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The effects of a highly
bioavailable curcumin
PhytosomeTM preparation on the
retinal architecture and glial
reactivity in the GFAP-IL6 mice

Vı́ctor Pérez-Fernández1, Akshaya Lakshmi Thananjeyan1,
Faheem Ullah2,3, Gerald Münch2, Morven Cameron1*†

and Erika Gyengesi2*†

1Department of Anatomy and Cell Biology, Western Sydney University, Campbelltown,
NSW, Australia, 2Department of Pharmacology, Western Sydney University, Campbelltown,
NSW, Australia, 3Neurosurgery, Robert Wood Johnson Medical School, Rutgers University,
Piscataway, NJ, United States
Uncontrolled, chronic inflammation in the retina can disturb retinal structure and

function leading to impaired visual function. For the first time, in a mouse model

of chronic neuroinflammation (GFAP-IL6), we investigated the impact of chronic

glial activation on the retinal microglia population and structure. In addition, we

tested a curcumin PhytosomeTM preparation with enhanced bioavailability to

investigate the effects of a cytokine-suppressing anti-inflammatory drug on

retinal architecture. Curcumin PhytosomeTM was fed to 3-month old GFAP-IL6

mice for 4 weeks and compared to their untreated GFAP-IL6 counterparts as well

as wild type mice on control diet. Microglial numbers and morphology together

with neuronal numbers were characterized using immunohistochemistry and

cell reconstruction in the retina, using retinal wholemount and slices. GFAP-IL6

mice showed a significant increase in Iba1-labelled mononuclear phagocytes,

including microglia, and displayed altered glial morphology. This resulted in a

reduction in cone density and a thinning of the retinal layers compared to wild

type mice. Curcumin PhytosomeTM treatment contributed to decreased

microglial density, significantly decreasing both soma and cell size compared

to control diet, as well as preventing the thinning of the retinal layers. This study is

the first to characterize the impact of chronic retinal inflammation in the GFAP-

IL6 mouse and the therapeutic benefit of enhanced bioavailable curcumin

PhytosomeTM to significantly reduce microglia density and prevent neuronal

loss. These data suggest that curcumin could be used as a complementary

therapy alongside traditional treatments to reduce associated retinal

inflammation in a variety of retinal diseases.
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anti-inflammatory, glial activation, retinal morphology, curcumin PhytosomeTM,
retinal microglia
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1 Introduction

In the retina, chronic neuroinflammation is associated with retinal

degeneration and is commonly seen in retinal degenerative diseases

such as macular degeneration, diabetic retinopathy, retinal vein

occlusion, retinitis pigmentosa and glaucoma (1–3). Although the

origin of these retinal diseases is multifactorial, increasing evidence

points to microglia as a key player in the initiation, propagation, and

aggravation of these disorders due to excessive release of pro-

inflammatory mediators that trigger high oxidative stress, and

ultimately result in neuronal loss and vision impairment (4–6). The

retina, an extension of the brain, is often used as an accessible proxy to

study central nervous system (CNS) disorders. Examining the

alterations of this tissue, and its various cell types, in response to

chronic inflammation could provide insights into the mechanisms of

inflammation in the rest of the brain. Furthermore, the retina is a

highly organized tissue with well-defined layers, making it easier to

visualize and analyze changes in cellular morphology and function.

Inflammation of neural tissue is correlated with dysregulation of

microglia which is increased in density in animal models of retinitis

pigmentosa (7–9), glaucoma (10) diabetic retinopathy (11) and

retinal ischemia (12). In addition, microglia have been shown to

be abnormally distributed across retinal layers in different retinal

diseases with a certain preference for the retinal ganglion cell layer

(1, 10, 13, 14). Microglia can present different phenotypes

depending on their activation state; while the resting state presents

ramified dendritic arbours that continuously scan the environment,

reactive microglia exhibit de-ramification, amoeboid shape and

enlarged cell bodies (15). In the retina, activation of microglia can

adopt two distinct phenotypes: classically activated (M1), and

“alternatively” activated (M2) (11, 16–18). While M1 activation is

accompanied by the release of pro-inflammatory cytokines such as

IL-1, IL-6 and TNF-a (19), M2 activation preferentially increases

phagocytosis and triggers anti-inflammatory cytokines such as IL-4,

IL-10 and IFN-a (20). Suppression of this microglial activation has

been shown to be neuroprotective in some mouse models of retinal

degeneration and thus represents an important therapeutic target

(21–25). The M1/M2 dichotomy, while commonly used and

somewhat useful, is an oversimplified framework that portrays

microglial activation in two extreme states. In reality, the

functional phenotypes of microglia in the CNS in vivo encompass

a diverse spectrum with overlapping characteristics (26).

Our lab has extensively characterized the GFAP-IL6 mouse, a

mouse model of chronic neuroinflammation, where interleukin-6

(IL6) is constitutively expressed under a glial fibrillary acidic protein

(GFAP) promotor in astroglia (27–31). Chronic overexpression of

cerebral and cerebellar IL-6 in this mouse strain triggers several

neuropathologies (32), and GFAP-IL6 mice exhibit significant

abnormalities in glial activation, behavior, and neurophysiology

(33). However, this mouse model has never been used to study the

retina, despite IL-6 being associated with retinal inflammation (34),

diabetic retinopathy (11), and glaucoma (35, 36).

Anti-inflammatory compounds such as curcumin not only

attenuate the reactive state of microglia but also return them to

their anti-inflammatory phenotype (37–39). Furthermore, curcumin

has been shown to ameliorate retinal degeneration associated with
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inflammation in different disease backgrounds (40–43). However, one

of the major drawbacks of curcumin is its poor absorption,

biodistribution, metabolism, and bioavailability. Several formulations

have tried to overcome some of these downsides (reviewed in (44)),

among these, phytosome-encapsulated curcumin preparation

enhanced both the absorption and the levels of curcumin in plasma

significantly compared to the corresponding unformulated compound

(45). Curcumin Phytosome™ is commercially available under the

name of Meriva™ curcumin and has recently been shown to be

effective in a variety of pathologies in several pilot studies (46–56).

Here, we show for the first time that chronic IL6 expression in

the retina of the GFAP-IL6 mice was associated with a significant

increase in microglial number and reactive morphology, as well as

neuronal loss. Furthermore, we show that GFAP-IL6 mice fed with

4.4 mg/g curcumin PhytosomeTM, showed significantly fewer

microglia and reactive phenotypes, and reduced neuronal loss.
2 Materials and methods

2.1 Animals

Animals were caged in groups of 2-5 mice per cage, in the

animal facility of the School of Medicine, Western Sydney

University under a 12 hours light (300 lx): 12 hours dark cycle at

23°C, 60% humidity. Food and water were provided ad libitum. The

experimental procedures were approved by Western Sydney

University Animal Care and Ethics Committee (approval ID:

A11393) and carried out in accordance with the rules established

by the National Health and Medical Research Council of Australia.

Normal food pellets were supplied to wild type (WT, C57BL/6)

and heterozygous GFAP-IL6 mice of both genders weighing 20-30

grams, using both sexes. Three cohorts of GFAP-IL6 mice were fed

with pellets containing 4.4, 2.2, or 1.1 mg/g of curcumin

PhytosomeTM (Meriva™, Indena SpA, Italy) incorporated into

their feed for a month (n=7/cohort) as described in (57).

Curcumin Phytosome™ was supplied by Indena S.p.A, Italy, and

incorporated into the mouse chow (Specialty Feeds, Perth,

Australia). Curcumin was mixed with powdered mouse food, and

around 15% water was added before introduced the mixed diet to

the pellet machine. In the pelleting machine, the temperature of the

product would not exceed 43C. After pelleting the moisture content

had to be reduced to stabilize the diet against microbial storage

damage. This was done by loading the pellets into a shallow tray in

an air dryer set at 65C for 3 h. Over the drying cycle the temperature

of the pellets was increased slowly from 25C to 45C. The mouse

chow pellets were stored at room temperature in vacuum packed

bags in the animal housing facility at the School of Medicine,

Western Sydney University. The cage food trays were monitored

weekly to record food consumption as previously described (57).
2.2 Immunohistochemistry

Mice were anaesthetized with pentobarbitone and transcardially

perfused with 4% paraformaldehyde in 0.1 M PBS. Eyes were
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removed and the retinae isolated for wholemount preparation, or

retinal slices:

2.2.1 Whole mounts
Retinae were isolated and 4 relaxing cuts were made

circumferentially. Free-floating tissue was blocked with 5%

(Jackson ImmunoResearch, #017000121) and 3% tris-Triton-X-

100 (Sigma Aldrich, # 9036-19-5) solution for 2 hours. Tissue was

then incubated at room temperature for 72 hours with the primary

antibody in 3% tris-triton solution and 1% donkey serum (Jackson

ImmunoResearch, #017000121). Tissue was rinsed in 0.1% tris-

Triton solution for 15 minutes three consecutive times. Respective

secondary antibodies in 3% tris-Triton solution and 2% donkey

serum (Jackson ImmunoResearch, #017000121) were applied to

this tissue and incubated for 3 hours. Tissue was subsequently

rinsed in 0.1% tris-Triton solution for 15 minutes three consecutive

times. Wholemount tissue was then mounted on slides and sealed

with Vectashield® (Vectorlabs, #H-1000).

2.2.2 Slices
For retinal slices, cornea and lens were removed from the eyes

and the remaining eye-cups cryoprotected in 30% sucrose overnight

and then immersed in OCT medium and frozen on liquid nitrogen.

15 mm sections were cut from the central retina 1 mm dorsal and

ventral of the optic nerve and adhered to gel-coated microscope

slides. The tissue was blocked with 5% donkey serum (Jackson

ImmunoResearch, #017000121) and 0.3% tris-Triton-X-100

solution for 2 hours and then incubated at room temperature for

~18 hours with the primary antibody in 0.3% tris-Triton solution

and 1% donkey serum (Jackson ImmunoResearch, #017000121).

Tissue was rinsed in 0.1% tris-Triton solution for 5 minutes three

consecutive times. Respective secondary antibodies in 0.3% Triton

(Sigma Aldrich, # 9036-19-5) solution and 2% donkey serum

(Jackson ImmunoResearch, #017000121) were applied to this

tissue and incubated for 1.5 hours. Slides were subsequently

rinsed in 0.1% tris-Triton solution for 5 minutes three

consecutive times and then sealed with Vectashield® (Vectorlabs,

#H-1000).

2.2.3 Antibodies
Primary antibody dilutions: rabbit anti-IBA 1:1000, Wako,

#019-1974; rabbit anti-M-opsin, 1:500, Millipore #AB5407; mouse

anti-rhodopsin 1:500, Millipore, #MAB5356; GFAP; 1:500, Millipore

#MAB360. Secondary antibody (and fluorescent tag) dilutions: donkey

anti-mouse TRITC (1:100; Jackson, #712025150), donkey anti-rabbit

FITC (1:100; Jackson, #711095152), donkey anti-rabbit TRITC (1:100;

Jackson, #711025152), FITC conjugated peanut agglutinin (PNA,

1:100; Vector Lab, #FL1071).
2.3 Counting and reconstruction

Mounted wholemount retinae were examined using a Zeiss

AxioImager M2 microscope equipped with MBF Biosciences

StereoInvestigator. The number of Iba1+ cells counted through
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the entire thickness of the tissue was divided by the area of the

retina (calculated by contouring the whole retina at 10x

magnification) to obtain a density value (Iba1+ cells per mm2).

For reconstruction, Z-stack images of 1 µm thickness/stack were

taken in a Zeiss LSM 5 confocal microscope. Images were examined

using Neurolucida 360 (MBF Biosciences, VT, USA) software

package and the processes were reconstructed using directional

kernels mode was used for 3D reconstruction. Nuclei were manually

reconstructed in 2D.

For each stained retinal slide, 5 images were taken under the

confocal microscope from central to nasal/temporal. Densities of M

opsin and PNA expression were counted in each and averaged. For

measurements of thickness of the rhodopsin and nuclear layers, 3

points were taken on each image and all data points were averaged.
2.4 Analysis

All data is presented as mean ± SEM using GraphPad Prism 9.

One-way analysis of variance (ANOVA) with Tukey’s post-test was

used to compare untreated GFAP-IL6 with the treatment doses.
3 Results

Retinae of wild type (WT), GFAP-IL6, and GFAP-IL6

curcumin-fed animals were analyzed in both retinal slices and

wholemount to determine the numbers of Iba1+ microglia, retinal

architecture, cell density and layer thickness, and the potential of

curcumin PhytosomeTM to protect against these inflammatory and

degenerative changes.
3.1 Retinal microglial density is
upregulated by chronic inflammation
and can be reversed by curcumin
PhytosomeTM supplementation

To investigate the differences in retinal microglial reactivity

between the WT and GFAP-IL6 animals and the effect of curcumin

PhytosomeTM, analysis of Iba-1+ microglial density and

morphology was performed in the retina in WT and GFAP-IL6,

and GFAP-IL6 mice fed with different doses of curcumin

PhytosomeTM for 1 month from 3-4 months of age. Firstly, we

determined microglial density in the retinae. We found a significant

difference between our groups [F (4,41) = 10.1, p < 0.0001]. Using

multiple comparisons, we found that GFAP-IL6 mice exhibited

significantly higher Iba-1+ microglia cell density (209 ± 11.2 cells/

mm2) as compared to wild-type animals (143 ± 7.5 cells/mm2; mean

± SEM) (Figures 1A, B).

Importantly, microglial density was significantly reduced back

to WT levels (161 ± 6.08 cells/mm2) in mice fed with curcumin

PhytosomeTM at a dose of 4.4 mg/g (**p < 0.002; (Figures 1A, B)

suggesting a significant anti-inflammatory effect of this compound.

The location of microglia within retinal sections was found to be
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similar for all experimental groups with cells located predominately

in the inner and outer plexiform layers.
3.2 Microglial soma area is altered in
response to both chronic inflammation
and curcumin supplementation
in the retina

To investigate individual morphological differences in retinal

microglia, we used Z-stack images of single microglia and

reconstructed them individually (Figures 1C, D). The classic

morphological characterization of microglia showed typical signs

of a reactive state in GFAP-IL6 mice. We measured the soma area

and the number of branch points from our cohorts and analyzed the

data. The soma area of the microglial cells in the retinae of the

groups showed significant differences [F (2,239) = 4.89, p < 0.002].

Using multiple comparisons, we found that the GFAP-IL6 mice

displayed significantly (p < 0.004) larger soma areas (33.4 ± 0.75

µm2) compared to their WT counterparts (30.6 ± 0.8µm2). This

reactive morphology was reduced back to normal levels after

curcumin PhytosomeTM treatment (30.4 ± 0.8 µm2) (Figure 1E),

suggesting that curcumin not only reduces retinal microglial density

but returns them to their non-reactive state. While we also analyzed

the number of branching points of the dendrites, we found no

significant differences between the groups (Figure 1F).
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3.3 Cone density is reduced in GFAP-IL6
retinae which can be prevented by
curcumin supplementation

Cones were stained with the lectin peanut agglutinin (PNA),

which stains both cone types (S- and M-cones), to assess changes

in density and morphology. We found significant differences in

cone density between cohorts [F (2,10) = 7.8, p < 0.009]. Multiple

comparisons between groups revealed that cone density,

illustrated in Figures 2A–C, showed a significant decrease in

the GFAP-IL6 retina when compared to WT retina (11,672 ± 731

vs 9,289.80 ± 390, adjusted p < 0.01). Curcumin treatment

prevented this reduction in cone density when compared to

unfed GFAP-IL6 retina (11,270 ± 108 adjusted p = 0.023)

suggesting a significant neuroprotective effect of curcumin

PhytosomeTM (Figure 2D).

To identify the specific type of cone affected by inflammation,

retinae were stained with the M-opsin antibody. Both sections and

whole mount staining was completed in WT, GFAP-IL6, and

GFAP-IL6 curcumin fed mice. On examining retinal sections,

(Figures 2E–H) we found no significant change in M-cone

density between WT, GFAP-IL6, and curcumin treated [F (2, 10)

= 0.0076, p > 0.99] (sections: 8370.10 ± 576.80 vs 8473.35 ± 828.76

vs 8465.88 ± 545.28, p=0.99). However, on examination of retinal

wholemounts, we found significant differences in M-cone density

between our cohorts [F (2,23) = 4.646, p = 0.023], with the multiple
FIGURE 1

Curcumin PhytosomeTM reduces microglia numbers and the soma size, and the cell are area in the retina of the GFAP-IL6 mice but does not modify
the location of the microglia. (A) Representative photographs of the retina labelled with Iba-1 antibody to visualize microglia (red) microglial cells at
20x magnification in WT, GFAP-IL6 and GFAP-IL6 (4.4, 2.2, or 1.1 mg/g curcumin treated animals. Scale bar:50 µm. (B) The retina of the GFAP-IL6
mice was found to be significantly amplified (***p < 0.001, n = 7) compared to their WT counterparts. A dose-response (4.4, 2.2, or 1.1 mg/g) of
curcumin PhytosomeTM correlates with a dose-dependent reduction of absolute microglial numbers of the retina in GFAP-IL6 mice, but only the
highest dose significantly reduces microglial density back to WT levels (***p < 0.001, n = 7). (C, D) An example of 3D morphological analysis was
completed on confocal Z-stack image from an Iba1+ (red) microglial cell (n = 10 cells per animal = min of 65 cells per cohort) at 40x magnification
resulting in 3D reconstructions (yellow). (E) GFAP-IL6 mice have an increased soma perimeter compared to WT, which is restored back to WT
levels with 4.4 mg/g dose of curcumin however (F) the number of branch points were not affected by either genotype or treatment. *: p < 0.05;
**: p < 0.01.
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Pérez-Fernández et al. 10.3389/fopht.2023.1205542
comparisons showing significant differences between the genotypes

(WT 12,553 ± 278 vs GFAP-IL6 10,096 ± 581; p = 0.019). However,

the curcumin treatment did not significantly reverse these

differences (p = 0.17) (Figures 2I–L). While this data shows that

M-cones are affected by an increase in inflammation, it does not

completely explain the reduction in total cone density observed in

slices. Therefore, it may be that the effect of inflammation affects S-

cones more than M-cones. Future work will specifically quantify the

number of cones expressing S-opsin.
3.4 Chronic inflammation causes a
reduction in nuclear layer thickness
that can be prevented by
curcumin supplementation

Given that these effects of chronic IL6 release originate from

astroglia, presumably within the retina, we turned our attention to

characterizing astroglial morphology, density, and location within

the retina in wild-type, GFAP-IL6, and GFAP-IL6 curcumin fed

animals. However, GFAP expression is only observed at the vitreal

border of the inner limiting membrane (ILM) likely depicting extra-

retinal astrocytes. No obvious Müller cell staining was apparent in

sections for any experimental group (Figures 3A–C).
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If cone numbers are reduced in GFAP-IL6 mice, destruction of

photoreceptors should subsequently lead to a similar decrease in the

cell bodies of those cells. These cell bodies are located in the outer

(ONL). To investigate nuclear layer changes in thickness, nuclei

were stained with DAPI and the thickness of both the ONL and INL

were assessed (Figures 3D–F). We found a small but significant

decrease in both the ONL [F (2,10) = 7.73, p < 0.009] and INL [F

(2,10) = 6.52, p < 0.01] thickness when we comparing our cohorts.

Using multiple comparisons, we found that the GFAP-IL6 mice had

significantly thinner ONL (55.70 ± 1.83, p = 0.04) and INL (33.9 ±

1.67, p = 0.016) compared to their WT counterparts (61.12 ± 1.15

and 39.8 ± 1.27, respectively) (Figures 3G, H). When retinal section

thickness from curcumin-treated GFAF-IL6 mice (62.7± 0.9) was

compared to the unfed GFAP-IL6 group (38.4 ± 0.61), the reduction

in the ONL and INL thickness was eliminated (p = 0.008 and p =

0.049, respectively) indicating significant neuroprotection by

curcumin against inflammation.
3.5 Rod outer segment length is not
impacted by increased IL-6 expression

To determine the impact of inflammation on rod photoreceptor

outer segment length, the retinae were stained for rod opsin
FIGURE 2

Cone density is reduced in the retina of GFAP-IL6 mice which can be prevented by curcumin treatment. (A–D) Significant decrease in PNA density
sections between WT and GFAP-IL6 mice. This reduction was prevented in curcumin treated retinae. (*p < 0.05, n = 7) (E–H) No significant
difference in M-opsin cone density was observed across the retinal slices between WT, GFAP-IL6 and curcumin treated retinae. (I–L) However, when
we examined the whole mount sections, we found significant difference in M-opsin cone density between WT and GFAP-IL6, and curcumin
treatment had no significant impact on the retinae. (*p < 0.05, n = 7). Scale bars:50 µm..
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(Figures 4A–D). We found no significant differences when

comparing the length of rod outer segments in WT, GFAP-IL6

and curcumin fed mice (31.49 ± 1.80 vs 30.31 ± 0.80 vs 30.12 ± 1.56,

p = 0.79) (Figure 4E).
4 Discussion

As Iba-1+ microglia numbers are upregulated in the cerebellum

and hippocampus of the GFAP-IL6 mice (30, 31, 57), we

investigated if these inflammatory changes extend to the retina.

For the first time, we have characterized microglial activation in

GFAP-IL6 mice compared to age-matched wild-type animals and

the effect of these neuroinflammatory processes on retinal

architecture. We showed that the retina displays distinct

hallmarks of neuroinflammation with an increased density of Iba-
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1+ microglia and reactive-like microglial morphology in the GFAP-

IL6 mice. Further, we showed that cone density and retinal

thickness are significantly reduced by chronic neuroinflammation.

We found that highly bioavailable curcumin PhytosomeTM reversed

these inflammatory changes in glial density and morphology and

prevented the disruptions to the retinal architecture. In the retina,

Iba-1 labels both microglia and choroidal macrophages and

recruited monocytes (collectively called mononuclear phagocytes),

therefore it is not possible to differentiate between these two

populations with our methodologies (58) and as such our labeling

may include a diverse cell population. Future studies will

differentiate between these two populations and their respective

impact on retinal architecture/function.

Regarding the bioavailability of this specific curcumin

PhytosomeTM preparation, previous studies have shown an

increased absorption in a range between 3 and 29-fold when
FIGURE 3

Nuclear layer thickness is reduced in the retina of GFAP-IL6 mice which can be prevented by curcumin treatment. (A–C) No GFAP expression in
Müller cells was detected in wild-type and treated/untreated GFAP-IL6 animals. GFAP expression was confined to the inner limiting membrane.
Inflammation causes a reduction in nuclear layer thickness which is prevented by curcumin supplementation. (D–F) Representative images of WT,
GFAP-IL6 and GFAP-IL6 fed with 4.1 mg/g curcumin PhytosomeTM, showing decreased outer and inner nuclear layers between WT and GFAP-IL6
animals, that was recovered after curcumin treatment. We found significant reduction in ONL (G) (*p < 0.05, n = 7; **p < 0.01, n = 7) and INL (H) (*p
< 0.05, n = 7) thickness sections between WT and GFAP-IL6 sections. This nuclear layer thickness reduction was prevented by curcumin
PhytosomeTM supplementation. (A–C) Scale bar:100 µm. (D–F) Scale bar:50 µm.
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curcumin was encapsulated in phospholipid complexes (45, 59),

and therefore it is likely our results are enhanced in comparison to

unencapsulated curcumin. Indeed, the stability in plasma of

encapsulated curcumin up to 12 hours after ingestion is 6-fold

higher than normal curcumin (60), and age appears to play an

important role in the stability of curcumin in the plasma, lasting

longer in aged mice (61). For instance, a study was performed with

the same curcumin PhytosomeTM preparation (2 tablets a day) as an

adjuvant to treat uveitis, and patients showed fewer relapses during

the follow up year of treatment (62). Whether the effect of curcumin

on the retina is direct, or extra-retinal (e.g. via the gut-brain axis by

regulation of microbiota (63)), remains to be found. We found here

that highly bioavailable curcumin PhytosomeTM had a substantial

protective effect on the retinae of GFAP-IL6 mice, restoring

microglial cell density to wild type levels and preventing neuronal

cell loss.

While this is the first study to date on the retina of the GFAP-IL6

mice, other rodent models of retinal inflammation have also shown a

similar phenotype. Models that mimic autoimmune uveoretinits by

immunization of the animals with the retinal antigen,

interphotoreceptor retinoid-binding protein (IRBP), show increased

expression of inflammatory cytokines (IFN-g, IL-6, and IL-17) in the

retina, resulting in increased numbers of GFAP positive cells

(astrocytes) and Iba-1 positive cells with activated morphology (64,

65). Further, a mouse model lacking the immune suppressing

cytokine interleukin-33 (IL-33) was shown to display enhanced

retinal degeneration and Müller cells gliosis following retinal

detachment. The authors suggest that the exacerbation of this

phenotype was a consequence of sustained subretinal inflammation

from inflitrating macrophages (66). These data suggest that

modulation of retinal cytokines plays a critical role in maintaining

retinal health. The extent of the retinal phenotype we see in the

GFAP-IL6 animals, while substantial enough to display significant

retinal changes, is milder than these other mouse models that display
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significant retinal degeneration. The phenotype of GFAP-IL6 animals

likely depicts the early stages of retinal inflammation and retinal

destruction meaning it is an important model with which to study

early interventions that may prevent the irreversible damage caused

by chronic inflammation.

While retinal inflammation is known to exacerbate retinal

disorders, few studies have examined the effect of inflammation

alone on neuronal architecture/cell loss. Okomoto et al. employed

an endotoxin-induced mouse model of neuroinflammation

(lipopolysaccharide injection (LPS)) and found a shortening of

the rod outer segment length that was also associated with a

reduction in both the a- and b-wave of the electroretinogram

(ERG) (67). While we do not see changes in rod outer segment

length in the GFAP-IL6 mice, it is likely that acute LPS-induced

inflammation is a more potent inflammatory model. The authors

did not, however, specifically assess cone numbers and so it is

possible that cone loss may precede rod loss in response to retinal

inflammation. The reduction in cone numbers we see in our study

may reflect an early stage of photoreceptor loss. Mouse cone

photoreceptors have three different expression patterns, 1) S-

opsin only (genuine S-cones), 2) M-opsin only (genuine – M-

cones), and 3) cones that express both opsins (dual cones) (68, 69).

The majority of mouse cones are dual cones but genuine S-cones

can be found in ventral retina and genuine M-cones in the dorsal

retina (70). The lectin peanut agglutin labels all cones (71)and we

find cone total cone numbers reduced in the GFAP-IL6 mice when

retinal slices are analyzed. However, when cones expressing M-

opsin are quantified in slices we do not see a significant difference in

cone numbers. Wholemout quantification of M-opsin reveals a

significant loss of M-cones that is not fully prevented by curcumin

supplementation unlike PNA density that can be completely

prevented by curcumin supplementation. These data, and the

disparity in slice quantification, suggests genuine S-cones may be

more affected by inflammation in this animal model, and curcumin
FIGURE 4

Rod outer segment thickness is not impacted by inflammation. No significant quantitative difference in rhodopsin layer thickness was seen between
sections. A–D) Representative images of the WT, GFAP-IL6 and GFAP-IL6 4.4 mg/g treated group. (E) Column statistics of the rod outer segment
thickness showed no significant differences (n = 7) between groups. (A–C) Scale bar:50 µm. (D) Scale bar:10 µm.
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supplementation may affect each cone class differently. All slices

analyzed contained both dorsal and ventral retinae, and PNA and

M-opsin were co-stained and quantified in the same slices, so it is

unlikely the quantification was biased. Future studies will examine

this hypothesis further by analyzing genuine S- and M-cone

numbers and localization (dorsal vs ventral) in GFAP-IL6 retina.

Indeed, S-cone loss specifically appears to be a feature associated

with early diabetic retinopathy where patients acquire significant

tritanomaly (72, 73). Curcumin therapy has certainly been explored

in patients with diabetic retinopathy and appears to play a

preventative role (43). Our results suggest that curcumin

treatment directly prevents cone loss in response to inflammation,

and this may be beneficial to patients in the early stages of diabetes

to prevent or prolong the time until diabetic retinopathy onset.

In the normal retina, GFAP is expressed in astrocytes and the

end-feet of Müller cells. When Müller glia are “activated” GFAP has

been shown to be marker of gliosis (74, 75). However, we do not see

any evidence of GFAP upregulation in the GFAP-IL6 mice. The

GFAP promoter has been shown to reliably drive expression of GFP

in Müller cells (76) so it is likely that IL6 is released from Müller

cells in the GFAP-IL6 transgenic animals as well as from

extraretinal astrocytes that express GFAP (Figure 3). The

upregulation of GFAP in Müller cells in the retina has only

previously been shown in cases of substantial retina degeneration

(77) and thus is likely a marker of potent inflammation/

degeneration. The fact that we do not see GFAP expression in

Müller cells agrees with our hypothesis that the GFAP-IL6 animal

represents a mild, or early-onset case of retinal inflammation.

Future work will examine if retinal ganglion cells are impacted

more than photoreceptors given their close proximity to the GFAP-

positive astrocytes.

Curcumin has many features that make it a strong therapeutic

agent in many parts of the eye. Various reviews have summarized the

anti-inflammatory potentials of curcumin against inflammation

related pathologies, such as dry eye syndrome where curcumin

reduced inflammation (43, 78). In animal models of cataracts,

curcumin was found to reduce the free radical damage and calcium

influx that is responsible for the proteolysis causing clouding of the

lens (79, 80). In diabetic retinopathy, curcumin was found to improve

retinal microcirculation by inducing nitric oxide production. For age-

related macular degeneration (AMD), curcumin may provide therapy

through beneficial effects on microglial cells that are responsible for

drusen formation (43, 78). Other have also shown that curcumin was

able to downregulate retinal inflammation and prevent cell death:

Zhang et al. described the reduction of the expression of interleukin-17

(IL-17) and IL-23 in Sprague-Dawley rat retina after retinal ischemia-

reperfusion injury due to the administration of curcumin in a dose

dependent manner (81, 82). In addition, in a rat model of anterior

uveitis, induced by LPS, the application of curcumin/calix[4]arene

decreased ocular inflammation and reduced inflammatory proteins to

a greater extent than free curcumin (83). To treat glaucoma,

curcumin-loaded nanoparticles in combination with latanoprost, a

drug to increase uveoscleral outflow, were delivered using a

thermosensitive chitosan-gelatin-based hydrogel, and showed

reduced levels of inflammation-related genes (TNF, IL-1a, IL-6 and
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MMP-13), apoptosis, and ROS expression (84). Curcumin has been

shown to possess potent anti-inflammatory properties by inhibiting

various pro-inflammatory pathways. It can suppress the activation of

pro-inflammatory transcription factor such as nuclear factor-kappa B

(NF-kB), cytokines (e.g., interleukin-1b, tumor necrosis factor-alpha),

and enzymes (e.g., cyclooxygenase-2, inducible nitric oxide synthase).

Curcumin has also been found to inhibit pro-inflammatory signaling

pathways related to neuroinflammation, such as Janus kinase/signal

transducer and activator of transcription (JAK/STAT), mitogen-

activated protein kinases (MAPKs), and phosphoinositide 3-kinase/

protein kinase B (PI3K/Akt) (85, 86). By reducing proinflammatory

signaling pathways, curcumin may help mitigate neuroinflammation

associated with neurodegeneration, and therefore protect cone cells

from damage and neuronal death. Furthermore, curcumin exhibits

antioxidant properties, enabling it to reduce oxidative stress. Reactive

oxygen species play a role in neuroinflammation and in

neurodegenerative processes (87). By neutralizing reactive oxygen

species (ROS) and enhancing antioxidant defenses, curcumin may

protect neurons from oxidative damage. Finally, curcumin can

modulate the Nrf2-ARE pathway, leading to increased expression of

antioxidant enzymes and an increase in glutathione (88, 89).

Altogether, this study provides new insights into the potential

role of chronic neuroinflammation in retinal damage and vision

loss. We highlight the potential of encapsulated curcumin to

ameliorate the symptoms caused by overactivation of microglia

derived from retinal chronic inflammation. These data suggest that

early interventions, such as curcumin supplementation, before

retinal degeneration occurs, may be vital to prevent neuronal loss

and dysfunction.
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