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Characterizing the effect of supplements on the phenotype of
cultured macrophages from patients with age-related macular
degeneration

Batya Rinsky, Shira Hagbi-Levi, Sarah Elbaz-Hayoun, Michelle Grunin, Itay Chowers

Department of Ophthalmology, Hadassah-Hebrew University Medical Center, Jerusalem, Israel

Purpose: Oral vitamin and mineral supplements reduce the risk of visual loss in age-related macular degeneration
(AMD). However, the pathways that mediate this beneficial effect are poorly understood. Macrophages may exert oxida-
tive, inflammatory, and angiogenic effects in the context of AMD. We aim to assess if oral supplements can modulate
the macrophage phenotype in this disease.

Methods: Monocytes were isolated from patients with neovascular AMD (nvAMD), cultured, matured to macrophages,
and polarized to classical [M1 (stimulated by IFNy and lipopolysaccharide (LPS))] and alternative [M2 (stimulated with
IL-4 and IL-13)] phenotypes. Combinations of antioxidants including lutein+zeaxanthin (1 pM; 0.2 uM), zinc (10 pM),
carnosic acid (2 pM), beta-carotene (2 M), and standardized tomato extract containing lycopene and other tomato
phytonutrients were added to the culture media. Levels of anti-inflammatory, antioxidant, and pro-angiogenic gene and
protein expression were then evaluated.

Results: Combinations of lutein and carnosic acid with zinc and standardized tomato extract or with beta-carotene
yielded an antioxidative, anti-inflammatory, and antiangiogenic effect in M1 and M2 macrophages. These effects mani-
fested in the upregulation of antioxidative genes (HMOX1, SOD1) and the downregulation of pro-angiogenic genes and
pro-inflammatory genes (SDF-1, TNF-alpha, IL-6, MCP-1). Lutein monotherapy or a combination of lutein and zinc had
less effect on the expression of these genes.

Conclusions: Combinations of supplements can modify the expression of genes and proteins that may be relevant for the
involvement of macrophages in the pathogenesis of AMD. Further studies are required to evaluate if the modulation of
the macrophage phenotype partially accounts for the beneficial effect of oral supplements in AMD and if modification
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of the AREDS formula can improve its effect on macrophages.

Age-related macular degeneration (AMD) is associ-
ated with chronic low-grade systemic and local activation
of innate immunity. This inflammatory response includes
complement activation and recruitment and activation of
mononuclear cells, such as monocytes and their macrophage
descendants. The inflammatory response was documented
in both the atrophic (dry) stage of AMD (aAMD) and the
neovascular stage of the disease (nvAMD).

The involvement of monocytes and macrophages in
the pathogenesis of AMD is suggested by several lines of
evidence from humans and from experimental rodent models.
Among these findings are the histological identification of
macrophages in the vicinity of AMD lesions in the retina and
choroid [1,2]. We have previously reported on the upregulation
of chemokine receptors involved in monocyte recruitment
and global pro-inflammatory gene expression patterns in
monocytes and peripheral blood mononuclear cells (PBMCs)

Correspondence to: Itay Chowers, Department of Ophthalmology,
Hadassah-Hebrew University Medical Center, POB 12000,
Jerusalem, Israel, 91120; Phone: +972-2-6777228; FAX: +972-2-
6777228; email: chowers@hadassah.org.il

889

from nvAMD patients [3-5]. In rodents, macrophages modu-
late the course of laser-induced choroidal neovascularization,
genetically driven retinal degeneration, and photic retinal
injury [6-15], further supporting their suggested role in AMD.

Macrophages can polarize in tissue to phenotypes that
have a variety of actions. It was previously suggested that
classically activated macrophages (M1) have a pro-inflam-
matory response, while alternatively activated macrophages
(M2) may have multiple functions, including a pro-angiogenic
effect [16]. In AMD eyes, both M1 and M2 macrophages are
present. The actual role of these polarized macrophages in the
disease is unclear, and limited data are available on the char-
acteristics of macrophages derived from AMD patients [17].
Among the functions of macrophages that may be important
in the context of AMD is a prominent capability to generate
oxidative injury [18]. Such injury may result in cell death and
accelerated inflammation and angiogenesis. Indeed, oxidative
injury is thought to play an important role in the pathogenesis
of AMD [19,20].

According to AREDS studies, oral phytonutrient (lutein,
zeaxanthin, vitamins C and E) and mineral (zinc, copper)
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supplements are routinely prescribed once the intermediate
stage of AMD is detected. Such supplementation reduces the
risk of developing nvAMD and visual loss, but it does not
affect the progression of atrophic AMD (aAMD) [21]. While
it is thought that antioxidative effects mediate the protective
role of such supplementation, there is little data regarding its
mechanisms and targets. Furthermore, the magnitude of the
therapeutic effect of oral supplements was moderate, with the
majority of patients progressing despite supplement therapy.

The involvement of macrophages in AMD that may
contribute to oxidative injury in the disease combined with
the protective effect of antioxidant supplements against the
development of nvAMD may imply that macrophages are
one of the mediators of the protective effects of vitamins
and minerals in nvAMD. According to this hypothesis, oral
supplements may curb the pro-angiogenic effect of macro-
phages in the context of AMD by modulating their pheno-
types. This research was designed to assess this hypothesis
and to evaluate if improved macrophage modulation may be
possible with a modified supplementation formula. To that
end, we have evaluated the effect of a combination of antioxi-
dant supplements on the phenotype of polarized macrophages
from nvAMD patients in terms of the expression of genes and
proteins that are relevant in the context of the disease.

METHODS

Patients: nvAMD patients [n=10, 7 females, 3 males; mean
age + standard error of the mean (SEM): 78.3 + 2.25 years,
range: 65—88 years] were recruited from the retina clinic
at the Department of Ophthalmology at Hadassah-Hebrew
University Medical Center in Jerusalem. The study was
performed on cells isolated from nvAMD patients, as we have
previously demonstrated that peripheral blood mononuclear
cells (PBMCs), monocytes, and macrophages from AMD
patients show altered gene and protein expression and altered
function compared with age-matched unaffected individuals
[4,5,22,23]. Inclusion criteria for nvAMD patients were age
over 55 years, a diagnosis of AMD according to the AREDS
criteria [24], and a diagnosis of choroidal neovascularization
(CNV) based on a fluorescein angiogram (FA) and optical
coherence tomography (OCT). Eyes with neovascular lesions
comprised of less than 50% active CN'V, sub-retinal hemor-
rhage greater than 25% of the lesion size, or the presence of
other retinal diseases were excluded from the study. Specifi-
cally, eyes with any other potential cause for CNV, such as
myopia >6 diopters, trauma, or uveitis, were excluded. Also
excluded were patients with a major systemic illness, such
as cancer, autoimmune disease, congestive heart failure,
or uncontrolled diabetes. Approval for all experimental
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protocols and study involving human subjects were approved
by the Local Ethics Committee on Research Involving Human
Subjects of the Hadassah Medical Center (File #22—-03.08.07).
All patients signed informed consent forms that adhered to
the tenets of the Declaration of Helsinki before participating
in the study.

Macrophage preparation: Blood samples (30 ml) were
collected in EDTA tubes (BD Biosciences, San Jose, CA).
Monocytes were isolated from the whole blood, differenti-
ated into macrophages (MO0), and activated into M1 and M2
phenotypes, as previously described [25-29]. PBMCs were
separated using a Histopaque—Ficoll density centrifuge
according to the manufacturer’s recommendations (Sigma-
Aldrich, Munich, Germany). PBMCs (3*107 cells/cm?) were
suspended in Roswell Park Memorial Institute (RPMI)
1640 medium (Biological Industries, Beit Haemek, Israel)
and seeded into 6-well plates coated with the amino acid
poly-d-lysine, which facilitates the adherence of monocytes.
One hour after incubation in a 37 °C and 5% CO, incubator,
cells were washed with PBS, and monocytes were cultured
for seven days in RPMI 1640 supplemented with 10% fetal
calf serum (FCS), 1% non-essential amino acid (NEAA),
1% glutamine, 1% sodium pyruvate, penicillin-streptomycin
(100 units/ml), and 100 ng/ml macrophage colony-stimulating
factor (M-CSF, PeproTech, Rocky Hill, NJ). M-CSF was
added to the growth medium to induce maturation of the
monocytes to macrophages. Polarization of macrophages
was achieved by the addition of cytokines as follows: 20
ng/ml IFNy (PeproTech) and 100 ng/ml lipopolysaccharide
(LPS; Sigma-Aldrich) were added on day six to obtain an
M1 phenotype. To obtain an M2 phenotype, 50 ng/ml IL-13
(PeproTech) and 20 ng/ml IL-4 (PeproTech) were added on
day five of culturing [22,30].

Vitamin and mineral treatment: Following activation,
macrophages were incubated with one of four supplement
combinations or with a vehicle control. The supplement
groups included (final concentrations in parenthesis): G1:
luteint+zeaxanthin (Katra, Karnataka, India; 1 uM; 0.2 uM);
G2: luteintzeaxanthin (1 pM; 0.2 uM) and zinc (Navkar,
Maharashtra, India; 10 puM); G3: lutein+zeaxanthin (1 pM;
0.2 uM), zinc (10 pM), Lyc-O-Mato (Lycored, Be’er Sheva,
Israel; 2 uM; standardized tomato extract containing lyco-
pene [6%] and other tomato phytonutrients such as phytoene,
phytofluene, tocopherols, and phytosterols), and carnosic
acid (2 pM; added as rosemary extract containing 20% CA;
Lycored, Be’er Sheva, Israel); G4: lutein+zeaxanthin (1 pM;
0.2 uM), carnosic acid (2 uM), and beta-carotene (2 uM);
and GS: vehicle control. The concentrations of the different
compounds in culture were chosen to mimic serum levels
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Figure 1. Validation of macrophage polarization. QPCR was done using markers for the phenotype of M1 and M2 macrophages. Panels
A and B show expression levels of tumor necrosis factor o (7NF a) and interleukin 12 (/L-12) markers for M1 polarization, while Panel C
shows expression levels of mannose receptor C-type 1(MRCI), a marker for M2 polarization. Accordingly, M1 macrophages showed higher
mRNA levels of TNFa and IL-12 compared with M2 macrophages (A, B). M2 macrophages demonstrated increased mRNA levels of MRCI
compared with M1 cells (C). *=p<0.01. Panel D indicates M1 macrophage morphology via inverted microscope at 40x magnification, and

Panel E indicates M2 macrophage morphology.

obtained following oral supplementation. Supplements
were added to the culture media at the time of inducing
polarization.

ELISA: Following macrophage polarization and treatment
with supplements, supernatant was collected from the macro-
phage cell cultures and stored at —20 °C. The levels of six
proteins were tested using an enzyme-linked immunosorbent
assay (ELISA): tumor necrosis factor o (TNF o), C-X-C motif
chemokine ligand 12 (SDF1), C-C motif chemokine ligand
2 (MRCI1/CCR2), interleukin 8 (IL-8), interleukin 6 (IL-6),
and intercellular adhesion molecule (ICAM). The ELISA
(PeproTech) was performed according to the manufacturer’s
instructions. These proteins were chosen because they were
previously implicated in the pathogenesis of AMD. The
results were read on 96-well plates using a spectrophotometer
(FluoStar BMG LABTECH GmBH, Ortenberg, Germany).
The ELISA was performed in duplicate in a volume of 100
ul. Each plate included standard concentration gradients for
calibration.

QOPCR: RNA was extracted from macrophage cultures
using RNA isolation reagent (TriReagent; Sigma-Aldrich)
according to the manufacturer’s protocol. The RNA was
then treated with DNAase (TURBO DNA-free, Ambion,
Austin, TX). The RNA quality and quantity was assessed
using a NanoDrop (Thermo Scientific, Waltham, MA) and a
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bioanalyzer (Agilent, Santa Clara, CA). Reverse transcription
of RNA to cDNA was performed using a cDNA kit (High
Capacity Reverse Transcription kit; Applied Biosystems,
Carlsbad, CA) according to the manufacturer’s protocol.
The expression levels of genes associated with macrophage
polarization and the response to oxidative injury were then
evaluated. The genes tested included tumor necrosis factor o
(TNFo, Assay ID # Hs99999043 m1), interleukin 12 (/L-12;
Hs01011518 ml), vascular endothelial growth factor (VEGF;
Hs00900055 m1; Applied Biosystems), inositol-3-phosphate
synthase 1 (ISYNAI; Hs01126940 gH), mannose receptor
C-type 1 (MRCI; Hs00267207 _ml), heme oxygenase
I(HMOXI; Hs01110250_m1), catalase (CAT; Hs00156308
ml), glutathione peroxidase 1(GPXI; Hs00829989 gH),
and superoxide dismutase 1(SODI; Hs00533490 ml). These
were evaluated in triplicate using quantitative real-time
PCR (QPCR) and the above detailed TagMan gene expres-
sion assays. Fluorescent signals were measured using the
StepOnePlus system (Applied Biosystems, Foster City,
CA). The expression levels of each gene were compared
using hypoxanthine-guanine phosphoribosyl transferase 1
(HPRTI; Hs99999909 ml; Applied Biosystems) [31] as an
endogenous control according to the standard 24A¢D calcula-
tion [32], giving results as a relative quantification (RQ) and
fold change + standard error of the mean (SEM).
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TABLE 1. QPCR RESULTS FOR M1 MACROPHAGES-GROUP COMPOSITION.

Gene name Mean M1
p-value G1 G2 G3 G4 G5

ISYNAI mean (SD) 0.39 (1.67) 0.43 (0.12) 1.11 (0.41) 1.66 (0.35) 1 (0.59)
P value * 0.09 0.015 0.63 0.17

MRCI mean (SD) 0.45 (0.47) 1.1 (0.15) 1.29 (0.72) 1.35 (0.17) 1 (0.58)
P value 0.4 0.48 0.5 0.28

VEGF mean (SD) 1.73 (0.38) 1.08 (0.65) 0.57 (0.24) 0.55 (0.28) 1(0.43)
P value 0.066 0.835 0.07 0.073

SOD1 mean (SD) 0.76 (0.25) 0.94 (0.54) 3.14 (0.82) 7.0 (0.94) 1(0.42)
P value 0.55 0.48 0.0095 0.004

HMOX1 mean (SD) 0.864 (0.1) 1.29 (0.63) 24.144 (7.64) 18.66 (8.67) 1 (0.49)
P value 0.6 0.4 0.0061 0.0025

CAT mean (SD) 0.74 (0.28 0.79 (0.18) 1.62 (0.39) 1.6 (0.95) 1 (0.18)
P value 0.5 0.7 0.11 0.26

GPX1 mean (SD) 2.99 (1.51) 1.95 (0.98) 1.22 (0.89) 1.33 (0.98) 1 (0.98)
P value 0.16 0.4 0.66 0.17

G1: luteint zeaxanthin, G2: lutein+ zeaxanthin and zinc, G3: lutein+ zeaxanthin, zinc, Lycomoto and carnosic acid, G4: lutein+ zeaxan-
thin, carnosic acid and beta- carotene, G5: vehicle control. Genes analyzed included inositol-3-phosphate synthase 1(ISYNAI), mannose
receptor C-type 1(MRC1), vascular endothelial growth factor a (VEGF), superoxide dismutase 1(SOD1), heme oxygenase 1(HMOXI),
catalase(CAT) and glutathione peroxidase 1(GPXI). * compared to G5 by Mann—Whitney. Gene expression levels represented in RQ
values with the control group transformed to 1 and each subsequent group normalized accordingly.

TABLE 2. QPCR RESULTS FOR M2 MACROPHAGES-GROUP COMPOSITION.

Gene name Mean M2
p-value G1 G2 G3 G4 G5

ISYNAI mean (SD) 0.74 (0.52) 0.44 (0.15) 0.61(0.65) 0.29 (0.15) 1(0.54)
P value * 0.24 0.008 0.81 0.0043

MRCI1 mean (SD) 1.46 (0.17) 0.84 (0.12) 0.93 (0.14) 0.95 (0.26) 1(0.36)
P value 0.05 0.7 0.73 >0.9999

VEGF mean (SD) 1.73 (0.78) 1.2 (0.64) 2.92 (0.81) 1.95 (0.59) 1(0.0.37)
P value 0.08 0.62 0.0043 0.026

SOD1 mean (SD) 0.72 (0.26) 0.53 (0.069) 1.45 (1.25) 1.27 (1.04) 1 (0.625)
P value 0.73 0.14 0.45 0.83

HMOX1 mean (SD) 1.13 (0.64) 0.84 (0.39) 5.73 (1.08) 2.94 (0.85) 1 (0.56)
P value 0.8 0.7 0.0012 0.0012

CAT mean (SD) 1.55 (0.85) 0.64 (0.41) 1.58 (0.83) 0.87 (0.33) 1 (0.58)
P value 0.165 0.07 0.18 0.9

GPX1 mean (SD) 0.72 (0.4) 0.31 (0.12) 0.23 (0.1) 0.27 (0.05) 1(1.34)
P value 0.4 0.7 0.07 0.13

G1: luteint zeaxanthin, G2: luteint+ zeaxanthin and zinc, G3: luteint zeaxanthin, zinc, Lycomoto and carnosic acid, G4: luteint zeaxan-
thin, carnosic acid and beta- carotene, G5: vehicle control. Gene analyzed included inositol-3-phosphate synthase 1(ISYNAI), mannose
receptor C-type 1(MRC1), vascular endothelial growth factor a (VEGF), superoxide dismutase 1 (SOD1), heme oxygenase 1 (HMOXI),
catalase (CAT) and glutathione peroxidase 1 (GPXI). * compared to G5 by Mann—Whitney. Gene expression levels represented in RQ
values with the control group transformed to 1 and each subsequent group normalized accordingly.
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TABLE 3. ELISA RESULTS FOR M1 MACROPHAGES-GROUP COMPOSITION.

Protein name  Mean M1
p-value G1 G2 G3 G4 G5
Mean 483.09
TNF a (SD) 641.89 (283.4)  732.59 (181.77) (306.4) 550.17 (257.8) 604.207 (291.4)
P value * 0.79 0.57 0.46 0.72
mean 971.51
SDF1 (SD) 937.3 (261.57)  750.79 (190.07) 852.38 (228.14) 758.17 (134.5) (117.2)
P value 0.95 0.02 0.23 0.006
mean
MCP1 (SD) 3718.7 (268.34) 3596.47 (290.3) 3187.93 (466.08) 3030.82 (582.9) 3876.68 (290.2)
P value 0.044 0.1 0.0047 0.003
Mean 339.8 3497
IL-8 (SD) 357.29 (123.74)  383.09 (103.3) (105.8) 357.78 (70.16) 91.5)
P value 0.87 0.64 0.87 0.87
Mean 393.41
1L-6 (SD) 2664.58 (425.1) 2624.64 (669.9) (136.2) 859.88 (639.8) 2395.57 (940.05)
P value 0.99 0.72 0.0006 0.007
mean 476.9 571.87
ICAM (SD) (307.6) 664.05 (174.64) 425.68 (235.53) 553.04 (150.82) (86.98)
P value 0.19 0.39 0.39 0.78

G1: luteint+ zeaxanthin, G2: luteint zeaxanthin and zinc, G3: Iuteint zeaxanthin, zinc, Lycomoto and carnosic acid, G4: lutein+ zeaxan-
thin, carnosic acid and beta- carotene, G5: vehicle control. Proteins analyzed included tumor necrosis factor o (TNF a), C-X-C Motif
chemokine ligand 12 (SDF1), C-C Motif chemokine ligand 2 (MRC1), interleukin 8 (IL-8), interleukin 6 (IL-6) and intercellular adhesion
molecule (ICAM). * compared to G5 by Mann—Whitney. Protein levels represented in values of pg/ml.

Reactive oxygen species (ROS) measurements: Blood samples
from three additional patients were collected (n=3, three
females, mean age + standard error of the mean (SEM):
85.6 + 4.978 years, range: 78—95 years). Monocytes were
isolated from the whole blood and activated to macrophages
as described above. The macrophages were cultured in
6-well plates for 4 days and were polarized as described. The
cells were harvested, re-seeded in adequate 96-well plates,
polarized, and treated with the supplements as described
above. ROS were measured by staining the cells using the
DCFDA cellular ROS detection assay kit (Abcam-ab113851,
Cambridge, MA) according to the manufacturer’s instructions
and were analyzed using fluorescent microplate measurement
(Tecan, Mannedorf, Switzerland).

Statistical analysis: Data was processed using the biosta-
tistical package InStat (GraphPad, San Diego, CA). Values
of gene and protein expression over two standard devia-
tions (SDs) from the average were excluded from statistical
analysis. Gene and protein expression were summarized
using means, SDs, median, and range. Although the data
were normally distributed, due to the small sample size the
comparisons between groups for gene and protein expression
were performed using Mann—Whitney nonparametric tests.
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Multivariate tests, including Kruskal-Wallis and ANOVA
tests, were also applied to compare gene and protein expres-
sion across the treatment groups. p<0.05 was considered to
be the threshold for statistical significance.

RESULTS

Macrophage activation: The activation of macrophages was
confirmed by microscopy that demonstrated the development
of pseudopods in M1 and M2 macrophages. The polarization
of cultured macrophages was validated using QPCR for TNFa
and /L-12 as markers for M1 polarization and MRCI for M2
polarization, respectively. Accordingly, M1 macrophages
from nvAMD (stimulated with IFNy and LPS) demonstrated
higher /L-12 mRNA levels compared with M2 cells (26.09-
fold, p=0.0095; Mann—Whitney test) and a higher TNFa level
(21.2-fold, p=0.0016; Mann—Whitney test). M2 macrophages
from nvAMD patients (stimulated with IL-13 and IL-4)
showed increased mRNA levels of MRCI compared with M1
cells (13.06-fold, p=0.015; Mann—Whitney test; Figure 1).

Pro-angiogenic, inflammatory, and antioxidant gene and
protein expression levels were measured in the cultured M1
and M2 macrophages. Several genes and proteins implicated
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TABLE 4. ELISA RESULTS FOR M2 MACROPHAGES-GROUP COMPOSITION.

Protein Mean M2
name p-value G1 G2 G3 G4 GS
28.157 9.11 195.87
TNF a mean (SD) 136.52 (146.25)  247.088 (125.47) 49.3) (14.21) (130)
P value * 0.45 0.32 0.022 0.014
853.06
SDF1 mean (SD) 813.4 (129.27) 930.96 (156.94) 792.39 (195.04)  904.4 (159.07) 162.5)
P value 0.62 0.8 0.45 0.53
3630 3701.3 3754.4
MCP1 mean (SD) (245.7) (346.9) 2993.9 (419.9) 3302.2 (288.5) (134.2)
P value 0.28 0.999 0.0006 0.0023
409.32
IL-8 mean (SD) 351.95 (78.14) 399.38 (114.72) 399.06 (100.4) 408.92 (112.92)  (64)
P value 0.15 0.71 0.71 0.8
165.75 51.22 48.9 50.64
IL-6 mean (SD) 117.84 (156.19) (161.1) (63.96) (79.63) (63.01)
P value 0.73 0.18 0.99 0.94
562.8 718.85
ICAM mean (SD) 630.9 (192.86) (237.3) 638.44 (267.5) 723.22 (307.22)  (253.13)
P value 0.61 0.32 0.45 0.94

G1: luteint+zeaxanthin, G2: luteintzeaxanthin and zinc, G3: luteintzeaxanthin, zinc, Lycomoto and carnosic acid, G4: lutein+zeaxanthin,
carnosic acid and beta-carotene, GS5: vehicle control. Proteins analyzed included tumor necrosis factor o (TNF a), C-X-C Motif chemo-
kine ligand 12 (SDF1), C-C Motif chemokine ligand 2 (MRC1), Interleukin 8 (IL-8), Interleukin 6 (IL-6) and intercellular adhesion
molecule (ICAM).*compared to G5 by Mann—Whitney. Protein expression represented in values of pg/ml.

in AMD were identified in macrophage culture, and some
were differentially expressed among macrophage subtypes.
For example, QPCR results demonstrated the expression
of VEGFa, the major pro-angiogenic cytokine involved
in nvAMD, in both macrophage subtypes. VEGFa mRNA
levels were increased in M1 macrophages compared to M2
macrophages (14.7-fold, p=0.0012; Mann—Whitney test;
Table 1, Table 2). Similarly, protein levels of IL-6 and TNFa
were both upregulated in M1 macrophages compared to M2
macrophages (IL-6: 47.3-fold, p=0.0007; TNFa: 3.08-fold,
p=0.006; Mann—Whitney test; Table 3, Table 4).

Macrophage expression profile following supplement treat-
ment: Supplement treatment was associated with the modula-
tion of both gene and protein expression levels in cultured
human macrophages from nvAMD patients (Table 1, Table 2,
Table 3, and Table 4). The majority of the effects were demon-
strated following treatment with G3 (lutein+zeaxanthin, zinc,
Lyc-O-Mato, and carnosic acid) and G4 (lutein+zeaxanthin,
carnosic acid, and beta-carotene) supplements. For example,
treatment with G3 resulted in an increased level of the antiox-
idative gene HMOX1 in both M1 (24.1-fold, p=0.0061; Mann—
Whitney test) and M2 (5.7-fold, p=0.0012; Mann—Whitney
test) macrophages (Table 1, Table 2). Protein expression of

the pro-inflammatory gene MCP1 was suppressed in M1 and
M2 (1.2-fold, p=0.0047; and 1.25-fold, p=0.0006; Mann—
Whitney test, respectively). G3 treatment was also associated
with reduced IL-6 in M1 macrophages (6.09-fold, p=0.0006,
Mann—Whitney test) and TNFo in M2 macrophages (6.9-fold,
p=0.022, Mann—Whitney test; Table 3 and Table 4). There
was a trend toward reduced VEGFa mRNA levels in M1
macrophages expressing high levels of VEGF and increased
VEGFa levels in M2 cells expressing low levels of VEGF
(2.91-fold, p=0.0043; Mann—Whitney test; Table 1, Table 2).

G4 treatment resulted in increased HMOX! mRNA
expression in M1 and M2 macrophages (18.9-fold, p=0.0025
and 2.9-fold, p=0.0012, respectively; Mann—Whitney test)
and increased SODI mRNA levels in M1 macrophages (7.0-
fold, p=0.004; Mann—Whitney test). G4 was also associated
with decreased ISYNAI mRNA levels in M2 macrophages
(3.4-fold, p=0.0043; Mann—Whitney test). There was a trend
toward reduced VEGFa mRNA levels in M1 macrophages
expressing high levels of VEGF and increased VEGFa
levels in M2 cells expressing low levels of VEGF (1.96-fold,
p=0.026; Mann—Whitney test; Table 1, Table 2). Additionally,
G4 resulted in decreased protein levels of IL-6 in M1 macro-
phages (2.8-fold, p=0.007, Mann—Whitney test), decreased
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MCP1 protein levels in both M1 (1.3-fold, p=0.003; Mann—
Whitney test) and M2 macrophages (1.4-fold, p=0.0023;
Mann—Whitney test), and decreased SDF1 protein levels in
M1 (1.3-fold, p=0.006; Mann—Whitney test) and decreased
TNFa (21.5-fold, p=0.014; Mann—Whitney test) in M2 macro-
phages (Table 3 and Table 4).

The effect of the different supplement treatment groups
was also analyzed using multivariate statistical tests. The
results showed that most of the effects were demonstrated
following treatment with G3 and with G4 supplements. For
example, G3 increased levels of the gene HMOX! in both M1
and M2 and compared to the G1 group (27.9- fold, p<0.001
and 5.06-fold, p<0.001, respectively; Kruskal-Wallis test;
Figure 2C—F). In addition, G3 also increased the expres-
sion of the antioxidative genes HMOXI and SODI in M2

© 2017 Molecular Vision

macrophages compared with G2 (6.81-fold, p<0.01 and 2.75-
fold, p<0.01, respectively; Kruskal-Wallis test; Figure 2E,F).
Protein expression of the proinflammatory genes TNFa and
MCP1 was suppressed following treatment with G3 compared
to G2 in M2 macrophages (8.77-fold, p<0.05 and 1.23-fold,
p<0.001, respectively; ANOVA test; Figure 3A,C,D). Treat-
ment with G4 demonstrated increased SODI mRNA levels
in M1 macrophages compared to both G1 and G2 (1.76-fold,
p<0.05 and 2.4-fold, p<0.01, respectively; Kruskal-Wallis
test; Figure 2B). Moreover, G4 was associated with decreased
MCP1 levels in M1 compared to G1 and in M2 macrophages
compared to G2 (1.23- fold, p<0.05 and 1.12-fold, p<0.05,
respectively; ANOVA test; Figure 3B,C).

Oxidative stress was measured using ROS analysis. The
results showed a decrease in ROS levels following treatment
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Figure 2. Gene expression profile of macrophages treated with antioxidant supplements. mRNA expression levels were measured in activated
human macrophages treated with the five different experimental groups (G1-G5) using QPCR. A comparison between the different treatment
groups was performed using a multivariate and non-parametric analysis (Kruskal-Wallis test). Expression of inositol-3-phosphate synthase 1
(ISYNA1I), superoxide dismutase 1 (SODI), and heme oxygenase 1 (HMOXI) of M1 and M2 are shown in panels A—C and D—F, respectively.
Expression of catalase (CAT), glutathione peroxidase 1(GPX1), and vascular endothelial growth factor o (VEGFa) of M2 macrophages are
shown in panels G-I, respectively. Gene expression of macrophages treated with supplements was compared to DMSO-treated macrophages
from each patient (+=p<0.05) and between experimental groups (*=p<0.05, **=p<0.01, ***=p<0.0001; n=10). The y-axis indicates RQ +

SEM relative to the gene expression of the control group.
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performed using a multivariate and
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E 2000 I % 100 i ' + and C-D, respectively. Protein
E 1000 E . expression of macrophages treated
g 0 GI G2 G3 G4 G5 g 0 GI G2 G3 G4 G5 with supplements was compared to

DMSO-treated macrophages from

each patient (+=p<0.05) and between experimental groups (*=p<0.05, **=p<0.01, ***=p<0.0001; n=10). The y-axis indicates RQ + SEM

relative to the gene expression of the control group.

with G3 supplements, which reached statistical significance
in M1 macrophages (p=0.017). However, there was a trend
toward increased ROS levels following treatment with G1 and
G2 supplements (Figure 4A).

DISCUSSION

This research demonstrates that physiologic levels of
antioxidants and minerals may modulate gene and protein
expression in cultured human macrophages from nvAMD
patients. The expression of genes and proteins that may be
important in the context of AMD, including antioxidant genes
(HMOXI, SODI), pro-angiogenic genes (VEGF, SDFI), and
pro-inflammatory genes (TNFa, MCP1, IL6), were shown to
be regulated. Given the involvement of macrophages in AMD
and their suggested capacity to exacerbate oxidative injury,

angiogenesis, and inflammation in AMD, such modulation of
gene and protein expression may potentially have therapeutic
importance in the context of the disease.

Interestingly, the expression patterns that we tested
were not markedly affected by lutein+zeaxanthin alone or
by the combination of lutein+zeaxanthin and zinc. However,
combining these supplements with other phytonutrients
yielded a marked effect on the expression levels of several
genes and proteins tested. Therefore, a benefit in reducing
the pathogenic role of macrophages in AMD may potentially
be gained by combining additional supplements with the
commonly used AREDS formula.

Combinations of carotenoids and phenolics were previ-
ously demonstrated to modulate murine macrophages [33,34].
For example, macrophage gene expression and function were
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Figure 4. Quantification of reactive
oxygen species (ROS) level. Oxida-
tive stress level was compared
between treated and control macro-
phages via ROS measurements.
ROS levels in M1 and M2 macro-

G2 G3 G4 .
phages are shown in panels A and

B, respectively. ROS levels were normalized to the untreated macrophages of the same patient (n=3; *=p<0.05). The y-axis indicates the

relative fluorescent intensity + SEM.
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modulated by a combination of lycopene or Lyc-O-Mato
and carnosic acid, lutein, and/or beta-carotene in a model of
acute peritonitis [33]. Similarly, carnosic acid and carnosol
were shown to modulate chemokine production in murine
macrophages [34]. Another recent study has suggested that
lutein has anti-inflammatory and antioxidant effects in an
LPS-activated microglial cell line [35]. Yet, lutein concen-
trations in that study exceeded the physiologic levels, being
50-fold higher compared with the ones we tested. It was also
reported that glutamate-cysteine-ligase expression levels in
murine macrophages may be modulated by carotenoids in
culture [36]. Our study validates and extends such observa-
tions, as mononuclear cells from nvAMD patients are char-
acterized by a pro-inflammatory gene expression signature
that is different from age-matched controls [3-5,22] or from
rodents. Therefore, combined with our study, these data
provide proof-of-concept for the modulation of mononuclear
cell gene expression by compounds that may be used as oral
supplements in humans.

The beneficial effects of carotenoids and/or phenolic
supplements were also demonstrated in vivo in rodent models
that recapitulate the features of AMD. For example, lutein
and carnosic acid supplementation was associated with the
amelioration of oxidative injury in murine models for photic
retinal injury [19,37]. Yet, in these in vivo studies it was not
evaluated if the modulation of macrophages mediated the
protective effects of such supplementation.

Macrophages are characterized by marked heterogeneity
in terms of phenotype and effects [38,39]. While macrophage
phenotypes are often classified into classical (M1) and alter-
native (M2) polarization, it is clear that this classification
represents an over-simplification of macrophage function [40].
To evaluate if the supplement effects are phenotype-specific,
we have tested the two prototype macrophage phenotypes
[16,39,41]. Our results show an overall similar antioxidant,
anti-inflammatory, and antiangiogenic effect regardless of the
specific M1 or M2 macrophage phenotype. Exceptions to this
role exist and are associated with variable gene expression
levels that characterize the different macrophage phenotypes
(i.e., low VEGF expression in M2 versus M1). In that context,
it is worth noting that VEGF may be dispensable for the
angiogenic role of macrophages in nvAMD [42,43] and that
TNFa may mediate such an effect by inducing VEGF expres-
sion from the retinal pigment epithelium.

The current study is limited by its cell culture design.
Yet, is noteworthy that we have evaluated mononuclear cells
isolated from nvAMD patients. This is important as we
have previously demonstrated that PBMC, monocytes, and
macrophages from nvAMD patients are characterized by a

897

© 2017 Molecular Vision

pro-inflammatory gene and protein expression pattern and
by an enhanced pro-angiogenic effect in in vitro and in vivo
experimental models [4,5,22,23]. Therefore, in vivo valida-
tion of these findings is important to support the role of
macrophage modulation by oral supplements in ameliorating
retinal injury in the context of AMD. We have tested a variety
of supplement combinations, but due to the large number of
potential supplement combinations and the limited number
of cells that may be isolated from a single patient, we have
not assessed all possible combinations of the compounds
we have tested. Further research is required to identify the
ideal supplement combination to modulate the macrophage
phenotype in the context of AMD.

In conclusion, compounds that may be administered
as oral supplements can modify the phenotype of human
macrophages cultured from nvAMD patients. Such pheno-
type modulation may be of potential benefit in the context
of the disease. Future research should identify the preferred
compound or compounds for this purpose and assess the
validity of this potential therapy in in vivo models for the
disease.
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