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Introduction

In the recent 25 years, enormous progresses have been made in understanding the 
redox biology of cells and tissues. Epidemiological observations have revealed that 
fruit and vegetable diets have health benefits and protective functions against oxi-
dative stress-based chronic disorders, such as cardiovascular disease and cancer, 
which lead to broad research on redox-active phytochemicals [1–3]. At first, these 
compounds were believed to act mostly by providing direct antioxidant protection 
by trapping radicals and/or chelating redox-active metals. A significant body of evi-
dence, however, now supports the participation of these molecules in the regulation 
of a complex web of cell signaling as the means by which they affect cell activities 
and functions [4–6]. The physicochemical characteristics of phytochemicals can 
play important roles in cell signaling, including the regulation of the cell redox state 
by interfering with oxidant production and/or antioxidant defenses, interactions 
with signaling proteins, and the regulation of membrane-associated cell signaling. 
As a final target of these activities, the epigenetic modulation of gene expression 
has recently emerged as a finely tuned means to explain the effects of these com-
pounds.

A so-called xenohormesis theory [7] has been put forward to explain why the 
plant kingdom is such a rich source of redox-active beneficial compounds (Fig. 7.1).
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Indicaxanthin

Chemical and Physicochemical Characteristics

Indicaxanthin is a yellow pigment in the betalain class [15]. These nitrogenous 
compounds are restricted to 13 plant families of the Cariophyllales order and a few 
superior fungi in the genus Amanita of the Basidiomycetes [16], in which anthocya-
nins are absent and replaced [17]. Yellow and red beet ( Beta vulgaris) and cactus 
pear ( Opuntia genus) are the main food sources of these phytochemicals [18]. The 
edible berries of Rivina humilis L. were recently identified to be new sources [19]. 
The main common structure of all betalains is the dihydropyridine moiety from be-
talamic acid (Fig. 7.2a). This is conjugated with amino acids or the corresponding 
amines (including dopamine) to generate the yellow betaxanthins ( λm = 480 nm). 
Indicaxanthin, in particular, is the immonium derivative of proline with betalamic 
acid (Fig. 7.2b) [20]. The violet-red pigmented betacyanins ( λm = 535 nm) are de-
rivatives of betanidin, the conjugate of betalamic acid with cyclo-DOPA (Fig. 7.2a). 
The fruit of Opuntia ficus indica (yellow variety) is by far the best source of indi-
caxanthin, with an amount from 8.5 mg/100 g fresh fruit pulp (Sicilian cultivated 
fruit) [21] to 15 mg/100 g fresh fruit pulp (Sicilian wild fruit, unpublished data from 
the authors’ laboratory). It also contains betanin, around one tenth of indicaxanthin 
[21]. As a comparison, the Rivina humilis fresh berries reportedly contain a minor 

Fig. 7.1   Redox-regulated cell functions in the context of hormesis and xenohormesis. In response 
to adverse environmental conditions such as dryness, light, heat, or exogenous stressors including 
wounding and oxidative stress [8–10] plants synthesize their own molecular defense, i.e., phyto-
chemicals, that in turn modulate redox-regulated cellular adaptative responses, a process known 
as hormesis [11, 12]. Xenohormesis postulates that heterotrophs (animals and fungi) have evolved 
the ability to sense/interact with these compounds and use them as chemical cues finally inducing 
cell responses [13, 14]
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amount of indicaxanthin, but up to 180 mg/100 g eight betaxanthins [19]. In ac-
cordance with the hormetic theory [11], it is not surprising that wild Sicilian cactus 
pear fruits possess higher amounts of betalains than cultivated fruits.

Betacyanins have been known for many years as additives in the food industry, 
due to their colorant properties, high solubility in water, pH stability in the range 3–7 
[22], and the absence of toxicity [22, 23]. Renewed interest in betalains has come 
in the recent decade to characterize the redox chemistry and radical-scavenging and 

Fig. 7.2   Structure of betalains (a), and indicaxanthin and its absorbance spectrum (b)
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antioxidant activities of these molecules [21, 24–26], which has then stimulated a 
number of studies on their potential activities in biological environments and cell 
contexts.

The redox potential of indicaxanthin has been measured by cyclic voltammetry 
[21]. The differential pulse voltammogram showed two anodic waves, with cal-
culated peak potentials of 611 and 895  mV indicating that indicaxanthin is able 
to donate its electrons to organic radicals commonly formed in cell environments, 
including alkyl-peroxyl and lipoperoxyl radicals [27], which has been shown [28].

Indicaxanthin is a cationized molecule, with a positive charge localized in prox-
imity of the N1 nitrogen (Fig. 7.2b) and possesses a number of ionizable carboxyl 
groups. A recent computational analysis predicted the solubility parameters and the 
polar and nonpolar surface area (NPSA) of indicaxanthin, as well as the dissociation 
constants of the carboxyl groups [29]. According to these calculations, indicaxan-
thin mainly exists as a bis-anion within a large range of pH, including physiological 
pH, and the pH gradient relevant to the intestinal environment during digestion (pH 
6.0–7.4) [30, 31], a condition used to investigate the mechanisms of the intestinal 
absorption [29]. According to the octanol/water partition coefficients ClogP and 
ClogD (pH 6.0), indicaxanthin has a moderately nonpolar character [29]. However, 
the calculated NPSA suggested that it has a quite large nonpolar surface, accounting 
for more than 50 % of the surface area, which appears to substantiate observations 
on its ability to interact with membranes [25, 32–34] and low-density lipoproteins 
(LDLs) [28, 35, 36]. Table 7.1 summarizes the chemical and physicochemical prop-
erties of indicaxanthin.

Interactions of Indicaxanthin with Membranes

Because it possesses ionizable groups (the charged portions) and lipophilic moi-
eties, indicaxanthin may act as an amphiphilic-like compound at a physiological 
pH. These chemical properties are critical to drive interaction with cell surface, 

AQ1

Table 7.1   Chemical and physicochemical properties of indicaxanthin. (Adapted from [21, 29])
MW Partition coefficients MSAa

(Ǻ2)
Peak 

potential
mV

pKa

– log Pb log Dc PSA NPSA Ep(a) COOHd

309 0.362 −7.25 126.92 161.11 611; 895 5.0(2); 
3.7(11); 
2.6(13)

a The molecular surface area (MSA) is described by the polar surface area (PSA) and the nonpolar 
surface area (NPSA)
b Octanol/water partition coefficient
c Octanol/buffer pH 6.0 partition coefficient
d Carbon atom numbers in bracket

AQ2
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where bioactive compounds binds or interacts with lipids or/and membrane effec-
tors to initiate cell signaling transduction or transports through the cell membrane 
to reach inner sites, including nuclear ones, possibly affecting regulation of gene 
expression.

The location of the pigment in vesicles of either L-R-dipalmitoyl-phosphati-
dylcholine (DPPC), or l-R-dimyristoyl-phosphatidylcholine (DMPC) has recently 
been investigated by monitoring the characteristic absorbance spectrum of indicax-
anthin in the visible light (Fig. 7.2b) and its variation as a function of temperature 
and phospholipid concentration [33]. While ruling out that the pigment partitioned 
at the hydrophobic interior, that study did not unequivocally conclude on the loca-
tion of indicaxanthin in these vesicles. The partition of indicaxanthin between water 
and vesicular pseudo phases was investigated with a Gepasi modeling approach 
[34]. The rate constants of the reaction of indicaxanthin with the water-soluble azo-
initiator 2,2′-azobis [2-methylpropionamidine] dihydrochloride (AAPH) in aqueous 
solution were calculated and compared with the constants from analogous reaction 
in the presence of DPPC or DMPC bilayers, at varying phospholipid concentration 
and temperature. Analysis of the data established that indicaxanthin can solubilize 
in the bilayer between the polar head groups and hydrophobic region, the so-called 
palisade domain. This location may allow indicaxanthin to scavenge radicals from 
the water phase, as well as propagating lipoperoxyl radicals floating to the bilayer 
polar interface ([37]; Fig. 7.3). All this appears consistent with the antioxidant activ-
ity observed in simple chemical systems such as soybean phosphatidylcholine (PC) 
bilayers [28]. In addition, interactions of indicaxanthin with membrane lipids and 
possibly other components, could elicit cell responses, and account for cell effects 
of indicaxanthin, including anti-inflammatory and anti-apoptotic effects [38–40].

AQ3

Fig. 7.3   Proposed model 
for the biophysical 
properties of Indicaxanthin 
in which the phytochemical 
can partition in the interface 
between hydrophobic 
core and hydrophilic head 
groups of lipid bilayers. At 
this level Indicaxanthin can 
react with radicals from the 
water phase as well as chain 
propagating lipoperoxyl 
radicals floating to the 
bilayer polar interface. Only 
one leaflet of the bilayer is 
represented
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Bioavailability

Bioavailability is considered a critical factor for dietary compounds treatment. Bio-
activity and potential effects of dietary phytochemicals on human health can be as-
sessed only on absorbed active molecules and transformed digests. Bioavailability 
is affected by a number of exogenous and endogenous variables and factors, such 
as structure of food matrix, processing of food, chemistry and stability of ingested 
compounds, dietary amount, interactions with other food components, bacterial me-
tabolism, and individual differences. All of these could affect intestinal absorption 
and/or circulation in plasma and excretion, and ultimately the actual concentration 
of phytochemicals available to target cells.

Betacyanins appeared to be absorbed, which were detected in the urine of sub-
jects who consumed red beet juice [25, 30], beetroot [41], or cactus pear fruit [36]. 
Early human studies in the authors’ laboratory [36], provided evidence that bio-
availability of dietary indicaxanthin was higher than a majority of dietary polyphe-
nol phytochemicals [42], and even than other betalain pigments such as betanin 
[25, 30, 36]. Data from plasma kinetics and urinary excretion indeed showed that 
indicaxanthin reached a maximum plasma concentration of 7 μmol/L, 3 h after a 
cactus pear fruit meal with 28 mg of the pigment, and disappeared from plasma 
12  h after the ingestion. The urinary excretion over 12  h represented more than 
70 % of the amount ingested [36]. Two major points emerged from these studies 
are: indicaxanthin is absorbed in a quite high amount, and enters circulation in its 
native form. The evidence that dietary indicaxanthin did not undergo metabolism 
in enterocytes or hepatocytes allowed a number of studies to investigate effects 
and mechanistic aspects of indicaxanthin activity in cell models, utilizing the phy-
tochemical concentrations reflecting dietary conditions and post-intestinal blood 
levels [32, 40, 43]. Data from these studies suggest that dietary indicaxanthin is a 
potential nutraceutical.

In vitro studies under simulated gastrointestinal conditions shed light on factors 
that would account for the pigment bioavailability observed in humans. Digestive 
stability and bioaccessibility of indicaxanthin, that is, the amount of the compound 
soluble in a post-intestinal digest [44] have been evaluated after a simulated oral, 
gastric and small intestinal digestion of cactus pear fruit preparations and compared 
with the stability and bioaccessibility of purified pigment [45]. A minor loss of indi-
caxanthin was observed at the gastric-like environment only, which was not affect-
ed by food matrix, whereas the molecule appeared wholly soluble in the aqueous 
fraction of post-intestinal digest. Interestingly, the bioaccessibility of indicaxanthin, 
expressed as percent of the food content, was 77 % of the amount in the cactus pear 
fruit, a finding quite in accordance with the bioavailability in humans [36]. That in-
dicaxanthin bioavailability is mainly determined by stability of the molecule to the 
digestive environment has also been confirmed by studies on the intestinal trans-
epithelial transport of the pigment [29].

Like for xenobiotics, the intestinal absorption of phytochemicals may occur pas-
sively, through trans-cellular permeation or paracellular route in accordance with 
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molecular mass and physicochemical characteristics, and could involve either in-
flux or efflux membrane transporters. Generally, unless utilizing transporters in 
the epithelial membrane, charged solutes of a suitable molecular mass should dif-
fuse through the paracellular route and be transported passively by solvent drag 
[46–49]. The intestinal permeation of indicaxanthin was investigated using Caco-2 
cell monolayers grown on Transwell® insert, an established model of the intestinal 
barrier. Originating from a human colorectal carcinoma, these cells spontaneously 
differentiate into polarized monolayers that exhibit morphological and functional 
characteristics of the intestinal absorptive epithelium [50, 51]. The trans-epithelial 
transport of dietary-consistent amounts of indicaxanthin was measured in apical-
to-basolateral and basolateral-to-apical direction under an inwardly directed pH 
gradient (pH 6.0–7.4), mimicking luminal and serosal sides of human intestinal 
cells [29]. According to the apparent bidirectional permeability coefficient ( Papp), 
transport kinetics as a function of time and concentration, absence of interference 
by inhibitors of membrane transporters, and remarkable increase of permeation 
after ethylene diamine tetra-acetic acid (EDTA) treatment, it was concluded that, 
quite consistent with its physicochemical features, indicaxanthin crosses the intes-
tinal barrier through paracellular junctions reaching unaltered the basolateral com-
partment. Moreover, the magnitude of Papp ((4.4 ± 0.4) × 10−6 cm s−1), either pure or 
food-derived compound, suggests that the trans-epithelial gradient of dietary indi-
caxanthin at the intestinal lumen, with the continuous removal by the bloodstream 
at the serosal side, would allow a significant intestinal transport and absorption in 
vivo. According to these findings, the bioavailability of dietary indicaxanthin in 
humans [36] appears as a result of (i) relatively high stability of the molecule to the 
digestive process [45], (ii) favorable intestinal absorption through paracellular route 
by solvent drag, and (iii) easy release from food [29]. It is peculiar that indicaxan-
thin does not undergo metabolic transformations such as glucuronidation, sulfation, 
or methylation to be released in plasma and circulates as unconjugated molecule. 
This may be advantageous for the interaction of this amphypathic molecule with 
membranes and/or membrane effectors leading to cell signaling and response.

Radical-Scavenging and Antioxidant Activity  
of Indicaxanthin

Structural Implications in the Free Radical-Scavenging 
Activity of Betalains

Several studies in the latest decade investigated the antiradical activity of beta-
lains [21, 24–26, 52–54]. The cyclic amine of betalamic acid, the building block of 
the betalain pigments, may be envisaged as the reactive group acting similarly to 
the amine group of ethoxyquin, a potent antioxidant in lipid systems [55, 56] and 
in vivo [57]. A recent systematic analysis [52, 53] explored the relations between 
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structures, spectroscopic properties and antiradical activity of various betalains, 
measured by the assay of decolorization of the 2,2′-azino-bis[3-ethylbenzthiazo-
line-6-sulfonic acid (ABTS) radical cation [58]. The studies considering both natu-
ral and synthetic compounds, with or without hydroxyl groups or aromaticity in the 
pigment structure, ascertained that in betaxanthins there is an “intrinsic activity” not 
linked to the presence of hydroxyl groups or aromaticity, which might be associated 
with the common electronic resonance system supported between the two nitrogen 
atoms, and be general to all betalains that contain a similar resonance system. The 
presence of phenolic hydroxy group, however, enhances significantly the radical-
scavenging activity of betaxanthins [52]. In this context, the proline-derivative of 
betalamic acid (indicaxanthin) should act as a radical scavenger less effective than 
betacyanins, e.g., betanin, which has indeed been shown [21].

Chemical Models

The decolorization of the ABTS radical cation is an accurate assay universally used 
for screening radical-scavenging activity of either food extracts or natural pure 
compounds, as compared with the hydrophilic vitamin E-analogue Trolox [58]. The 
reducing activity of indicaxanthin has been evaluated by the reaction with the ABTS 
radical cation, generated by reacting ABTS with potassium persulfate [21]. When 
expressed as Trolox equivalents, the radical-scavenging activity of indicaxanthin 
was one order of magnitude lower than the betacyanin betanin [21], which was in 
accordance with the structural features [52, 53] and the redox potential of these two 
betalains [21]. The higher scavenging capacity of betanin can be explained by the 
ease with which it is possible to withdraw an electron from its phenolic hydroxyl 
group, and by the stability of the resulting delocalized radical [24]. In contrast, the 
electron abstracted from the betaxanthins could only be from the π-orbitals, this loss 
being hindered by the positive charge of the N-atom.

Lipoperoxyl radical-scavenging activity of indicaxanthin has been evaluated 
by the reaction with radicals generated in methyl linoleate methanol solution by 
2,2′-azobis[2,4-dimethylvaleronitrile] (AMVN), and in aqueous soybean PC unila-
mellar liposomes by AAPH [28]. Indicaxanthin acts as a classical chain-terminating 
lipoperoxyl radical scavenger in solution, with calculated inhibition constant and 
stoichiometric factor quite comparable with those reported for the most effective 
natural lipoperoxyl radical scavenger, α-tocopherol [59], under comparable condi-
tions. According to the data, after H-atom donation, the polyene system of indicax-
anthin may allow the formation of a resonance-stabilised aminyl radical, whose 
reactivity will be affected by the environment. In methanol solution of peroxidizing 
methyl linoleate, the observed stoichiometry suggests reaction with a second lipo-
peroxyl radical (n = 1.98) [28].

The radical-scavenging capacity is not the only requisite for a compound to act 
as an antioxidant in a biological context. Kind and site of radicals generated and 
location of the compound (membrane or solution) may finally decide about the 
potential of a molecular antioxidant [59–61]. Though effective in preventing lipid 
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oxidation, when incorporated in soybean PC liposomes submitted to aqueous radi-
cals from AAPH, indicaxanthin did not exhibit an antioxidant activity consistent 
with the activity in solution [28]. The data suggested a mechanism more complex 
than a classical chain-breaking antioxidant, involving indicaxanthin regeneration 
and recycling. After reaction of indicaxanthin with a lipid peroxyl radical, reduction 
of a short-lived indicaxanthin radical intermediate would occur at the expenses of 
unsaturated lipids, that is a potentially prooxidant insult. Since a clear antioxidant 
effect is evident, however, the rate at which the indicaxanthin radical starts oxida-
tion events must be lower than that of the lipid peroxyl radical (Fig. 7.4). In this 
context, the ratio indicaxanthin/unsaturated lipid should be critical in determining 
the recycling effectiveness, as well as the actual equilibrium between antioxidant 
and potential prooxidant activity of the molecule.

Indicaxanthin and α-tocopherol, simultaneously incorporated in liposomes, ex-
hibited cooperative antioxidant effects and reciprocal protection [28]. In accordance 
with the potential “prooxidant” character of indicaxanthin in this system, the extent 
of synergism decreased at the increase of the ratio (indicaxanthin)/(α -tocopherol).

Biological Models

Ex vivo spiking of human plasma with indicaxanthin, followed by isolation of LDL 
has provided evidence that the betalain can bind to LDL in a saturable fashion, with 

Fig. 7.4   Proposed scheme of inhibition of peroxyl-induced lipid oxidation in aqueous soybean PC 
liposomes by Indicaxanthin and phytochemical regeneration. Reaction of indicaxanthin (Ind) with 
lipoperoxyl or aqueous peroxyl radicals (ROO●) generates a resonance stabilized intermediate 
cation radical (Ind●) and hydroperoxide (ROOH) (reaction 1). It is proposed that Ind● is reduced 
by reaction with polyunsatured fatty acid (LH) to regenerate Ind and a carbon centered radical (L●) 
(reaction 2) that in turn reacts with oxygen (O2) to form LOO● capable of initiating a new oxidation 
chain (reaction 3). Phytochemical regeneration does not result in a prooxidant event as the rate at 
which Ind starts oxidation events is much lower than that of the lipid peroxyl radical ( k2«k3). This 
process competes with termination reactions, which results in consumption of the phytochemical 
(reaction 4)
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a maximum binding of 0.5 nmol/mg LDL protein. The indicaxanthin-enriched LDL 
appeared more resistant than the homologous native particles to the copper-induced 
oxidation, as assessed by the elongation of the period required to start lipoperoxide 
production [35]. Mechanistic aspects of the antioxidant activity of indicaxanthin 
in LDL appeared comparable with the observations in liposomes [28], including 
synergistic interactions with the LDL vitamin E and recycling of indicaxanthin at 
the expenses of unsaturated LDL lipids, with no evidence of prooxidant effects [35].

The oxidation status of the heme iron in proteins such as hemoglobin (Hb), myo-
globin (Mb), or myeloperoxidase (MPO) must strictly be controlled in order that 
the proteins accomplish appropriately their functional roles, and do not become 
powerful oxidizing agents. Indeed, due to their peroxidase or peroxidase-like activ-
ity, in the presence of hydrogen peroxide or organic hydroperoxides these proteins 
undergo a two-electron oxidation, giving rise to high-valent iron radical species 
(X•[FeIV = O]) [62–64]. Unless rapidly reduced, the latter can oxidize cell compo-
nents and damage the protein itself thus impairing its function.

The Hb heme-iron is extensively oxidized under pathological conditions, e.g., 
β-thalassemia [65], while continuous slow autoxidation of Hb also occurs in healthy 
individuals resulting in red cell oxidative stress [66, 67]. Kinetic studies of the re-
action of indicaxanthin with perferryl-Hb, the two-electron oxidized intermediate 
in the oxidative degradation of Hb [62], showed that indicaxanthin reduces the hy-
pervalent heme-iron at a rate one order of magnitude higher than that of reductants 
such as ascorbate and Trolox, on a molar basis [43].

Dietary phytochemicals may act in the gastrointestinal tract [68–71]. Scaveng-
ing of highly oxidizing hypervalent-iron myoglobin (perferryl-Mb) formed during 
meat digestion [68] may preserve oxidable lipids and avoid formation of potentially 
toxic lipid hydroperoxides. In this context, unpublished observations in the authors’ 
laboratory provided evidence that indicaxanthin concentrations consistent with a 
dietary intake reduced perferryl-Mb and prevented the lipid oxidation of heated red 
meat under a simulated gastric digestion.

Despite MPO plays key roles in the defense against invading pathogens by oxy-
gen-dependent antimicrobial action [72, 73], the enzyme has an enormous potential 
to inflict damage to host tissues, through its ability to catalyze the production of a 
complex array of reactive oxidants including its product hypochlorous acid (HOCl), 
and nitrogen dioxide, organic-free radicals and drug metabolites [74–77]. In addi-
tion, the harmful potential of MPO in the onset and progression of atherogenetic 
processes is to be considered because the demonstrated capacity of the enzyme to 
oxidize LDL [78–81]. According to its halogenation and peroxidase cycles [82], 
MPO can catalyze both two- and one-electron oxidation reactions, leading to pro-
duction of the cytotoxic HOCl and generating the hypervalent iron redox intermedi-
ates compound I (CI) and compound II (CII). Indicaxanthin has been shown to be a 
good electron donor for both CI and CII, at very low μmolar concentrations [83]. In 
addition, it has been reported that the betalain can scavenge HOCl [83].

Table 7.2 reports quantitative parameters of the reaction of indicaxanthin with 
various oxidants/radicals.
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Effects of Indicaxanthin in Cell, Tissue,  
and Animal Models

The redox chemistry, physicochemical properties, bioactivity in solution and high 
bioavailability of indicaxanthin were a promising approach to investigate on the 
activity and eventual mechanism of action in the cells. A number of experimental 
setups with various either human or mouse cell cultures showed positive effects 
of indicaxanthin on the cell response to toxic stimuli modeling pathophysiological 
conditions, from serious oxidative stress to inflammation and apoptosis. In other 
studies, evidence has been provided that indicaxanthin can modulate the differen-
tiation of T cells toward an immune-modulatory phenotype, and affect mouse ileal 
contractility. Anti-inflammatory activity of indicaxanthin was tested in a murine 
model.

Ex vivo spiking of blood from healthy human subjects with varied indicaxan-
thin concentrations resulted in a saturable incorporation of the betalain in the RBC, 
to the extent of approximately 1 nmol/mL packed cell, an amount very close to 
that measured in human RBCs after consumption of dietary indicaxanthin [32, 36]. 
Indicaxanthin-enriched erythrocytes resulted more resistant to the cumene hydro-
peroxide-indicaxanthin-induced oxidative haemolysis than the homologous nonen-
riched cells, with a significant correlation between the increase of resistance and 
the amount of the incorporated indicaxanthin [32]. High oxygen tension and large 
amounts of iron, a transition metal promoting formation of oxygen free radicals 
[84], make red blood cells (RBCs) highly susceptible to oxidation, leading to im-
pairment of the cell function and premature aging [67]. In addition, the oxidative 
alterations of the RBC membrane can even cause injury to the endothelial cells [67]. 
Protective effects in blood of dietary indicaxanthin may be suggested.

An increased generation of reactive oxygen species, first caused by Hb auto-
oxidation and precipitation, characterizes genetic hemolytic disorder such as 
β-thalassemia. The pathology is associated to depletion of the RBC antioxidant 
defense resulting in damage to cell components, impairment of morphology and 
function of cell membrane, and accelerated RBC destruction [65, 85–88]. Pro-
tective dose-dependent effects of indicaxanthin have been shown in RBC from 

Table 7.2   Scavenging activity of indicaxanthin versus reactive oxidants
ABTS● + a  LOO● b MPOc compound I MPOc compound II HOCld Perferryl-Hbe

Trolox 
equivalents

– Reduction constants (pH 7.0) 
(M−1s−1)

– Reduction 
rate (nMs−1)

1.76 [21] 3.6 × 105 [28] 1.1 × 106 [83] 2.9 × 105 [83] 7.7 × 104 [83] 660 [43]
a ABTS, [2,2′-azinobis(3-ethylbenzothiazoline- 6-sulfonic acid)] diammonium salt cation radical
b LOO● , methylinoleate peroxyl radical
c MPO, myeloperoxidase
d HOCl, hypochlorous acid
e Perferryl-Hb, perferryl-hemoglobin

AQ4
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β-thalassemia patients submitted to an in vitro oxidation by cumene hydroperoxide 
[43]. The betalain, that entered red blood cells, enhanced the resistance of thalas-
semia RBC to hemolysis, prevented lipid and Hb oxidation, and retarded vitamin E 
and GSH depletion. In the same work, spiking of blood from thalassemia patients 
with indicaxanthin resulted in its incorporation in the RBCs, indicating that the 
pathological alterations to the membrane do not affect a trans-bilayer movement 
of this phytochemical. Antioxidant vitamins and phytochemicals may be helpful 
to treat β-thalassemia [89–91]. The finding that indicaxanthin can be incorporated 
in the redox machinery of β -thalassemia RBCs, may offer novel opportunities of 
therapeutic interest in this pathology.

Atherosclerosis is a chronic inflammatory condition of the arterial intima. This 
complex process progresses slowly during a lifetime, with initial dysfunction of 
the vascular endothelium to a great extent mediated by oxidized LDL, immuno-
competent cells, cytokines, growth factors, adhesion molecules, and compounds 
involved in redox-sensitive regulatory mechanisms underlying inflammatory pro-
cesses [92–96]. Since atherosclerosis and related cardiovascular problems are a 
leading cause of death in the western world [97], research on dietary compounds 
capable of preventing or controlling pathological events is now very active. In this 
context, the activity of indicaxanthin has been explored in various model systems.

Vascular endothelial cells are a direct target of proinflammatory stimuli that re-
markably affect a number of redox-mediated signaling pathways, leading to produc-
tion of chemotactic factors, lipid mediators, and cytokines [98], as well as adhesion 
molecules such as the adhesion molecule-1 (ICAM-1) [99, 100]. With an in vitro 
model of inflammation consisting of umbilical vein endothelial cells (HUVEC) 
stimulated with the proinflammatory cytokine tumor necrosis factor-α (TNF-α), it 
has been shown that μmolar indicaxanthin concentrations can modulate the expres-
sion of ICAM-1 [38].

Apoptosis of macrophages triggered by oxidized cholesterol derivatives, espe-
cially 7-ketocholesterol (7-KC), is considered a key event in the development of 
human atheromas [101, 102]. A recent in vitro study showed that dietary consistent 
amounts of indicaxanthin exert protective effects and prevent the 7-KC-induced 
pro-apoptotic events in human monocyte/macrophage THP-1 cells. The effects of 
indicaxanthin have been related to inhibition of the basal activity and overexpres-
sion of NADPH oxidase-4 (NOX-4), prevention of the redox-sensitive nuclear fac-
tor-kB activation, maintaining of cell redox balance and inhibition of the increase of 
cytosolic calcium, which prevented mitochondrial damage and consequently apop-
tosis. About the molecular mechanism, though other explanations cannot be ruled 
out, interactions of indicaxanthin with 7-KC at the level of the THP-1 cell mem-
brane could bring about some stabilizing effect leading to modulate NOX-4 enzyme 
activity and possibly prevent opening of calcium channels [102].

Immunomodulatory effects of indicaxanthin have been revealed in vitro with 
mouse splenocytes allowed to differentiate in Th1 and Th17 skewing conditions, 
either in the presence or in the absence of indicaxanthin [103]. Indicaxanthin in-
hibited both IFN-γ and IL-17 production in the Th17 conditions, accompanied by 
a marked increase of IL-6 and a significant reduction of IL-10 levels, indicating a 
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modulation of T regulatory differentiation and/or function. The data also showed a 
reduction of percentage of IL-17- and a parallel increase of IFN-γ- producing cells 
in indicaxanthin-treated compared to control cells. Consistent with this, indicax-
anthin almost doubled the number of IFN-γ + T cells in splenocytes differentiated 
in Th1 skewing conditions. The data suggest potential activity of indicaxanthin in 
Th1-mediated protective immunity against pathogens. In addition, positive effects 
could be hypothesized on Th17-driven autoimmune disorders, e.g., multiple sclero-
sis or rheumatoid arthritis.

An experimental organ bath technique to record the mechanical activity of the 
isolated mouse ileum longitudinal muscle was used to investigate the effects of 
indicaxanthin on the spontaneous and evoked contractility [104], and mechanism of 
action underlying [105]. Indicaxanthin showed a remarkable spasmolytic effect on 
the intestinal contractility, with its action ascribable to phosphodiesterase inhibition 
and elevation of cAMP levels. In view of the capacity of indicaxanthin to interact 
with and cross cell membranes [32–34, 43], these findings open interesting ques-
tions on how this action may be accomplished at a molecular level.

To date, there is only one in vivo report on pharmacological activity of indicax-
anthin. Remarkable anti-inflammatory effects have been observed in a carrageenin-
induced rat pleurisy model [39]. Orally given to the extent of 8 µmol/kg, which is 
consistent with a human dietary assumption from cactus pear fruits [36], prior to 
carrageenin injection in the pleural cavity, indicaxanthin caused a 72 % reduction of 
the inflammatory exudate volume, and 95 % reduction of total leukocyte number. 
Table 7.3 reports on biological actions of indicaxanthin in various systems.

Epigenetics

Occurrence and frequencies of epigenetic changes throughout the life are now ac-
knowledged crucial for gene activation or silencing [106]. This finally affects the 
entire cell behavior allowing normal cell functions or, conversely, leading to patho-
physiological states, including inflammation, cancer, and aging [107–109]. Differ-
ently from definite aberrations in the DNA sequences, epigenetic alterations are 
potentially reversible [106]. Numerous data pointing out to the influence of food 
components, especially redox-active phytochemicals, on epigenetic mechanisms 
emphasize the role of diet as an important environmental factor for maintaining a 
healthy status, and offer promising evidence for their eventual chemopreventive ef-
ficacy [110]. It may be worth noting that steady-state oxidation of cell proteins has 
been reported to be responsive to diet [111].

Longevity and lower incidence of chronic degenerative disorders and cardiovas-
cular disease among Mediterranean populations have been associated with a pecu-
liar dietary model rich of fruits and vegetables and low of animal fat. As a part of the 
Mediterranean dietary habit, the cactus pear fruit and its betalain phytochemicals, 
i.e., indicaxanthin and betanin, may have contributed to these beneficial effects, 
especially in the past when food was less globalized [112, 113]. Repetitive long-life 
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exposure to physiological concentrations of betalains could play a role in maintain-
ing cell functions through epigenetic machinery. The highly bioavailable and bioac-
tive indicaxanthin may represent an important factor in this context, so our current 
research is going in this direction. Epigenetic activity of indicaxanthin has recently 
been shown [114]. Hypermethylation of onco-suppressor gene promoters is a well-
established epigenetic modification [115]. Among others, the hypermethylation of 
the p16 gene, an onco-suppressor controlling the cell cycle through cycline inhibi-
tion, is associated with tumor development [116–118]. A number of data with a 
human intestinal cancer (Caco-2) cell line provided evidence that the amount of in-
dicaxanthin consistent with that in the intestinal digests after a dietary consumption 
of cactus pear fruit pulp [36] could induce demethylation of the p16 gene promoter, 
reactivation of the p16 synthesis and finally cell apoptosis. Exploring indicaxanthin 

Table 7.3   Indicaxanthin bioactivity
Model Effect Mechanism Ref
Cells
RBCs ↑Resistance to oxidative 

haemolysis
Radical-scavenging 
activity

[32]

Thalassemia RBCs ↑Resistance to oxidative 
haemolysis

Perferryl-Hb reduction [43]

– ↓Vitamin E and GSH 
depletion

– –

– ↓Lipid and Hb oxidation – –
HUVECa ↓TNF-α–induced 

ICAM-1expression
Redox-modulation of cell 
signaling

[38]

THP-1b cells ↓7-ketocholesterol-
induced apoptosis

↓NF-kB activation [40]

– – ↓NOX-4 expression –
– – ↓intracellular [Ca2 + ] –
Mouse splenocytes ↑Th1 differentiation – [103]
Differentiated in Th1/17 
skewing conditions

↓Th17 differentiation – –

Tissues
Mouse ileum muscle Spasmolytic Phosphodiesterase 

inhibition
[105]

– – ↑cAMP –
Animals
Carrageenin-induced rat 
pleurisy

Anti-inflammatory ↓NF-kB activation [39]

– ↓Inflammatory exudates ↓COX-2;iNOS expression –
– ↓Leukocyte recruitment ↓TNF-α;IL-1β;PGE2;NO.

release
–

a Human umbilical vein endothelial cells
b Human monocyte/macrophage cells
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activity on other onco-suppressor genes in the same as well as other human cancer 
cell lines and, understanding pathways by which indicaxanthin can modulate epi-
genetic mechanisms is the near future challenge.

Molecular Toxicology and Biosafety

Betalains, especially red betacyanins, have long been considered important natural 
pigments for industry, from food to cosmetics and pharma products, then safety of 
these molecules has been checked long time ago [24, 119, 120]. Studies carried out 
to determine decomposition and stability [121, 122], mutagenicity [120, 123], and 
toxicological and toxicokinetic effects [124], showed that these pigments are not 
harmful. Some in vivo studies in rats indicated that a betalain extract from Garam-
bullo, a cactacea fruit ( Myrtillocactus geometrizans) did not have toxic effects at 
any of the doses tested, up to 5 g/kg body weight [124]. Nevertheless, in spite of the 
acute or subacute safety assessment in animals, current and emerging knowledge on 
(i) the redox regulation of signaling pathways involved in cell survival and death, (ii) 
the activity of phytochemicals as redox modulators with potential dual behavior of 
acting (antioxidant vs. prooxidant), and (iii) the cell epigenetic response to changes 
of its redox milieu, require that actions of redox active phytochemicals of our diet 
should be checked at a molecular level. In addition, their eventual involvement in 
the epigenome regulation should at least been established in cellular models under 
normal and pathophysiological states. Since these substances may have the potential 
to behave as nutraceutical/ pharmaceutical agents, it should be assured that they do 
not cause harmful variations of the cell redox homeostasis at recurring dietary-con-
sistent amounts, or eventually at amounts of pharmacological interest. It should be 
kept in mind that a potential chemoprevention, through modulation of the cell redox 
state in turn controlling various signaling transduction mechanisms, may require 
very minute amounts of phytochemicals. Then, in normal cells, eventual prooxidant 
activity and dangerous effects by high concentrations may occur. Conversely, in 
tumor cells, where the redox milieu is disturbed [125], prooxidant activity of a given 
phytochemical could be required [126, 127], to restore homeostatic patterns and 
cause apoptosis (chemotherapy), which may be toxic for normal cells [14].

So far, with respect to the above mentioned tasks, potential adverse effects of 
high concentrations of indicaxanthin have been searched in a few experimental con-
ditions in the authors’ laboratory, in contexts where low indicaxanthin concentra-
tions exhibited antioxidant, or radical-scavenging effects [28, 35]. Prooxidant activ-
ity was not observed neither in the model of copper-stimulated oxidation of human 
LDL [35], nor in liposomal membranes under the prooxidant action of the azo-initi-
ator AAPH [28], rather indicaxanthin dose-dependently inhibited lipid peroxidation 
in both systems, even when tested at very high micromolar concentrations (up to 
1 mM) [35]. Similarly, no prooxidant activity was evident in human RBC [32]. With 
its peculiar location in lipid bilayers [33, 34], antioxidant activity of indicaxanthin 
at the cell membrane could be relevant not only to the integrity of membrane but 
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also to maintain cell homeostasis. Redox-driven signaling pathways may be started 
by oxidized membrane lipid components, and their soluble derivatives such as reac-
tive aldehydes, being the latter capable of starting oxidation pathways inside the cell 
[128], damaging proteins, DNA, and also affecting epigenetic mechanisms [129].

The membrane enzymes of the NADPH oxidase (NOX) family are involved in 
the production of reactive oxygen species (ROS) in all animal cells and their prima-
ry role in the control of cell redox homeostasis is widely acknowledged [130–132]. 
In this context, investigating the activity of phytochemicals at the level of these 
enzymes may be a strategy to investigate about potentially harmful mechanisms 
underlying their biological actions in various cells and under different conditions. 
A surprising pro-senescent activity of resveratrol in human endothelial cells, for 
instance, has been reported to be mediated by NOX-1 and NOX-4 [133]. Research 
with monocyte/macrophage THP-1 cells [40] showed that indicaxanthin, at nutri-
tionally relevant amounts, can prevent the NOX-4 dependent ROS formation in-
duced by the toxic 7-keto-cholesterol, however, does not modify the basal activity 
of the enzyme in the absence of the oxysterol, even at ten-times higher amounts. 
Then, while protecting THP-1 cells from an oxidant agent, indicaxanthin itself did 
not modify the basal redox environment of these cells under normal conditions.

Indicaxanthin toxicity has been checked on Caco-2 cells grown at confluence for 
15 days, to reach characteristics of normal human colon epithelial cells [50, 51]. The 
assays were carried out by measuring LDH activity released from the cells exposed 
to high micromolar concentrations of the phytochemical, in the range 25–100 µM. 
No significant release of LDH activity was detected after a 24-h incubation, show-
ing that cell integrity had been preserved.

Other studies with a panel of animal cells are necessary to provide a much more 
complete picture on potentially harmful actions of indicaxanthin and to test influ-
ence on epigenome targets. However, to date, adverse effects of the phytochemical 
have not been observed in any either solution or cell system, even in a range of 
concentrations widely exceeding the physiological blood levels obtained with food 
intake [36].

Conclusive Remarks and Perspectives

Dietary redox active phytochemicals are currently studied intensely for basic science 
and applied research. Understanding how these compounds exert physiological ef-
fects when ingested with food and exploiting their nutraceutical/ pharmacological 
potential are the key goals in the study of molecular nutrition [134]. This hard task 
requires interdisciplinary collaborations and clinical studies.

There is now a consensus that redox-active phytochemicals are utilized in animal 
cells as bio-signals to start pathways regulating protective and/or defense activities. 
How a cell interprets these signals depends on the cell type, the response machinery 
of that cell, and its history in terms of what signals that cell previously responded 
to and the proteomic setup the cell had at the time of the arrival of the new signal. 
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In this picture, environment- induced epigenetic modifications, reversibly silencing 
or activating certain genes may play an important role in the great variability of cell 
responses to dietary phytochemicals (which is the field of nutrigenetics), but at the 
same time may represent molecular targets on which a phytochemical can intervene 
(which is the field of nutrigenomics). While signal transduction mechanisms evoked 
by phytochemicals are mostly unknown, the modulation of epigenetic mechanisms 
in nonmalignant cells has been associated with the positive effects of such com-
pounds (chemoprevention). Once molecular targets for selected dietary compounds 
are found, dietary strategies could be designed to maintain cell functions and pos-
sibly prevent or reduce risk of developing chronic/degenerative diseases.

Almost all fruits and vegetables on our table are now extensively cultivated, so 
they do not cope with, or receive much less, environmental stress. When consider-
ing hormetic production of defensive phytochemicals, this “easy and cozy” condi-
tion may possibly decrease the protective value of green food, which deserves to be 
tested. In this context, cactus, pear, and its betalains, may be an interesting excep-
tion. Even cultivated, the plant is not subjected to continuous reproductive cycles; 
fruits cannot long be stored and are available for some months in a year. In addition, 
many plants are still growing wild in Mediterranean areas, facing such tough envi-
ronmental conditions as intense sunlight, dryness, heat.

Since dietary betalains are only a very limited number as compared with thou-
sands phenol/polyphenol phytochemicals, their biological and health-promoting 
properties have been the object of less, but recently growing, interest and research 
[135]. However, among so many compounds indicaxanthin, a yellow betalain pig-
ment, holds a special place and appears to be a promising dietary factor to maintain 
cell functions and positively affect human health. As a result of relatively high sta-
bility during the digestive process [45], favorable intestinal absorption through para-
cellular route without metabolic transformation, and easy release from food [29], 
dietary indicaxanthin possesses high bioavailability in humans [36]. Moreover, its 
redox chemistry and physicochemical characteristics [21, 29] allow the molecule to 
interact with membranes [34], penetrate cells [32] and scavenge both lipid radicals 
and water-soluble oxidants [28, 35]. So far, evidence of anti-apoptotic [40] and 
immune-modulator [103] activity has been provided, and capacity of indicaxanthin 
of reverting epigenetic changes associated with cancer development [111] shown in 
in vitro models, whereas only one study reported on anti-inflammatory effects in rat 
[39]. Future investigations in animal models, and characterization of indicaxanthin 
from a “nutri-epigenomic perspective,” will provide important information on the 
potential to act as a chemopreventive agent.

The edible fruits of the cactus Opuntia ficus indica, L., a plant spread in the South 
of Italy, are the only abundant source of indicaxanthin, which may somewhat ac-
count for why nutritional studies and basic science investigations, including biologi-
cal actions, on this molecule have been carried out almost exclusively in the authors’ 
laboratory in Sicily. While feeling this as a great commitment, we are challenged 
to find out as many information as possible on the potentiality of this pigment and 
provide scientific and sound evidence of eventual beneficial effects from its chronic 
use as a nutraceutical agent. The road ahead is still very long, but really exciting.
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