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Key messages
> Vitamin A and specific carotenoids are important
immunomodulatory and anti-inflammatory dietary
components.

> Adequate intake of vitamin A, and possibly also of

maturation of innate immune cells.3,5,6 In VA-deficient animals,
T-cell and occasionally B-cell populations are reduced, and myeloid lineage cells, especially granulocytes, tend to be increased.
Infections decrease VA intake as a result of infection-induced
anorexia, altered VA intestinal absorption,7 and increased urinary excretion.8 Effects of systemic inflammation on circulating
carotenoid levels, mobilization, or bioavailability have been less
studied. Certainly, some carotenoid effects on immunity and inflammation are mediated by provitamin A activity. In addition,
immunomodulatory and anti-inflammatory effects of specific
xanthophyll carotenoids (including lutein, zeaxanthin, and astaxanthin) appear to be independent of actions on retinoid receptors (RARs, RXRs).

carotenoids, is important for establishing normal pregnancy
and resistance to infections in early life.

> Specific carotenoids promote polarization of T effector cells
and macrophages toward anti-inflammatory phenotypes.

> Xanthophyll carotenoids, including lutein and
astaxanthin, suppress neuroinflammation.

> Lutein inhibits the neuroinflammatory response to
hypoxic ischemic brain injury in a perinatal rat model.

Dietary vitamin A and infection in early life
Dietary carotenoids and retinoids play important roles in innate
and acquired immunity and in the inflammatory response during
pregnancy and development. In particular, vitamin A (VA) deficiency, which affects 190 million children worldwide, increases
the likelihood of early childhood mortality due to common infections.1,2 In VA-deficient or insufficient states, the increased
susceptibility to immune-mediated and inflammatory disorders
is related to impaired responses to infection, impaired epithelial barrier function,3,4 and immunological defects. In particular,
responses to mucosal pathogens are impaired when VA stores
are low – in part because VA metabolites promote functional

Carotenoids and inflammation in pregnancy
and fetal development
The inflammatory response is tightly regulated during reproduction, embryonic and fetal development, and the postnatal transition into infancy. In humans, during implantation, uterine T helper
(Th) cells are polarized to a predominant Th1 (pro-inflammatory)
over Th2 (anti-inflammatory) cell effector profile and tissue proinflammatory cytokines (including IL-6, IL-15, IFN-γ, and TNF-α)
promote placental trophoblast invasion into the maternal endometrium, myometrium, and uterine vasculature. This tissue invasion is more extensive than in other mammals, including closely
related non-human primates. Placental trophoblast invasion into
uterine tissue layers results in recruitment and activation of maternal immune cells. In contrast, after the uteroplacental bed is
established during the first trimester, a normal pregnancy state
is characterized by immune quiescence – namely, a Th2 cytokine
profile and suppression of maternal immunological rejection of
the “foreign” fetoplacental unit.9 A pro-inflammatory, Th1 cytokine state is reactivated during parturition,10 resulting in the positive feedback loop that ends with birth and placental expulsion.
In preeclampsia, a major pro-inflammatory and pro-oxidant
disorder of placentation and pregnancy, uteroplacental inflammation and pro-inflammatory Th1 cytokines persist into the
second and third trimester. Retinol and certain carotenoids (e.g.,
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lutein) may suppress this inflammation by antagonizing the
pro-inflammatory cytokine response and by promoting TGF-β activity (Figure 1). TGF-β produced by macrophages interacts with
natural killer (NK) cells, facilitating maternal tissue acceptance
of trophoblasts while preventing them from killing fetal cells. In
order to prevent excessive inflammation that could result in the
rejection of the fetal allograft, several systemic factors including
retinol and carotenoids, calcitriol, IL-10, progesterone (P4) produced by decidual cells, trophoblasts, and syncytiotrophoblasts
act as anti-inflammatory factors modulating this immunosuppressive microenvironment. Retinoic acid (RA) and certain carotenoids are also known to induce TGF-β. It is intriguing that
analyses of maternal carotenoid concentrations suggest inverse
relationships between plasma lutein, α- and β-carotene, and lycopene with risk or severity of preeclampsia as well as another
pro-inflammatory condition in pregnancy, diabetes mellitus.11–14

“Analyses of maternal carotenoid
concentrations suggest inverse
relationships between plasma lutein,
α- and β-carotene, and lycopene”
Immune cell (lymphocyte) proliferative responses to mitogens are also retinoid-dependent.15,16 In pregnant mice, supplementation with VA and β-carotene affects immune cell functions
during ontogenesis.17 In these experiments, the dams were provided with a control diet or different retinoid- and carotenoidenriched (4,500 retinol equivalents/kg) diets beginning at conception. The VA and β-carotene supplementations variously in-

figure 1: Model for specific retinoid and carotenoid action on cytokine profiles during implantation. At the fetal/ maternal
interface during early pregnancy, a state of controlled inflammation promotes trophoblast invasion of the endometrium,
myometrium and uterine spiral arteries. RA and certain carotenoids including lutein, α- and β-carotene, and lycopene may
participate in regulating this process and subsequent onset of maternal/placental/fetal immune quiescence. Modified from10

TNF-α
INF-γ
IL-6
IL-15

IL-10, calcitriol, P4, carotenoids (lutein), retinol
Blastocyst

SC

TGF-β

Dendritic cell

Embryo cell

Ephitelial cell

Decidual cell

Spiral arteriole

NK cell

calcitriol, carotenoids (lutein), RA

Cytotrophoblasts

SIGHT AND L IFE | VOL. 30(2) | 2016

JAMES ALLEN OLSON MEMORIAL LECTURE

creased lymphocyte numbers in early and mid-pregnancy and
increased the T:B cell ratios.17 In mice, maternal VA supplementation via intraperitoneal injections have increased serum IgM
and Th2-specific IgG1 levels in the offspring.18 Moreover during
postnatal development VA regulates the Th1:Th2 switch and
thereby modifies immune and inflammatory responses.19,20
VA, carotenoids, and inflammation in the newborn
Intermittent or sustained systemic inflammation is an important component of many diseases of newborns and infants, and
importantly contributes to the pathogenesis of most disorders
associated with prematurity, including chronic lung disease
(also known as bronchopulmonary dysplasia [BPD]), brain damage, and neurodevelopmental disorders.21,22 In a clinical trial
among extremely low birth weight (< 1,000 g) preterm infants
who have high risk for BPD, VA supplementation (5,000 IU retinyl palmitate, three times weekly for four weeks) significantly
decreased the prevalence of BPD.23 Regarding preventive and
therapeutic strategies for hypoxic-ischemic brain injury in both
preterm and term infants, interventions increasingly emphasize
neurotoxic and neuroinflammatory cascades. A recent focus is
to develop strategies for enhancing endogenous neuroprotective mechanisms. Lutein, which is selectively accumulated in
retina and brain, has anti-inflammatory activity in retinal diseases and may be a promising neuroprotective agent throughout the lifespan.

“Lutein has anti-inflammatory
activity in retinal diseases and
may be a promising neuroprotective
agent throughout the lifespan”
Both RA24 and lutein25 suppress neuroinflammation mediated by astrocytes and microglia – two cell types important in
acute brain injury accompanying preterm and term birth (Figure 2). In addition to lutein, several other xanthophylls, such as
astaxanthin, similarly have anti-inflammatory neuroprotective
effects. Known mechanisms of xanthophyll (lutein, astaxanthin) mediated neuroprotection include blocking the actions of:
NF-κB signaling on microglial/astrocyte activation, neuronal
inflammation, inflammatory cytokine/chemokine release, and
neuronal cell death.26
Investigating carotenoid effects on developmental immunity in animal models has been challenging due to pronounced
differences in carotenoid absorption, kinetics, and metabolism
between primates (humans, macaques) and rodents. Nevertheless, we have shown as proof of principle in a perinatal rat model
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that lutein is transferred from dam to fetuses and via the milk to
the pups and suppresses hypoxic ischemic neuroinflammation.
In this hypoxic/ischemic (HI) brain injury model, anesthetized
neonatal rat pups (day 7) undergo left carotid artery ligation
(unilateral brain ischemia) followed by several hours’ duration
in ambient low-oxygen tension (hypoxia). Pups were sacrificed
on day 10 and brain tissue analyzed by histology (hematoxylin/
eosin and Nissl staining); immunohistochemistry for markers of
hypoxic cell damage, apoptosis/necrosis, and neuroinflammation; gene expression profiling by RT-qPCR; protein expression
and activation by western blot; and lutein accumulation by HPLC.
Figure 2 illustrates the differences in inflammatory cytokine and
receptor whole-brain gene expression between lutein pretreated
(y-axis) and untreated (x-axis) animals. The blue lines represent
greater than two-fold increased and decreased expression. Lutein upregulated several anti-inflammatory mediators including
IL-11, IL-1R, CCR5, and CXCR1; lutein pretreatment decreased
expression of multiple pro-inflammatory genes including TNF-α
family members, interleukins, and Fas ligand.
Lutein: breast milk levels and dietary supplementation
The fetus acquires carotenoids via transplacental transfer from
the mother. Hence, fetal and cord blood carotenoids levels are,
in part, dependent on maternal dietary intake. In newborns and
infants, breast milk is the intended complete diet. As in the case
for transplacental carotenoid transfer, breast milk carotenoid
levels also rely on maternal diet. Among the various carotenoids
in human milk, lutein is usually predominant.27 In term newborns, lutein supplementation suppresses measures of systemic
oxidant stress.28
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figure 2: Gene expression profiling of neuroinflammatory cytokines and receptors in rat pup brain tissue after hypoxic
ischemic injury, depicted by expression level and differential expression between lutein-pretreated (y-axis) and control (no lutein,
x-axis). Blue lines represent > 2-fold differences between groups. Red circles indicate lutein-upregulated genes and green circles
indicate lutein-downregulated genes. Experimental data (unpublished) from Rubin lab (TTUHSC El Paso: Sambalingam D,
Gong X, Rubin LP).
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“Fetal and cord blood carotenoids
levels are, in part, dependent on
maternal dietary intake”
Retinopathy of prematurity (ROP), a neovascular retinopathy,
appears to be a lutein-responsive disorder. ROP is the leading
cause of acquired blindness in children in industrialized countries.
It is characterized by systemic and localized neuroretinal inflammation.29 In a clinical trial in preterm infants, lutein suppressed
both systemic inflammation (measured by C-reactive protein,
CRP) and retinopathy severity.29 Of note, lutein supplementation (or repletion) has similar antioxidant and anti-inflammatory
effects to those in ROP in adult diabetic neovascular retinopa-

thies.30 In experimental animal models, lutein and astaxanthin31
suppress inflammation and improve retinal function in diabetic
retinopathy. The specific effects of lutein compared to its geometric isomer zeaxanthin are currently being investigated. Unlike
most foods, which contain more lutein than zeaxanthin, wolfberry
(goji, Lycium barbarum) – an Asian fruit traditionally consumed
to prevent eye diseases – is a particularly zeaxanthin-rich dietary
source. In diabetic mice, wolfberry ameliorates retinopathy, suppresses inflammation, and provides retinal protection – effects
that are mimicked by zeaxanthin or lutein in vitro.32
Xanthophylls as anti-inflammatory agents
Xanthophyll carotenoids exert anti-inflammatory and immunomodulatory activities by inhibiting oxidative stress responses, inflammatory mediators, and lipid peroxidation; inhibiting
pro-inflammatory NF-κB and MAPK signaling; blocking advanced
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glycation end-product formation; suppressing scavenger receptor expression; suppressing lymphocyte and macrophage activation;33 and modulating T cell polarization, e.g., increasing T
regulatory (Treg) and decreasing Th17 cell expansion.5 Recent
investigations point to important roles in T cell polarization for
several other, presumably non-provitamin A xanthophylls. One
example is fucoxanthin, found in brown algae. Fucoxanthinmediated Treg induction and Th17 inhibition lead to suppressed
inflammation and autoimmunity.34 Recent data indicate xanthophylls are also regulators of macrophage-dependent immune
responses. The dietary xanthophyll astaxanthin, which is found
in pink-orange fish and crustaceans, drives IL-10 production in
(anti-inflammatory) M2 macrophages. Similarly, lutein and astaxanthin both support monocyte polarization away from the
‘killer’ M1 macrophage phenotype to M2 macrophages (Rubin LP,
unpublished data).
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