CAREDS group [26] and Hammond et al. [27] could not find a consistent cross-
sectional association between MPOD and AMD [26], and they suggested that prospective
studies were needed to further explore this relationship.

In the Age-Related Eye Disease Study 2 (AREDS?2), subjects were given the carotenoids lutein
(10 mg per day) and zeaxanthin (2 mg per day), alone or in combination with the omega-3 fatty
acids, docosahexaenoic acid (DHA) (350 mg per day) and eicosapentaenoic acid (EPA) (650
mg per day), to assess their influence on progression to advanced AMD in individuals at high
risk for the disease with bilateral large, soft drusen and/or advanced AMD in one eye. In June
2008, 80 participating US centers recruited over 4000 AMD patients for the study, with each
patient scheduled to receive their assigned treatment in a randomized, placebo-controlled,
double-blind manner for five years [28, 29]. This study showed that daily supplementation of
lutein—zeaxanthin had no statistically significant effect on cataract surgery or vision loss [30].
DHA-EPA and varying doses of zinc appeared to have no effect, whereas lutein—zeaxanthin
had a favorable effect on progression to late AMD. These reports suggest that supplementation
of lutein—zeaxanthin along with [3-carotene compared to -carotene alone was beneficial in
reducing the risk for late AMD and neovascular AMD. Thus, lutein—zeaxanthin may be
important carotenoids to consider for the AREDS supplement [31]. Although primary analysis
from the AREDS?2 did not reveal any benefit from daily supplementation with lutein—
zeaxanthin on AMD progression, secondary exploratory analyses suggested that lutein—
zeaxanthin were helpful in reducing this risk, so they are recommended as replacements for 3-
carotene, which had been associated with increased risk of lung cancer in current and former
smokers [32].

Infant retinas are more vulnerable to oxygen insult due to clear lenses and higher metabolic
activity. They have incompletely formed and diffuse maculae with lutein predominance over
zeaxanthin in the ratio of 1.49:1 [33], which changes to a more adult ratio as age increases.
The change in macular carotenoid ratio appears to be closely related to anatomical
development [34]. Macular development coincides with progressive shifts in the distribution
of lutein, zeaxanthin, and meso-zeaxanthin within the developing macula [35], and nutritional
status may affect this process [36]. Animal experiments with monkeys suggested that lutein and
zeaxanthin are necessary for macular development [37], and deficient diets failed to induce
yellow pigmentation of the macular area [38]. Newborn may have low carotenoid levels due to
decreased placental nutrient transfer in uterus, similar to the decrease in placental transfer of
macronutrients, which has been implicated as a mechanism for intrauterine growth restriction
[39, 40]. Recent studies in our laboratory suggest that maternal serum zeaxanthin levels
correlated with infant MPOD [41], and supplementation of macular carotenoids to improve



visual development and cognition in infants deserves further study.

5.5 Macular carotenoid absorption

The macular carotenoids lutein and zeaxanthin are the most common xanthophylls in green
leafy vegetables, whereas meso-zeaxanthin is uncommon in nature. Because humans cannot
produce lutein and zeaxanthin de novo, we depend on natural dietary sources. These
xanthophylls are commonly present in green leafy vegetables, fruits, egg yolk, milk, and cream.
Recently, microbial sources of carotenoids such as algae are also gaining attention as an
alternative for lutein and zeaxanthin supplementation [42]. Reliable data on carotenoids in
agricultural produce may provide information on food sources that are crucial for dietary
intake of lutein and zeaxanthin, which also offers a basis for studies on their physiologic
actions [43].

Bioavailability is defined as the “fraction of nutrient from ingested dose that is absorbed.”
Lutein and zeaxanthin absorption strongly depends on a number of factors that include mainly
the release of carotenoids from the food matrix, their incorporation into mixed micelles, the
transfer of carotenoids from micelles to the mucosa for passive or facilitated absorption (via
SR-BI proteins) and their sequestration into chylomicrons [44]. Carotenoid absorption in
humans is higher from oils containing supplements than from complex food matrixes [45] such
as spinach, kale, or yellow carrots [46]. Chung et al. [47] studied higher lutein absorption
from lutein-enriched eggs when compared to supplements and spinach, indicating lutein
absorption is higher and improved in the presence of fat. Dietary fiber has a negative effect on
carotenoid absorption by entrapping them and increasing excretion of bile acids and fecal
output, inhibiting lipase activity [48, 49]. Lutein and zeaxanthin are dissolved with dietary fat
to form an emulsion in the gut with the aid of lipolytic enzymes and bile acids to form mixed
micelles. These mixed micelles become accessible for intestinal absorption. Dietary factors
play a major role in the absorption of lutein and zeaxanthin by affecting the size and formation
of the micelles. A certain amount of fat is necessary for micellarization, chylomicron secretion
and carotenoid absorption, but which type of fat or fatty acid goes along with carotenoid is still
uncertain.

Intestinal absorption is a complex process, and studies using caco-2 intestinal cell cultures
suggest that receptor proteins play a role in the uptake of dietary carotenoids [50, 51]. Cell
culture and knockout mouse models have shown that scavenger receptor B1 (SR-B1) [51, 52]
and CD36 [53] mediate lutein and zeaxanthin absorption into cells along with other
carotenoids and tocopherols [54, 55]. Recently, Lobo et al. [56] identified ISX, a gut-specific
homeodomain transcription factor that controls SR-B1 and [-carotene 15,15'-monooxygenase
(BCO1) messenger RNA (mRINA) expression, suggesting that retinoic acid produced from
dietary precursors affects intestinal absorption of carotenoids. The adenosine triphosphate
(ATP)-binding cassette G5 (ABCGS5) gene, which plays an important role in cholesterol
absorption, also helps in lutein absorption along with other lipids [57, 58]. Genetic variation
in BCO1 and CD36 can modulate plasma lutein and retinal concentrations [59].



The carotenoids are further transported into the hepatic system by chylomicrons and to the rest
of the body tissues by general circulation. In the blood, albumin, low-density lipoprotein
(LDL), high-density lipoprotein (HDL), and very low-density lipoprotein (VLDL) play
important roles as the carriers of carotenoids to the target tissues [60]. Lutein and zeaxanthin
are relatively equally distributed between LDL and HDL [61, 62] with a progressive decrease
in the content of lutein and zeaxanthin from light to dense LDL. HDL plays an important role in
the transport of macular carotenoids from serum to the retina [63].

Although our understanding of the transport processes of macular carotenoids from the source
to sink is still incomplete, the currently available data suggest that the uptake of carotenoids to
the retinal pigment epithelium (RPE), a tissue with a moderate concentration of a diverse range
of carotenoids [1], probably shares the transport pathway with cholesterol and that HDL and
the receptors for HDL such as SR-B1 may be involved in this delivery process (Figure 5.2,
Color Supplement). Although not yet proven, we speculate that carotenoids are delivered from
the RPE to the retina by the pathway analogous to the one used for retinoid transport that
employs inter-photoreceptor retinoid binding protein (IRBP) to facilitate transport of the
hydrophobic ligands across the inter-photoreceptor space [64] because retinoids and the
macular carotenoids share equal affinities with IRBP [65] as shown in Figure 5.2.
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Figure 5.2 Possible pathway for macular carotenoid transport and accumulation in human
retina [64]

(reproduced by permission of The Royal Society of Chemistry [RSC] on behalf of the European Society for Photobiology,
the European Photochemistry Association, and RSC).

Whenever a tissue exhibits such exquisite selectivity of uptake and long-term stability,
specific, high-affinity-binding proteins are almost always involved along with appropriate
transport proteins and metabolic enzymes. Our laboratory has been investigating the specific
binding proteins for macular carotenoids for a considerable time. Using a classical
biochemical approach for protein purification and identification consisting of tissue



homogenization and protein solubilization followed by density gradient centrifugation and
column chromatography, we identified GSTP1 as the human macular zeaxanthin-binding
protein [66, 67]. Pharmacological and spectroscopic studies with human recombinant GSTP1
demonstrated that its interactions with zeaxanthin closely match those of the endogenous
xanthophyll-binding protein purified from human maculae [66]. Li et al. [68] provided
evidence to identify StARD3 as the human lutein-binding protein based on database searching,
Western blotting and immunohistochemistry. Surface plasma resonance binding assays have
confirmed the selective high-affinity binding of GSTP1 with zeaxanthin and meso-zeaxanthin
and of StARD3 with lutein [69].

5.6 Stereochemistry and metabolism of macular
carotenoids

The macular carotenoids lutein and zeaxanthin act as protective antioxidants in the eye, and in
certain situations, they undergo oxidation and a series of transformations to protect the macula
[1, 70, 71]. Bone et al. [72] identified the stereoisomers of lutein and zeaxanthin in human
retina using high-performance liquid chromatography—mass spectrometry (HPLC-MS). They
are characterized by an internally symmetrical form with a conjugated polyene chain and two
terminally hydroxylated ionone rings. Structurally, the macular carotenoids have hydroxyl
groups attached at the 3 and 3’ positions of the terminal ionone rings, as shown in Figure 5.3.
The position of the double bond in lutein at the 4', 5" position is shifted to the 5', 6" position in
zeaxanthin and meso-zeaxanthin, and the double-bond shift in zeaxanthin converts a more
chemically reactive allylic hydroxyl end group into a molecule with an extra conjugated double
bond. The extra conjugated double bond makes zeaxanthin and meso-zeaxanthin more stable
and better antioxidants in comparison to lutein.
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Figure 5.3 Structure of macular carotenoids, lutein, zeaxanthin, and meso-zeaxanthin.

The lutein component of the macular pigment consists of a single stereoisomer of lutein [(3R,
3'R, 6'R)- [3, e-carotene-3,3'-diol], whereas the zeaxanthin component consists of two major
stereoisomers: dietary zeaxanthin itself [(3R,3'R)-[3, B-carotene-3,3'-diol] and nondietary
meso-zeaxanthin [(3R,3'S)-[3, B-carotene-3,3'-diol] [35, 72]. They observed that a base-
catalyzed reaction known to isomerize lutein to zeaxanthin yielded only meso-zeaxanthin,
suggesting that meso-zeaxanthin is a conversion product derived from retinal lutein. meso-
Zeaxanthin was not detected in the human plasma or liver but was present in the human macula,
retina, and choroid [1], indicating that there is specific conversion of lutein to meso-zeaxanthin
in the eye tissue. When xanthophyll-deficient monkeys were supplemented with lutein, both
lutein and meso-zeaxanthin were incorporated in the retinas, whereas dietary zeaxanthin
supplementation resulted solely in the untransformed delivery of zeaxanthin to the retina,
further indicating that lutein is the precursor for meso-zeaxanthin [73] (Figure 5.4).
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Figure 5.4 Proposed metabolic transformation of dietary lutein and zeaxanthin into their
metabolites in humans [97]

(reproduced by permission of Association for Research in Vision and Ophthalmology).

Khachik et al. [74] first identified oxidation products and isomers of lutein in vivo, in human
serum. Anhydrolutein and dihydroxy lutein were observed as metabolites of lutein in human
breast milk and serum using HPLC-MS [75, 76] and monkey serum [77] formed as a result of
dehydration and in acidic conditions similar to those of the stomach using HPLC and LC-MS.
3-Hydroxy [3, e-caroten-3'-one was identified as the direct oxidation product of lutein present
in monkey retinas [70], quail ocular tissue [78], chicken [79], rats [80], and human retinas
[81], and it was quantified in human retina by Bhosale and Bernstein [82] using HPLC-MS.
The presence of the direct oxidation product in the retina confirms in vivo metabolic oxidation
of retinal lutein [83]. 3-Methoxyzeaxanthin was also identified in the macula of donor eyes
using HPLC-MS and was present only in aged donors, indicating that methylation of
carotenoids may be an important age-related metabolic pathway [84]. Mein et al. [85]
identified the formation of apocarotenoids (whose biological functions are unknown) from
lutein and zeaxanthin in the presence of -carotene 9', 10’ dioxygenase (BCO2). In vitro
studies using azo compounds and other radicals oxidize lutein to various metabolites [80, 86],
but these metabolites are not identified in humans. The absorption and metabolism of lutein and
zeaxanthin vary widely among animal species, which limits the use of most animal models.

Macular pigment remains stable for long periods in humans, but unlike humans, other animal
models such as mice do not accumulate macular carotenoids in their eyes even when their
serum levels are high. The spatially and chemically specific accumulation of lutein and
zeaxanthin in retina is a unique feature of the primate retina relative to other mammals, but the
biochemical basis for this high degree of specificity is unclear. Recent studies in our
laboratory indicate that human retinal BCO2 is an inactive enzyme, whereas mouse BCO2 is an



active carotenoid cleavage enzyme, responsible for eccentric cleavage of carotenes and
xanthophylls [87]. Naturally occurring BCO2 mutations in sheep result in yellow flesh due to
xanthophyll deposition in various tissues, and bovine BCO2 mutants produce yellow milk [88,
89].

5.7 Measurement of macular carotenoids

Accurate assessment of the amount of macular pigment in eyes is necessary to investigate the
role of macular carotenoids and their presumed functions. HPLC is the “gold standard”
technique for measurement of carotenoids from extracted samples, but it requires significant
amounts of precious biological tissue. Bone et al. [4] first used this technique to preliminarily
identify the macular carotenoids and they subsequently completed their stereochemical
characterization a few years later [72].

In recent years, there has been considerable interest in developing quantitative methods to
measure macular pigment optical density (MPOD) noninvasively in humans to facilitate
observational and interventional studies of AMD. MPOD can be measured by various reported
methods, including heterochromatic flicker photometry (HFP), autofluorescence attenuation
imaging (AFI), reflectometry, and resonance Raman spectrometry (RRS). HFP is a
psychophysical measure of macular pigment levels that uses advantageously low light levels,
but subjects require extensive prior training for reproducible results [90]. The measurement is
accomplished by viewing a small circular stimulus that alternates between a test wavelength
that is absorbed by the macular pigment and a reference wavelength that is not absorbed [91].
The major downside of heterochromatic flicker photometry is its poor spatial resolution and
the fact that its intrasubject variability can be more than 50% [92]. Fundus reflectometry is
based on the observation that the spectra of light reflected from central and peripheral retina
are different [93]. AFI measures MPOD levels by determining the macular pigment’s
attenuation of the fluorescence of lipofuscin in the retinal pigment epithelium [94]. More
recently, RRS has been developed to measure the MPOD. It is an objective, rapid, sensitive,
specific, and highly reproducible method for estimating macular pigment in patients with a
wide variety of macular pathological features [92]. It measures the excitation of bond
vibrations within molecules, which are directly proportional to the concentration of macular
pigment existing in the irradiated area. For measurement, a subject fixes on a 1 mm spot of
low-power argon laser light that resonantly excites the macular carotenoids for 0.2 seconds.
The intensity of the Raman-scattered light at the carotenoids’ conjugated carbon double-bond
frequency of 1525 cm ! is quantified after subtraction of the background fluorescence. The use
of this technique was first described by Bernstein et al. in 1998 in monkey eyes with HPLC
confirmation of correlation with tissue levels [95], and the device was soon developed for
clinical studies [96]. In our recently published AREDS?2 ancillary study, we analyzed MPOD
and macular pigment distribution using a dual-wavelength autofluorescence imaging system
along with skin carotenoid levels by RRS [28] and found that MPOD did not correlate with
skin or serum measurements. This study provided the baseline information regarding lutein and
zeaxanthin concentrations in AREDS2 participants.



5.8 Conclusions and perspectives

Evidence suggests that macular carotenoids enhance central vision and are effective in
absorption of blue light and filtration of free radical species. Their effective disposition in
polyunsaturated phospholipid membranes makes them susceptible to free radical damage;
consecutively, they operate as antioxidants. Although studies suggest an inverse relationship
between dietary intake of lutein and zeaxanthin and the progression of AMD, correlation
studies of MPOD and serum lutein—zeaxanthin levels need further investigation.
Supplementation of macular carotenoids to improve visual development and cognition in
infants also deserves further study. Recent advancements in the noninvasive quantification of
macular pigment density provide a means to gather relevant data, which may strengthen the
correlation between carotenoids in tissues and ocular health.

Recent studies in our laboratory indicate that human retinal BCO?2 is an inactive enzyme,
whereas mouse BCO2 is an active carotenoid cleavage enzyme that is responsible for
eccentric cleavage of macular carotenoids, which makes them an unsuitable model for
carotenoid studies. Development of suitable animal models for studies on carotenoids could
provide valuable information regarding the metabolism of lutein and zeaxanthin in the retina.
The discovery of specific binding proteins and genes responsible for concentrating these
carotenoids in the macula helps us understand the transport of lutein and zeaxanthin from blood
to the retina. Further study into transport proteins and the genes responsible for successful
uptake of macular carotenoids into the human body will increase our knowledge regarding
healthy aging of the eye.
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6.1 Introduction

The chapter is composed of two parts: The first one focuses on the principal factors that
determine the vibrational spectra of carotenoids, and the second focuses on vibrational
spectroscopy studies published after 2008 devoted to natural carotenoids in bacteria, lichens,
and algae, as well as in geological deposits, biominerals, and even art and archaeological
objects. The chapter ends with a brief comment on possible future applications of new
vibrational spectroscopy techniques in the investigation of carotenoids.

6.2 Vibrations of carotenoids

Carotenoids are built from a polyene chain most often terminated with one or two cyclic end
groups. The chain is formally derivable from the acyclic lycopene, and the end groups are
either oxygenated (in xanthophylls) or not (in carotenes). Usually, methyl groups are attached to
every fifth carbon atom of the polyene chain [1]. The exceptional vibrational spectroscopy
properties of carotenoids originate primarily from the polyene chain and only secondarily from
the methyls and the end groups. Therefore, let us first have a closer look at the properties and
optical spectroscopy of polyene chains.

Due to specific carotenoid biosynthesis pathways in plants and carotenogenic bacteria [2], the
chain in carotenes usually has an odd number (from 3 to 13) of conjugated C=C double bonds.
In addition, the bonds may be conjugated with the other C=C or C=0 double bonds of the end
groups [3]. The number n of the conjugated C=C double bonds has direct consequences on the
following carotenoid features: (1) geometry; (2) geometrical cis-trans isomerism; (3) syn-
periplanar (s-cis) or anti-periplanar (s-trans) conformation at single bonds; (4) n-electron
delocalization; (5) the nature, shape, and energy of the electronic ground and excited states; (6)
electron affinity, ionization, reduction, and oxidation potentials; (7) the nature and shape of
molecular vibrations and the vibrational coupling pattern; and so on. Finally, the end groups
and (8) the methyl groups attached to the polyene chain also play a role. Clearly, all these
factors exert a potent influence on optical molecular spectra of polyenes and carotenoids.

6.2.1 Geometry

The alteration of single and double bonds in conjugated all-trans polyenes results in the



double bond’s elongation and the synchronous single bond’s shortening by about twice as much
as the double bond lengthens. The changes with n are not linear. The path contributions to both
the single bonds and the double bonds decay exponentially with n with the same decay constant
[4]. The conjugation effects extend out through approximately six neighboring double bonds.
Thus, a polyene bond is the most significantly influenced by the neighboring six conjugated
double bonds. Importantly, several polyene properties, such as band gaps [5] and
characteristic ultraviolet (UV) and vibrational frequencies [6—8], extrapolate smoothly as an
inverse of conjugation length unless the number of double bonds exceeds seven. Thus,
conjugation through at least six bonds probably determines the properties of polyenes and
carotenoids [4]. The decay in the bond length alternation with respect to the length of the
polyene chain is also observed for regularly altering cis-trans types of configurations;
however, the decay is slightly slower and the point of convergence is slightly higher than for
all-trans isomers [9].

6.2.2 Geometrical cis-trans isomerism

The presence of n-conjugated bonds in the polyene chain theoretically enables the formation of
2" geometrical cis-trans isomers. However, desaturases catalyzing the formation of all-trans
lycopene and further carotenoids from 15-cis-phytoene in the carotenoid biosynthetic pathways
are additionally mediating in a single cis-to-trans isomerization [2, 10]. The enzymes favor the
formation of only selected geometrical isomers, simultaneously restricting the presence of a
possible plethora of cis-trans isomers in biosystems [2]. Yet, biotic as well as abiotic stress
such as heat, light, acidic environment, enzymatic or nonenzymatic oxidation, or the presence
of an active surface may promote trans-to-cis carotenoid isomerization in both plant and
animal tissue. Notice that the presence of a double bond of a cis configuration in an “almost-
all-trans” polyene chain perturbs the single- and double-bond distances, the regularity of bond
alteration changes, and the conditions necessary for n-electron delocalization. When
considering the idealized all-cis and all-trans structures in the different forms in which they
may be present in polyacetylene polymers, we find that they exhibit varying geometrical, and
thus electrical and spectroscopic, features [11]. However, in natural carotenoids, there are at
most only a few cis moieties in the polyene chain [12—14] and considering the cis structures in
full generality is not necessary. Since the cis- and trans-isomers of carotenoids exhibit
different bioactivities and bioavailabilities (e.g., [15]), it is important to quantify their
geometrical isomers in plants, animals, food, and human tissues [16—18].

6.2.3 Syn-periplanar (s-cis) or anti-periplanar (s-trans)
conformations

Hypothetically, there is also a possibility of carotenoids adopting syn-periplanar (s-cis) or
anti-periplanar (s-trans) arrangements at each of the (n—1) single bonds separating the
conjugated double bonds, which would again increase the number of conformers by 2",
However, the presence of s-cis or s-trans conformers in carotenoids is stirred up only
scarcely. This is because the s-trans conformation of double bonds in a trans configuration
minimizes the steric hindrance of the neighboring fragments [3]. Nevertheless, the s-cis



conformation was reported in [3-ionone and retinals [19], as well as in spiralene: A cis
conjugated triene isomer exists in the bis-s-cis conformation [20]. It was also demonstrated
that the 7-cis,8-s-cis okenone isomer’s nuclear magnetic resonance (NMR) and electronic
absorption spectra exhibit regions clearly different than that of the 7-cis isomer, whereas the
resonance Raman spectra are barely distinguishable [21]. Again, one should consider the s-cis
and s-trans polyenes in general and discuss the consequences of the formation of (s-trans)-
trans, (s-cis)-trans, (s-trans)-cis, and (s-cis)-cis as well as mixed types of polyene
conformers [11]. However, although such a discussion is of great importance to conducting
polymers chemistry [22, 23], it can be restricted to only one or a few particular bonds in the
case of the chemistry of (natural) carotenoids.

6.2.4 1t-electron delocalization

The all-trans configuration of the polyene chain establishes good conditions for m-electron
delocalization. They are manifested in the decrease of the bond length alternation as the length
of the chain is increased but also in a significant energetic stabilization, estimated to approach
in long chains ca. 8 kcal/mol per double bond [4]. Interestingly, the path contributions to the
stabilization energy decay exponentially with respect to n with the same decay constant as the
geometric parameters [4]. The slower decay in the bond length alternation in all-cis isomers
than in all-trans ones indicates a decreased electron delocalization in the cis chains compared
to the trans ones [24].

6.2.5 The nature, shape, and energy of the electronic ground and
excited states

The increasing m-electron delocalization in the all-trans polyenes results in the shift of
transition energies to lower energies with increasing conjugat