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Abstract

The macular xanthophyll carotenoids lutein, zeaxanthin, and meso-zeaxanthin have well-established roles in oxidative regulation, in-
flammation, and visual function in humans. Collectively, these carotenoids are perhaps best known for their ability to reduce the risk
of development and progression of age-related macular degeneration in humans—a condition that resembles senile retinal atrophy in
older dogs and cats, although the relevance of macular xanthophylls to companion animal health remains incompletely defined. This
review synthesizes the available literature on the absorption, target tissue deposition, mechanistic pathways, and physiological effects
of these carotenoids in dogs, cats, and horses. Evidence indicates that lutein and zeaxanthin, are absorbed and systemically distributed
in companion animals, with the most robust functional data currently available in dogs, particularly regarding immune modulation and
retinal electrophysiological stability. Carotenoid transport mechanisms, including high-density lipoproteins, binding proteins, such as
scavenger receptor BI (SR-BI), transmembrane glycoprotein CD36, START-domain lipid-binding protein 3 (StARD3), and glutathione
S-transferase pi 1 (GSTP1), and metabolic enzymes, including the carotenoid cleavage enzymes beta-carotene oxygenase 1 and 2 (BCO1
and BCO2), are conserved across mammalian species and provide a mechanistic framework for tissue- and system-specific activity in the
visual, immune, nervous, integumentary, and cardiovascular systems among. Histologic confirmation remains limited, however, espe-
cially in cats and horses. Collectively, existing data suggest an important biological role for these xanthophyll carotenoids in companion
animals, but substantial knowledge gaps remain regarding species-specific bioavailability, tissue deposition, and clinical outcomes. The
biological benefits of lutein, zeaxanthin and meso-zeaxanthin in humans, along with the central similarities in mammalian physiology,
support the potential of these dietary and supplemental compounds to enhance the health of companion animals. Future supplementation
studies, however, are needed to characterize dose–response relationships in these species and clarify the potential functional benefits of
these nutrients in companion animal nutrition.
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1. Introduction

Dietary carotenoids, particularly the macular xan-
thophylls lutein (L), zeaxanthin (Z), and meso-zeaxanthin
(MZ), play critical roles in oxidative balance, cellular sig-
naling, and tissue-specific photoprotection across a wide
range of vertebrate species [1,2,3,4]. In humans, these
compounds are best known for their selective accumula-
tion in the macula, where they contribute to visual per-
formance and protect the retina against oxidative and in-
flammatory damage. Carotenoids are absorbed by differ-
ent species and utilized by physiologic systems to vary-
ing degrees; increasing evidence suggests that similar bi-
ological mechanisms may be conserved in dogs, cats, and
horses—companion animals—wherein visual function, im-
mune competence, cognitive health, and systemic oxida-
tive stress are recognized as key determinants of animal
health and aging [5,6,7,8]. Despite the growing incorpo-
ration of carotenoids into commercial pet and equine feeds
[9], the scientific literature evaluating their absorption, tis-

sue distribution, physiological effects, and clinical rele-
vance remains limited. L, Z, and MZ have been shown to
have a wide variety of benefits in human health, includ-
ing cardiovascular and metabolic health, immune modu-
lation, cognitive health and performance, antioxidant and
anti-inflammatory capacity, skin health, and visual system
benefits [10,11,12,13]. These same physiologic benefits
could potentially extend into companion animal health. The
basic framework for this idea is outlined in Fig. 1.

Pets are of increasing importance given their integral
role as human companions and service animals. As interest
grows in the use of nutrition to support health beyond basic
dietary needs, L, Z, and MZ appear to have great potential
as functional and supplemental ingredients for companion
animals. Bioactive ingredients intended to modulate phys-
iological processes, extend lifespan, reduce disease risk, or
support targeted health outcomes are common in commer-
cial pet and equine diets, and reflect advances in both nutri-
tional science and pet owner expectations [14]. Within this
context, L has received particular attention for its role in
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Fig. 1. Basic framework for potential physiologic benefits of dietary lutein, zeaxanthin, and meso-zeaxanthin in companion
animals. This framework outlines the potential functional benefits of these nutrients in companion animals, while highlighting the need
for future studies to understand the physiologic mechanisms leading to tissue deposition and utilization in these species.

mitigating oxidative stress and inflammation in ocular and
extra-ocular tissues, roles which are shared with the com-
monly co-ingested stereoisomer zeaxanthin [15,16]. Meso-
zeaxanthin is widely incorporated into human eye-health
supplements but has a more limited evidence base in animal
species. All three of these dietary xanthophylls have “Gen-
erally Recognized As Safe” status from the U.S. FDA and
the Joint FAO/WHO Expert Committee on Food Additives
and European Food Safety Authority have designated ac-
ceptable daily intakes ranging from 0–2 mg/kg, with no ad-
verse effects reported at much higher doses [17,18]. Taken
together, the established safety profile and potential bene-
fits to the health and well-being of pets reinforce the need
for a species-specific evaluation of the existing literature
and potential for future research. The following review
outlines our current understanding of the absorption, de-
position, and potential functional benefits of xanthophyll
carotenoids in tissues of the integumentary, immune, ner-
vous, visual, and cardiovascular systems of canine, feline,
and equine companion animals.

2. Absorption and Deposition
Absorption and deposition of L, Z, and MZ are pri-

mary considerations when extrapolating human and lab-
based (e.g., murine) findings to companion animals such
as dogs, cats, and horses. Table 1 summarizes the avail-
able data on the presence of L, Z, and MZ in specific tis-
sues of five mammalian species (further discussed through-
out this review). There are a few studies that show that
dietary L and Z are absorbed into blood plasma in dogs,
thus confirming intestinal uptake and bioavailability [3,19].
In beagles, L was absorbed into plasma, increasing in a
dose-dependent manner after supplementation. More gen-
erally, carotenoids are lipid soluble and have been shown
in canine studies of antioxidant supplementation to system-
ically distribute to the liver, adipose, and plasma lipopro-
teins [19]. Although dogs lack a true macula, L and Z have
been shown to influence retinal function by demonstration
of improved electroretinographic stability following sup-
plementation [5]. Given that several carotenoid transport
proteins and enzymes are conserved [20,21,22,23,24], the
potential for antioxidant activity within the canine retina is
likely but has not been histologically demonstrated. Addi-
tionally, whereas L and Z have been identified in human
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and primate brain tissue [12,25], no studies have charac-
terized carotenoid transport or binding mechanisms in the
brains of dogs, cats, or horses. As mentioned above, how-
ever, xanthophyll transport and binding proteins (e.g., scav-
enger receptor BI (SR-BI), transmembrane glycoprotein
CD36, START-domain lipid-binding protein 3 (StARD3),
glutathione S-transferase pi 1 (GSTP1)) are conserved and
expressed across mammalian nervous tissues, including the
brain and retina [21,23,26,27] and may play a central role
in the systemic immune and cardiovascular benefits of L,
Z, and MZ as well.

Table 1. Tissue presence of lutein, zeaxanthin, and
meso-zeaxanthin by species.

Humans Dogs Cats Horses Rodents

Skin/integument + ?* ? ? +
Plasma/blood + + + + +
Adipose + + + + +
Liver + + + + +
Retina + + ?* ?* +
Brain + ?* ? ? +
Milk + ?* ?* + +
(+) ≥1 present; (-) not present; (?) information/studies not
available, represents a gap in the literature; (*) increased like-
lihood based on similar deposition pathway (e.g., transport en-
zyme conservation) or molecule (e.g., beta-carotene).

In domestic cats, studies of dietary carotenoid uptake
have shown that β-carotene is absorbed into plasma and
leukocytes in a dose-dependent manner but is not efficiently
converted to vitamin A [28]. While this is not specific to
the xanthophyll carotenoids, it demonstrates that the feline
gut can absorb carotenoid molecules from the diet. Almost
all uptake studies in cats have focused on β-carotene; how-
ever, as mentioned above, lipid-soluble pigments such as
astaxanthin (a xanthophyll carotenoid similar to L, Z, and
MZ) are absorbed and transported via lipoproteins, which
is a likely lipophilic pathway in felines. The absorption and
uptake of other carotenoids such as L, Z, and MZ into the
feline tissues remains an empirical question, but the similar-
ities of the xanthophyll carotenoids to β-carotene in terms
of enzymatic transport and deposition provides a rationale
for potential utilization in tissues. Future detailed studies
are needed to determine specific physiologic mechanisms
in cats.

Even more elusive is the study of absorption and
deposition in equines. A study of carotenoids and fat-
soluble vitamins in horse tissues found measurable levels
of these compounds in plasma, milk, adipose, and liver of
horses fed typical diets [29]. This study also showed that
horses exhibit distinct profiles of carotenoid tissue distri-
bution compared to cows, with horses preferentially stor-
ing carotenoids in the liver, and cattle in adipose. This
difference suggests that mechanisms of carotenoid absorp-

tion and tissue storage in horses differ from bovines, and
that this may underlie differential utilization/function of
carotenoids in these species, respectively. In this same
study, pasture-fed mares were found to only have trace
amounts of L detected in plasma despite the relatively high
amount measured in their diet, suggesting that either ab-
sorption is not biologically prioritized, or higher amounts
are needed to increase L concentration within the blood.

3. Immune System
L, Z, and MZ have well-established antioxidant ef-

fects within the immune system and have been shown to
reduce pro-inflammatory cytokines (e.g., interleukin 1 beta
(IL-1β) and tumor necrosis factor alpha (TNF-α)) and in-
crease serum antioxidant capacity within systemic circu-
lation of humans [10,11]. Similarly, early foundational
work in animals established analogous antioxidant and im-
mune system activity in response to carotenoids (particu-
larly β-carotene) [19]. Subsequent work showed that non-
provitamin A carotenoids (e.g., L) were equally, if not more
effective, as provitamin A carotenoids (e.g., β-carotene) in
enhancing humoral immune responses; a finding that is par-
ticularly important for species such as the domestic cat,
that is notoriously inefficient at converting carotenoids to
vitamin A [30]. In cats, dietary studies indicate that L is
absorbed and can influence immune parameters, with evi-
dence suggesting potential synergistic effects when admin-
istered alongside other lipid-based nutrients such as fish oil,
reflecting the importance of dietary context for carotenoid
bioactivity in this obligate carnivore species [2,31]. In
dogs, supplementation studies have demonstrated that di-
etary L enhances both humoral and cell-mediated immune
responses, including increased lymphocyte proliferation
and antibody production, providing some of the strongest
species-specific evidence for immunomodulatory effects of
xanthophylls in companion animals [3]. These findings
are consistent with more recent reviews of canine immune
modulators, which identify carotenoids as capable of influ-
encing immune signaling pathways and inflammatory bal-
ance [32]. Collectively, these animal studies support the
hypothesis that L, Z, and MZ act systemically to modulate
inflammatory signaling via mechanisms that involve oxida-
tive stress attenuation. While the magnitude and clinical
relevance of these effects likely differ by species, the ex-
isting literature supports a conserved biological role for di-
etary xanthophylls in immune processes across these mam-
malian species.

Unfortunately, there are currently no peer-reviewed
studies demonstrating immune system effects derived from
xanthophyll supplementation in horses. Nutritional im-
munology research in equines has instead focused on vi-
tamins, minerals, and fatty acids and has typically been
extrapolated from positive outcomes observed in other
species. Several nutrients have been implicated in immuno-
logical health of horses and have been associated with pos-
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itive outcomes; these include vitamins E and C, minerals
(zinc and selenium) and arginine, as well as omega-3 and
-6 fatty acids [33]. Given that other antioxidants (e.g., vi-
tamin E) have shown immunomodulatory effects in horses,
there is potential for L, Z, and MZ to have beneficial ef-
fects, particularly given their roles as robust antioxidants.
Oxidative stress and the excess generation of free radicals
are known to cause damage to the equine health [34]. Sport
horses, in particular, experience extra systemic and immune
stress given the high demand of competition and the associ-
ated travel/exposure to new environmental elements. Wild
ungulates do not appear to accumulate carotenoids in serum
with simple dietary intake [35]. Supplementation with xan-
thophyll carotenoids in racing horses, however, resulted in
increased antioxidant status and decreased training-related
oxidative stress in this species [36], suggesting that xantho-
phyll absorption and activity is indeed possible and poten-
tially beneficial in equines.

4. Visual System/Retina
Awide gap in the literature exists between human and

animal companion data with regard to visual health and per-
formance. L, Z, and MZ are probably best known to im-
prove eye health and reduce the risk of developing/limit the
progression of age-related macular degeneration in humans
[37]. These nutrients are also increasingly recognized for
their potential to support retinal health and visual function
in companion animals, but direct evidence has been limited.
In dogs, supplementation studies with antioxidants includ-
ing L and Z have demonstrated improved retinal function
(as measured by electroretinography) and decreased age-
related changes in refractive error; these results are sugges-
tive of functional benefits for both retinal health and visual
acuity [5]. These findings, although preliminary, are con-
sistent with mechanistic data from other vertebrates that
indicate xanthophylls are integral to photoprotection and
maintenance of central vision, supporting the plausibility
of meaningful visual outcomes in dogs and, potentially, in
other companion species.

The mechanistic link for potential roles of L, Z, and
MZwithin the canine, feline, and equine retina involves the
carotenoid transport and conversion enzymes—and their
evolutionary conservation across species. For example,
StARD3 has been implicated in L binding in the human
retina and is conserved across mammalian species [23]; an-
notated orthologs are listed for dogs, cats, and horses [22].
Similarly, GSTP1, which has been identified as a high-
affinity zeaxanthin-binding protein in the human retina
[21], also demonstrates orthologs [20], thus supporting the
possibility of similar carotenoid-binding mechanisms for
both L and Z across these species. Finally, the enzyme
RPE65 is highly conserved across vertebrates, including
humans, mice, and horses and is essential for the visual cy-
cle as well as conversion of L to MZ in the human retina
[24]. RPE65 deficiency causes severe inherited blindness

by blocking the vitamin A cycle; it is strongly expressed
in native retinal pigment epithelium in horses, as well as
dogs and cats, and genetic mutations are associated with
retinal dystrophy in these species [38]. RPE65 also func-
tions as an isomerase converting dietary L into MZ, one of
the three macular carotenoids critical for protecting the cen-
tral retina from blue light and oxidative damage [24]. This
dual role highlights how L and Z intake may contribute not
only to traditional retinal metabolic pathways but also to
the local production of macular pigments that are protective
against phototoxicity and oxidative stress. Evolutionarily
conserved proteins suggest that similar mechanisms could
operate in companion animals, but species-specific studies
examining xanthophyll deposition, retinal metabolism, and
functional outcomes in these animals are lacking, which
illustrates a clear gap in our understanding of these path-
ways and application to veterinary nutrition. It is promis-
ing, however, that (as mentioned above), L and Z were able
to influence retinal function in dogs following supplemen-
tation and retinal stability was positively influenced even in
the absence of a true macula [5]; this seems to indicate that
positive outcomes and improved performance in the retina
of animals whose physiology doesn’t necessarily favor cen-
tral vision and acuity is possible. Supplementation studies
addressing retinal health and visual function, particularly in
aging animals, are needed to determine the clinical poten-
tial of xanthophyll-based interventions across companion
species.

5. Cardiovascular/Metabolic
Recent research suggests that the physiological effects

of L, Z, and MZ may include benefits to metabolic and
cardiometabolic health and may be relevant to obesity in
both humans and animals. In an insulin-resistant rodent
model fed a high-fat diet, MZ supplementation attenuated
hepatic lipid accumulation, improved liver function, and
reduced markers of cardiometabolic risk. Outcomes in-
cluded improved modulation of insulin-signaling pathways
and key transcription factors such as PPAR-γ, Nrf2, and
NF-κB, suggesting a potential protective role against fatty
liver and associated metabolic dysfunction [39]. Mecha-
nistic investigations have further elucidated how L inter-
acts with oxidative and inflammatory pathways to inhibit
NF-κB and provide antioxidant protection. These find-
ings provide a biochemical basis for L’s systemic effects
on lipid metabolism and inflammation within the cardio-
vascular system [40]. Additionally, in a recent human sup-
plementation study, L, Z, andMZ resulted in significant de-
creases in the pro-inflammatory cytokines IL-1β and TNF-
α, and oxidized low-density lipoprotein [11]. These find-
ings demonstrate potential for these antioxidant molecules
to aid in prevention of obesity and oxidative processes (e.g.,
atherosclerosis) within the cardiovascular system. It has
been shown that dogs fed a human-like diet, including table
scraps, exhibit signs of accelerated aging and experience the
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deleterious health effects associated with consuming a stan-
dard Western diet. Specifically, feeding dogs high-fat and
energy-dense processed foods can cause insulin resistance,
dyslipidemia, increased adiposity, and changes in inherent
metabolism—all changes seen with the aging process. In
as few as 17 weeks, beagles given a high-fat diet showed
increased body fat and adipocyte size, dysregulated insulin
release, elevation in serum lipids (cholesterol, triglycerides,
free fatty acids) and leptin [41]. Similar to features that are
associatedwith humanmetabolic syndrome, obese dogs can
exhibit dysregulated lipid metabolism, hyperinsulinemia
and insulin resistance, increased cholesterol, and mild hy-
pertension [42]. High-fat diets alter the gut microbiome and
integrity of the intestinal barrier; these outcomes that have
been implicated in metabolic diseases in both humans and
dogs [43]. Although themetabolic pathways are similar, the
clinical outcomes differ in dogs, as they rarely progress to
type 2 diabetes or atherosclerosis [44]. Nevertheless, high-
fat diets and obesity in canines and felines lead to delete-
rious effects including higher oxidative stress, chronic in-
flammation, dysregulated lipid and glucose metabolism—
all of which are drivers of general pathophysiology and pre-
mature aging. To our knowledge, no experimental work fo-
cusing on cardiovascular benefits of L, Z, andMZ in canine
or feline companion animals has been reported; this gap in
the literature represents an area for future study with a plau-
sible rationale for empirical rationale. The aforementioned
results seen in humans and lab animals warrant application
and a focused examination of dietary xanthophylls within
the context of animal obesity and metabolic syndrome, par-
ticularly in dogs and cats that may be prone to overeating
due to their human proximity.

Research on dietary supplementation for equine car-
diovascular benefits has focused largely on vitamins E, C,
and β-carotene, rather than L, Z, and MZ [34]. However,
given the oxidative stress associatedwith exercise in horses,
it is another area that would benefit from future research.

6. Future Research Directions
Macular xanthophyll research in companion animals

is generally lacking and for some organ systems (e.g.,
“skin/integument” and “nervous system”) there are no data.
Based on research in humans and other animals, however,
there is significant potential for these nutrients to benefit
system-specific health in dogs, cats, and horses. Structures
and physiologic connections that comprise the skin, integu-
ment, and nervous systems specifically represent logical di-
rections for future research and are outlined below.

6.1 Skin/Integument
Carotenoids such as L and Z are absorbed into circu-

lation after dietary intake in dogs and cats and plasma lev-
els increase with supplementation [3], but there are no data
that document deposition into the skin of these species. In
humans and laboratory animals (i.e., rodents), L and Z are
present in skin and have been studied for their potential to

protect against UV damage [13,16]. Species-specific dif-
ferences in carotenoid metabolism and tissue uptake exist,
however, and utilization across physiologic systems likely
vary by species. There is rationale for local deposition and
antioxidant activity within the skin and integument of dogs,
cats, and horses. The relatively high turnover rate of cells
within these systems, coupled with the direct exposure of
these superficial tissues to environmental stressors suggests
that these tissues would benefit significantly from the pro-
tective benefits of L, Z, andMZ. L, Z, andMZ are lipophilic
antioxidants that quench reactive oxygen species, particu-
larly in lipid membranes. The lipophilic outermost layers
of skin, i.e., stratum corneum, in humans has been shown
to contain deposits of xanthophyll carotenoids that directly
correlate to plasma concentrations [45]. Moreover, omega-
3 and omega-6 fatty acids are plentiful in the cell mem-
branes of keratinocytes, hair follicles, nail beds, and hooves
and are essential to the health and protection of integumen-
tary tissues [46,47,48,49]. Co-localization of the polyunsat-
urated fatty acids with L, Z, andMZmay, therefore, provide
dual protection for these tissues, thus decreasing oxidative
stress, reducing inflammation, and promoting healthy coats
and integumentary appendages.

Nails, hooves, and hair follicles are sites of high
metabolic activity, particularly during growth and kera-
tinization, making them susceptible to oxidative stress. Re-
active oxygen species and associated oxidative stress inter-
fere with hair follicle development and growth [47]; there-
fore, if L, Z, and MZ were locally deposited at these tissue
development sites, it may limit oxidative damage and pro-
tect structural proteins and lipids needed for healthy skin
and appendages. Equine hooves are highly vascularized
and require adequate nutrient and antioxidant supply for
strength and proper keratinization, while the fur quality and
nail integrity in dogs and cats rely on follicular and nail ma-
trix cell health; both of which may benefit from the antiox-
idant and anti-inflammatory support of L, Z, & MZ.

6.2 Nervous System

L and Z accumulate selectively in neural tissues. In
human and primatemodels, L is the predominant carotenoid
in neural tissue, particularly in brain areas with high
metabolic demand and potential for increased oxidative
stress. Studies in humans have shown that higher levels
of retinal (and therefore brain) L and Z correlate with im-
proved cognitive processing, memory, and reaction time
[12,50]. Additionally, L, Z, and MZ supplementation has
been associated with increased serum antioxidant capac-
ity and brain-derived neurotrophic factor, a marker of neu-
ral plasticity [30]. While direct analogs of these human
findings are limited in companion animal species, there
is a mechanistic basis to explore similar cognitive effects
dogs, cats, and horses, particularly when provided along-
side omega-3 polyunsaturated fatty acids (i.e., docosahex-
aenoic acid (DHA) and eicosapentaenoic acid (EPA)).
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Again, given the across-species conservation and neu-
ral expression of SR-BI, CD36, StARD3, and GSTP1 (as
noted in the “Visual System/Retina” section), it is plausible
that mechanisms involving xanthophyll carotenoids in the
brain tissue of dogs, cats, and horses are similar to those de-
scribed in humans and non-human primates. More research
is needed to determine species-specific mechanisms and ac-
tivity within the central nervous system in order to properly
translate effects into canine, feline, and equine populations.

7. Conclusion
Collectively, the available literature supports the con-

clusion that the xanthophyll carotenoids L, Z, and MZ are
absorbed and systemically distributed in companion ani-
mals, with dogs demonstrating themost consistent evidence
of bioavailability and positive functional outcomes. Oxida-
tive stress is implicated in the aging process in canines, so
it is reasonable to assume that incorporation of antioxidants
may lead to improvement in aging/age-related disease pro-
cesses. Older animals have increased susceptibility to tissue
damage from reactive oxygen species, which can cause ac-
celerated aging and contribute to the development of cogni-
tive impairment, disrupted physiology, chronic disease, and
a reduced quality of life. Moreover, with a higher preva-
lence of canine and feline obesity, as well as high-fat diets,
it is important to consider the potential for antioxidant and
anti-inflammatory properties of L, Z, and MZ to counteract
the pernicious effects of these conditions.

The evolutionary conservation of carotenoid trans-
porters, binding proteins, and enzymes across species pro-
vides a mechanistic basis for tissue-specific activity of L,
Z, and MZ within immune, visual, nervous, integumen-
tary, and cardiovascular systems. Functional outcomes as-
sociated with xanthophyll intake, such as immunomodu-
latory effects and improvements in retinal electrophysio-
logical stability have been demonstrated in canine models;
however, in cats and horses, there is a significant gap in
the research. Taken together, these data indicate that L, Z,
and MZ meaningfully contribute to oxidative and inflam-
matory regulation across multiple physiological systems in
companion animals, albeit with species-specific differences
in magnitude and expression.

Real-world application of the effects of xanthophyll
supplementation in companion animals is limited by impor-
tant knowledge gaps. While carotenoids are increasingly
incorporated into commercial pet and equine diets, studies
directly linking intake to tissue deposition, mechanistic ac-
tivity, and clinically relevant outcomes are few. Future in-
vestigations should aim to examine species-specific dose-
response relationships, quantify tissue distribution in body
systems, and ideally define the functional effects within the
retina, central nervous system, immune tissues, and car-
diovascular system. It would also be prudent to exam-
ine potential interactions/synergy with dietary lipids (i.e.,
omega-3 and -6 fatty acids) and investigate applications

to specific populations within species (e.g., aging, obese,
sport/exercise) in order to determine the specific benefits
of dietary and supplemental L, Z, and MZ in veterinary nu-
trition and companion animal health.
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