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Summary 

Age-related macular degeneration (AMD) is a retinal degenerative disease and the 

most common cause of blindness in the elderly. Microglia activation is a hallmark of 

neurodegenerative diseases including AMD. Pharmacological approaches of 

microglia-related immunomodulation emerge as a therapeutic option. Aryl hydrocarbon 

receptor (AhR) plays a significant role in the physiological and pathological 

mechanisms involved in ocular compartment and AhR is expressed by various immune 

cells including microglia. Retina-specific AhR knockout mice have been shown to 

enhance retinal degeneration and dry AMD-like phenotype. Indole-3-carbinol (I3C) is 

a natural ligand of AhR with potent immunomodulatory properties. Here, we 

hypothesized that I3C may inhibit microglia reactivity and exert neuroprotective effects 

in the light damaged murine retina mimicking important immunological aspects of 

AMD. 

The in vitro data showed that I3C significantly reduced LPS-induced pro-inflammatory 

gene expression of i-NOS, IL-1ß, NLRP3, IL-6, and CCL2 and induced anti-oxidants 

gene levels of NQO1, HMOX1, and CAT1 in BV-2 cells. I3C also reduced LPS-induced 

i-NOS, IL-1ß, COX2, and P-ERK1/2 protein levels and induced HMOX1 protein in BV-

2 cells. Furthermore, I3C also reduced LPS-induced NO secretion, phagocytosis, 

migration, and enhanced protective phenotype as important functional microglia 

parameters. siRNA-mediated knockdown of AhR partially prevented the previously 

observed gene regulatory effects in BV-2 microglia cells. I3C reduced PMA plus 

Zymosan-induced pro-inflammatory gene expression of IL-1ß, NLRP3, and IL-6 and 

enhanced NQO1, HMOX1, and CAT1 gene levels in SV-40 cells. Furthermore, I3C 

reduced microglia-mediated neurotoxic effects in ARPE-19 cells. I3C also reduced 

LPS-induced pro-inflammatory genes in primary microglia cells and retinal explants. 

The in vivo experiments showed that I3C treatment significantly diminished light-

damage induced i-NOS, IL-1ß, NLRP3, IL-6, and CCL2 gene levels and reduced 

CCL2, i-NOS, IL-1ß, p-NFkBp65 protein levels in mice. Moreover, I3C increased anti-

oxidant NQO1 and HMOX1 protein levels in light exposed retinas. Finally, I3C therapy 

prevented the accumulation of amoeboid microglia in the sub-retinal space and 

protected from retinal degeneration. Taken together, the AhR ligand I3C potently 

reduces microgliosis and light-induced retinal damage, highlighting a potential 

treatment concept for retinal degeneration in AMD. 
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Zusammenfassung 

Die altersbedingte Makuladegeneration (AMD) ist eine degenerative 

Netzhauterkrankung und einer der häufigsten Ursachen für Blindheit bei älteren 

Menschen. Die Aktivierung von Mikrogliazellen ist ein Kennzeichen für 

neurodegenerative Erkrankungen einschließlich AMD. Immonomudulation durch 

Einwirkung auf Mikrogliazellen erwiesen sich als vielversprechende therapeutische 

Option. AhR spielen innerhalb physiologischer und pathologischer Mechanismen des 

Auges eine bedeutsame Rolle und werden zudem von verschiedenen Immunzellen 

einschließlich Mikrogliazellen exprimiert. Es wurde nachgewiesen, dass Retina-

spezifische AhR-Knockout-Mäuse unter Netzhautdegeneration und den trockenen 

AMD-ähnlichen Phänotyp leiden. Indole-3-carbinol (I3C) ist ein natürlicher Ligand des 

AhR mit starken immunmodulatorischen Eigenschaften. Hier stellten wir die Hypothese 

auf, dass I3C die Mikroglia-Reaktivität hemmt und neuroprotektive Effekte im 

Mausmodel der lichtinduzierten Netzhautdegeneration ausübt. Die In-vitro-Daten 

zeigten, dass I3C die LPS-induzierte proinflammatorische Genexpression von i-NOS, 

IL-1ß, NLRP3, IL-6, und CCL2 signifikant reduziert und gleichermaßen die 

Genexpression von antioxidativen NQO1, HMOX1 und CAT1 in BV-2-Mikroglia-

Zellkulturen induziert. I3C reduzierte auch die LPS-induzierten Proteinlevel von i-NOS, 

IL-1ß, COX2, und P-ERK1/2 und induzierte das HMOX1-Protein in BV-2-Zellen. 

Darüber hinaus reduzierte I3C auch die LPS-induzierte Stickoxid-Sekretion, 

Phagozytose und Mikrogliazellen-Zellmigration und induzierte den schützenden 

Microglia-zellphänotypen, welche wichtige funktionelle Parameter darstellen. siRNA-

vermittelter Knockdown von AhR verhinderte teilweise die zuvor beobachteten 

genregulatorischen Effekte welche BV-2-Mikroglia-Zellkulturen observiert wurden. I3C 

reduzierte die PMA plus Zymosan-induzierte proinflammatorische Genexpression von 

IL-1ß, NLRP3 und IL-6 und erhöhte die Genexpression von NQO1, HMOX1 und CAT1 

in humanen SV-40-Mikrogliazellen. Darüber hinaus reduzierte I3C die durch Mikroglia-

vermittelten neurotoxischen Wirkungen auf ARPE-19-Zellen. I3C reduzierte ebenfalls 

die LPS-induzierte proinflammatorische Genexpression in primären Mikroglia-Zellen 

und Netzhautexplantaten. In-vivo-Experimente zeigten, dass die I3C-Behandlung die, 

durch Lichtschäden in Mäuseretina induzierten, i-NOS, IL-1ß, NLRP3, IL-6, und CCL2 

Genlevel signifikant verringerte und die Proteinlevel von CCL2, i-NOS, IL-1ß, und p-

NFkBp65 in verringerte. Darüber hinaus erhöhte I3C die Proteinlevel von 

antioxidativen NQO1 und HMOX1 in lichtexponierten Netzhäuten. Schlussendlich 
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verhinderte die I3C-Therapie die Ansammlung von amöboidalen Mikroglia im 

subretinalen Raum und schützte die Retina vor Netzhautdegeneration. 

Zusammengenommen reduziert der AhR-Ligand I3C äußerst wirksam die Mikrogliose 

und lichtinduzierte Netzhautschäden und zeigt ein mögliches Behandlungskonzept für 

die Netzhautdegeneration bei AMD auf.
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1.1. The retina 

The eye is a photo-sensory organ in the body, which transmits visual information to its 

receptive tissue known as the retina (Lamb et al., 2007; Lamb, 2013). The retina is a 

concave hemispherical sheet, which is around 200 µM in thickness and resides in the 

posterior part of the eye (Figure.1A). It is an important part of the central nervous 

system and shares many similarities with the brain (Erskine and Herreral, 2015). The 

retina permits the perception of colors and shapes via complex molecular signaling 

pathways, which are further amplified and transmitted to the midbrain and thalamus 

via the optic nerve (Sung and Chuang, 2010). The retina is a highly conserved photo-

sensory tissue, which is organized into different cell layers with more than 60 

heterogeneous cell types (Masland, 2001, 2012). These distinct circuits work together 

and produce morphologically and functionally different pathways to encode visual 

information (Hoon et al., 2014). The retinal cell types are highly organized into different 

layers (Figure. 1B). The major cell layers are the ganglion cell layer (GCL), the inner 

nuclear layer (INL), and the outer nuclear layer (ONL). The retinal ganglion layer (RGL) 

is the innermost layer of the retina with retinal ganglion cells (RGC) and this layer is 

present near to the vitreous humor of the eye. The INL comprises the nuclei of 

horizontal, bipolar, and most amacrine cells, whereas the ONL comprises of 

photoreceptor nuclei. The outer plexiform layer (OPL) divides ONL and INL, whereas 

the inner plexiform layer (IPL) divides the INL and GCL (Lee et al., 2010). 

Retinal photoreceptor cells have two basic subtypes known as rods and cones. These 

cells have a unique morphology with an outer segment (OS), a connecting cilium, the 

inner segment (IS), the nucleus, the axon, and the synaptic terminal (Brzezinski and 

Reh, 2015). Rods are extremely sensitive photoreceptor and responsible for the 

detection of low and dim light. Rods are capable of even detecting a single photon. 

Cones are less sensitive and responsible for the detection of bright light (Molday and 

Moritz, 2015). Furthermore, neural retina is replenished with blood by retinal blood 

vessels and endothelial tight junctions control transport across these vessels. These 

tight junctions are part of the inner blood-retinal barrier (Ambati et al., 2013). The outer 

segments of photoreceptor cells are adjacent to retinal pigment epithelium (RPE) 

which is a highly organized monolayer of hexagonal cells overlying to the 

photoreceptors. The RPE is responsible for the transepithelial transport, phagocytosis 

of photoreceptors OS, absorption of light, and protection against photo-oxidation 
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(Alexander et al., 2015). The RPE cells are equipped with tight junctions and maintain 

the integrity of the retina (Obert et al., 2017). 

Posterior to RPE is a thick Bruch’s membrane (BM) that comprises of a collagenous 

extracellular matrix. RPE and BM form the outer blood-retinal barrier, which blocks the 

entry of macromolecules and immune cells from the choroid (Bhutto and Lutty, 2012). 

The choroid is located behind to the BM and comprises of blood vessels known as 

choriocapillaris that provide the nutrients and oxygen to the RPE, outer retina, and 

optic nerve (Ambati et al., 2013).  

 

Figure 1 Schematic overview of the human eye and structure of the retina. 

(A) Human eye with its major anatomical structures and light sensitive retina, which 

lies in the posterior part of the eye. (B) Different retinal layers and cell types present in 

the retina. The cells are arranged and distributed in different layers: GCL: ganglion cell 

layer, IPL: inner plexiform layer, INL: inner nuclear layer, OPL: outer plexiform layer, 

ONL: outer nuclear layer, IS: inner segment, and OS: outer segment. Retinal cells 

include ganglion cells (gray), Müller cells (orange), microglia cells (pink), bipolar cells 

(blue), and photoreceptor cells (green). Figures are modified from Karlstetter et al and 

Toomey et al. (Karlstetter et al., 2015; Toomey et al., 2018). 

 
In the eye, light passes through the cornea, which refracts the light. The lens is present 

behind the cornea and responsible for the inverting images top to bottom and right to 

left. Both cornea and lens are important for light transmission. Light passes through 

different retinal layers and is absorbed by the OS of the photoreceptor cells (Erskine 

and Herreral, 2015). Rod cells are responsible for scotopic vision, whereas cone cells 

are responsible for photopic vision (Zele and Cao, 2015). Cone cells are abundantly 

present in the macula. There are three different types of cone cells: S-cones, M-cones 
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and L-cones, which are sensitive to short-wavelength (437nm for blue color), medium-

wavelength (533nm for green color) and longer wavelength (564nm for red color) of 

light (Wässle, 2004). Encoded visual information is incorporated into different layers of 

the retina before its transmission to the brain (Masland, 2011). The RPE is responsible 

for absorption of light and inhibits the light to backscatter in the retina. It is noteworthy 

that connectivity of retinal cells is well defined and intercellular communication is 

important to maintain homeostasis (Hoon et al., 2014). 

 

1.2. Age-related macular degeneration 

Age-related macular degeneration (AMD) is an age dependent chronic degeneration 

of the central retina and is one of the leading causes of blindness in the Western 

society. It is estimated that there are around 196 million patients with AMD in 2020, 

which is expected to increase to 288 million in 2040 (Wong et al., 2014). The macula 

is the most affected part of the retina in AMD (Ambati and Fowler, 2012). Other cells 

and tissues affected with AMD include photoreceptors, RPE, BM, and blood supply to 

the eye (choriocapillaris and choroidal endothelial cells) (Malek and Lad, 2014). 

Patients with AMD are classified into 2 groups, early or intermediate AMD and late 

AMD is categorized as either geographic atrophy (GA) which is also known as dry AMD 

or neovascular (exudative) which is also known as wet AMD (Figure. 2) (Ramkumar et 

al., 2010; García-Layana et al., 2017). 

 

Figure 2 Symptoms and progression of AMD. 

Individuals with healthy retina can clearly visualize the full object, whereas individuals 

with early or intermediate AMD partially visualize the object with small black dots. Early 

or intermediate stages of AMD progress into late AMD (dry and wet) in a time 
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dependent manner. Patients with dry or wet AMD experience the central vision loss 

and are unable to visualize the full object. Figure is modified from https://www.webrn-

maculardegeneration.com/macular-degeneration stages.html. 

 

The major hallmark of early and intermediate AMD is drusen formation, pigmentary 

variation, and partial vision loss (Figure. 3) (Michalska-Małecka et al., 2015). Drusen 

formation is an accumulation of extracellular lipids, lipoproteins, cell debri, and is 

located between BM and basal lamina of RPE (Abdelsalam et al., 1999; Bowes 

Rickman et al., 2013). Drusen formation can vary in size, border, and thickness. It is 

noteworthy that drusen formation in the retina increases with age and small drusen 

particles are correlated with old age (Luibl et al., 2006). Histopathological analysis of 

donor eyes further highlighted the different forms of drusen below the RPE, which were 

not clearly identified with fundus examination. These distributions of deposits are in the 

form of basal laminar deposits (BLamD), basal linear deposits (BLinD), and focal 

nodular forms. BLamD comprises amorphous material of long spacing collagen with 

granules and membrane debri present between RPE and its plasma membrane. BLinD 

comprises diffuse and amorphous accumulations present between the BM and RPE. 

Focal nodular form consists of small dome shaped deposits present within the BM. 

These forms of drusen are associated with AMD (Gehrs et al., 2006; Malek and Lad, 

2014). Intermediate drusen particles are associated with early or intermediate AMD. 

Patients with early or intermediate AMD struggle to see in the dim light. Moreover, 

normal life activities are not easily performed (Slakter and Stur, 2005; Mitchell and 

Bradley, 2006; Owsley and McGwin, 2008). 

GA or dry AMD is most prevalent and characterized with drusen, pigment changes, 

and vision loss (Bowes Rickman et al., 2013). Drusen may be soft or hard, and 

accumulates between RPE and BM (Figure. 3). This results in RPE dysfunction, loss 

of photoreceptors, and ultimately evolves into GA (Figure. 3). Pathogenic mechanisms 

underlying GA are still unclear (Bowes Rickman et al., 2013). Neovascular or wet AMD 

is less frequent and characterized by growth of leaky blood vessels into choroid, which 

is also known as choroidal neovascularization (CNV). Neovascular AMD causes 

bleeding, sprouting of new blood vessels, plasma exudation, hemorrhage, fibrosis, 

edema formation, and pigment epithelium detachment (PED) (Figure. 3). PED 

highlights the separation of RPE and BM in the retina (Figure. 3) (Gehrs et al., 2006; 

Toomey et al., 2018). CNV damages the retinal architecture and causes 90% of vision 
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loss in patients. Furthermore, most of the vision loss occurs in the late stage of AMD 

and patients in this stage are incapable of performing daily activities and report the 

worst medical conditions (Hassell et al., 2006; Malek and Lad, 2014; Taylor et al., 

2016). 

To date, the Food and Drug Administration (FDA) has not approved any drug to halt 

the development and progression of GA. Routine eye examination of patients with CNV 

are executed and treated with anti-vascular endothelial growth factor (VEGF) therapy 

in the form of intravitreal injections (FDA approved). Even though these injections 

inhibit the blood vessel growth, a complete recovery is not possible. The therapeutic 

options for AMD are far from satisfactory (Ambati and Fowler, 2012).  

Both late forms of AMD are not mutually exclusive. GA eventually develops CNV and 

the neovascular form of AMD is often observed at the periphery of GA affected eyes 

(Sunness et al., 1999). Furthermore, long-term treatment with anti-VEGF agents is 

correlated with the development of GA (Martin et al., 2012).  

 

Figure 3 Images of fundus, SD-OCT, and tissue staining of healthy retina and AMD 

affected retinas. 

Healthy retina shows the normal color of fundus with normal retinal structure and layers 

(SD-OCT). Healthy retina has no drusen like deposit in subretinal (SR) space or sub-

RPE. Early AMD shows fundus pigmentation and drusen deposit (white arrows) in SD-

OCT and in the histology image. GA shows the yellow drusen in fundus, SD-OCT 

image with RPE atrophy, and histology image shows the absence of RPE. Neovascular 

AMD shows the change in fundus color and thinned layer of subretinal fluid in SD-OCT 
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image. Furthermore, pigment epithelial detachment (PED) with hyperreflective foci in 

SD-OCT image and a neovascular complex (NeoVAsc) are present in between the two 

free ends of Bruch’s membrane. ELM, external limiting membrane; EZ, ellipsoid zone; 

IZ, interdigitation zone; and SD-OCT, Spectral domain-optical coherence tomography. 

Image is modified from Toomey et al. (Toomey et al., 2018). 

 

AMD is a complex, heterogeneous, and multifactorial disease with risk factors, such 

as ageing, smoking, obesity, and a diet consistent with high levels of fat (Heesterbeek 

et al., 2020b). Epidemiological studies have shown that AMD development and 

progression are related to these risk factors (Seddon et al., 2011). The retina is also 

affected by ageing like other organs of the body. Phagocytic and waste clearance 

capacity of RPE reduce with age (Keeling et al., 2018). Therefore, the risk of acquiring 

AMD increases with age. For example, the risk of acquiring an earlier stage of AMD 

increases with every 5 years of age until 85 years. Furthermore, the risk of acquiring 

late stage AMD is 20 times more likely at the age of 85 compared to 65-69 years of 

age (Chen et al., 2008). Age was the most important factor for early and late AMD in 

risk factors analysis (Lambert et al., 2016). Smoking is consistently reported as a risk 

factor for AMD (Thornton et al., 2005). Cigarette smoke and the basic ingredients of 

tobacco have a negative impact on AMD, due to reduction in a blood flow, high-density 

lipoprotein, increase in platelet aggregates, oxidative stress, and inflammatory markers 

(Klein et al., 1998; Malek and Lad, 2014; Myers et al., 2014). Smoking also increases 

2-4 fold risk to acquire any form of AMD (Heesterbeek et al., 2020). Furthermore, 

nicotine enhanced the lesion size and severity in a CNV animal model (Suñer et al., 

2004). Data from three continents showed that current smokers are at greater risk for 

AMD as compared to the past-smoker or non-smoker (Tomany et al., 2004). 

Obesity and diet with high glycemic index induce progression of AMD (Chiu and Taylor, 

2011). However, a healthy diet consistent with vegetables, fruits, and physical activity 

can slow down such progression (Carneiro and Andrade, 2017). 

Additionally, environmental factors such as sunlight, artificial light, UV light, visible light, 

ionizing radiations, chemotherapeutic agents, and environmental toxins, enhance the 

oxidative stress in the retina (Saccà et al., 2014). A retina with long-term oxidative 

stress changes in oxygen and nutrients supply, maintenance of photoreceptors and 

choriocapillaris, and waste product clearance in retina. These events upregulate the 

formation of lipofuscin, which triggers the RPE dysfunction and photoreceptor cell 
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death (Golestaneh et al., 2017; Cho et al., 2019). Furthermore, oxidative stress also 

enhances CNV (Dong et al., 2009). 

The pathological mechanisms underlying AMD are still elusive. However, several 

known pathological factors are key players in AMD development and progression. 

Such known factors are inflammation, retinal lipid alteration, complement 

dysregulation, and pro-angiogenic signaling (Kauppinen et al., 2016; Schnichels et al., 

2020). With confronting threats such as microbes or foreign particles, cells induce short 

term-inflammation in response to these signals. Such inflammation is advantageous 

whereas long-term inflammation is detrimental which leads to chronic disease state. 

These inflammatory stimuli evoke the innate immune response (Ambati et al., 2013). 

 

1.3. Microglia 

In 1856, a famous German pathologist Rudolf Virchow coined the term “glia” (Greek 

for “glue”) and mentioned the non-neuronal compartments of the central nervous 

system (CNS) as glia (Sousa et al., 2017). Later, in 1919, a Spanish scientist, Pio del 

Río Hortega described microglia as the “third element” of CNS and performing the 

phagocytic function with plasticity and heterogeneity (Sousa et al., 2017). Initially, 

microglia were thought to be derived from neuroectoderm. Now, it is firmly proved that 

microglia are primary immune cells and arise from primitive myeloid progenitors in the 

extra embryonic yolk sac (Ginhoux et al., 2013).  

 

1.3.1. Microglia in the central nervous system (CNS) 

Microglia comprise 5-20% of total glial cells in the CNS (Yang et al., 2010). At present, 

microglia are multifunctional innate immune cells of the CNS. They are specialized 

macrophages of CNS and are supplemented with memory-like function and respond 

in a context dependent manner (Prinz et al., 2019). Furthermore, microglia play a 

significant role in host’s defense against pathogens, regulating homeostasis, and CNS 

disorders (Hickman et al., 2018). 
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1.3.1.1. Microglia as sentinels in CNS 

Microglia cells are distributed throughout the CNS before the blood-brain barrier is 

established (Ginhoux et al., 2013). Microglia are specialized multitasking immune cells 

and act as sentinels in CNS for the maintenance of its homeostasis (Sousa et al., 2017; 

Yin et al., 2017). In a physiological state, localization and numbers of microglia are 

firmly controlled which is disrupted in disease state (Tay et al., 2017). After an injury, 

microglia migrate to the site of injury in minutes. However, microglia transform to 

amoeboid shape in hours to days (Prinz et al., 2019). Pio del Río Hortega mentioned 

the transformation of microglia in earlier studies. Microglia transformation includes a 

number of changes, such as in gene expression, morphology, migration, proliferation, 

metabolism, phagocytosis, and death (Benmamar-Badel et al., 2020). Microglia 

perform several functions including immune surveillance, sensing the invading 

pathogens, and dead cells. Furthermore, microglia eliminate these threats to protect 

the CNS (Casano and Peri, 2015). 

Murine microglia are equipped with a number of receptors known as sensome which 

enable the microglia to recognize the invading pathogens, cytokine, chemokines, 

metabolites, misfolded proteins, extracellular matrix, and change in pH (Hickman et al., 

2018). These murine microglia sensome consists of different receptors like purinergic 

(P2rx4, P2rx7, P2ry12, P2ry13 and P2ry6), chemokine (Ccr5, Cx3cr1, Cxcr4 and 

Cxcr2), Fc (Fcer1g and Fcgr3), interferon-induced transmembrane proteins (Ifitm2, 

Ifitm3 and Ifitm6), Toll-like receptor (Tlr2 and Tlr7), and siglecs (Siglech and 

Siglec3/Cd33) (Prinz et al., 2019).  

 

1.3.1.2. Microglia in brain homeostasis 

In a developing brain or early postnatal brain, microglia act differently compared to the 

adult brain (Lenz and Nelson, 2018). In the prenatal brain, microglia control the growth 

of dopaminergic axons in the forebrain and regulate the positioning of cortical 

interneurons (Squarzoni et al., 2014). In developing and early postnatal days of the 

mouse brain, microglia become highly mobile and activated. In such state, microglia 

are amoeboid and more proliferative (Figure. 4). Furthermore, expression profiling has 

shown that microglia are responsible for the phagocytosis and synaptic remodeling 

(Figure. 4). During late postnatal and adulthood, microglia become more homeostatic 

(Figure. 4) (Lawson et al., 1990; Matcovitch-Natan et al., 2016; Prinz et al., 2019). 
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Microglia and neurons arise at the same time during development, but microglia are 

responsible for controlling neuronal fates and numbers (Mazaheri et al., 2014, 2017; 

Frost and Schafer, 2016). In young mice, microglia organize and form the neuronal 

architecture by engulfing the neurons in the hippocampus (Sierra et al., 2010). 

Microglia lacking CX3C chemokine receptor 1 (CX3CR1) have been shown to cause 

the neuronal death that highlights the importance of microglia in the maintenance of 

neurogenesis in the developing brain (Paolicelli and Ferretti, 2017). Furthermore, 

colony stimulating factor 1 receptor (CSF1R) knockout mice showed absence of 

microglia and abnormalities in brain structure (Erblich et al., 2011). This study 

emphasized the importance of microglia in the normal brain development. In adult brain 

scans, microglia remove the dead cells and pathogens that may reside in the region. 

Microglia are heterogeneously distributed in the brain of adult mice where these cells 

act as sensors for the microenvironment (Lawson et al., 1990; Stratoulias et al., 2019). 

 

Figure 4 Functions of microglia during development and adulthood. 

(A) Morphology and proliferation of microglia. Microglia are activated during embryonic 

and early postnatal development. Microglia are in a homeostatic state during late 

postnatal and adulthood. (B) During embryonic and prenatal development microglia 

are motile. In postnatal development, microglia become more ramified and 

phagocytose the dead cells and are responsible for the synapse pruning. Figure is 

modified from Prinz et al. (Prinz et al., 2019). 
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1.3.2. Self-renewal ability of microglia 

Microglia are autonomous cells that have the ability of self-renewal (Ajami et al., 2007) 

and their population in the CNS including the retina is maintained throughout life (Réu 

et al., 2017; Tay et al., 2017). Animal studies have shown that CSF1R, interleukin-34 

(IL-34), and interferon regulatory factor-8 (IRF-8) are important factors for microglia 

development. The reduction in these factors also diminishes microglia population 

(Ginhoux and Prinz, 2015). CSF1R inhibitors are used to deplete microglia in the brain. 

However, microglia are re-established from surviving microglia, which were expressing 

nestin (Elmore et al., 2014). In the retina, microglia were repopulated after the 

elimination of all resident microglia and repopulated microglia were not expressing 

nestin. Furthermore, repopulated microglia were divided into two categories: the 

majority, of center-emerging and the minority, of periphery-emerging microglia. The 

majority center-emerging microglia originated from resident microglia of the optic nerve 

whereas the minority periphery-emerging microglia originated from macrophages in 

the ciliary body or iris. Repopulated retina microglia showed no changes at gene levels 

compared to retinal resident microglia (Huang et al., 2018b).  

 

1.3.3. Microglia in the healthy retina 

Microglia are important innate immune cells of the retina and these cells have similar 

morphology and homeostatic functions as in the brain (Guttenplan et al., 2018; 

Silverman and Wong, 2018). During retinal development, microglia are localized in the 

ganglion cell layer (GCL) and inner plexiform layer, where these cells phagocytose the 

cell debri (Bodeutsch and Thanos, 2000). Following the development stage, microglia 

migrate to inner and outer plexiform layers (IPL, OPL). Microglia then scan the retina 

and keep active surveillance with their filopodia like fine cellular processes (Karlstetter 

et al., 2015). In such a state, microglia with long processes also interact with other 

retinal cells to control microglia and maintain retinal homeostasis, architecture and 

integrity (Rashid et al., 2019). For this, microglia express different cell surface proteins 

to assist crosstalk with other cells. These surface proteins control microglia activation 

in a healthy retina (Langmann, 2007). For example, the CD200 receptor (CD200R) is 

an inhibitory receptor and expressed by microglia (Walker and Lue, 2013). The ligand 

for CD200R is CD200, a membrane glycoprotein expressed by a variety of retinal cells, 

including the ganglion, photoreceptor, and RPE (Rashid et al., 2019). Importantly, 
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CD200R deficient mice increased pro-inflammatory markers in an experimental model 

of uveoretinitis and CNV. Furthermore, CD200R-CD200 interaction is important for the 

control of tissue damage due to microglia activation (Copland et al., 2007; Horie et al., 

2013). 

Another important regulator of microglia is C-X3-C motif chemokine ligand 1 (CX3CL1 

or fractalkine) released by healthy retinal neurons and endothelial cells. CX3CL1 binds 

to CX3CR1 expressed by microglia (Karlstetter et al., 2015). Several studies 

highlighted the importance of CX3CL1-CX3CR1 to inhibit the retinal degeneration. For 

example, transplantation of CX3CR1-expressing mesenchymal stem cells in sub-

retinal (SR) space reduced microglia activation and retinal degeneration (Huang et al., 

2013). In CX3CR1 knockout (-/-) model, the velocity of retinal microglia is reduced 

compared to animals with preserved CX3CR1 (Liang et al., 2009). In retinal microglia 

depletion studies, microglia efficiently repopulated in the retina (Huang et al., 2018b). 

This repopulation is also regulated through CX3CL1-CX3CR1 signaling. Interestingly, 

repopulated microglia restore important surveillance functions of microglia such as 

movement and morphological changes to retinal injury. However, CX3CR1 deficient 

mice exhibited abnormal microglia repopulation (Zhang et al., 2018). Deletion of 

CX3CR1 enhanced the microglia activation and photoreceptor demise in retinal 

degeneration 10 (rd10) mouse model. Interestingly, overexpression of CX3CL1 

reduced photoreceptor death in rd10 mice (Wang et al., 2019). Hence, CX3CL1-

CX3CR1 signaling controls microglia activation and phagocytosis. In addition, 

CX3CL1-CX3CR1 signaling also regulates neuronal activity and synaptic integrity in 

the retina (Wang et al., 2016). 

Sialic acids covalently attached to cell membrane proteins, lipids and form polysialic 

acid chains (PSA). These chains are present on the healthy neuronal glycocalyx and 

interact with sialic acid binding immunoglobulin-like lectin 11 (Siglec11) which is a cell 

surface receptor of microglia (Linnartz-Gerlach et al., 2014). Interactions between the 

PSA and Siglec11 prevent microglia activation and control the retinal degeneration 

(Karlstetter et al., 2015). 

Microglia also interact with Müller cells in the retina and Müller cells are rich sources 

of extracellular ATP that control the microglia activity. Microglia and Müller cells 

interactions regulate retinal inflammation (Wang & Wong, 2014). Microglia release 

neurotrophic factor, fibroblast growth factor, leukemia inhibitory factor, and glial cell 
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line-derived neurotrophic factor. These factors could modulate the photoreceptor 

demise and retinal stress (Kumar et al., 2013). Microglia crosstalk with different cell 

types in the retina and microglia become highly sensitive to the microenvironment. 

Such a high sensitivity of microglia requires inhibitory pathways to control the 

unnecessary microglia activation. For this, RPE releases inhibitory factors, which 

inhibit the unnecessary infiltration of phagocyte into SR space (Chen and Xu, 2015). 

However, physiological functions of microglia are dysregulated in retinal diseases 

(Ramirez et al., 2017). 

 

1.3.4. Microglia in the diseased retina 

Microglia activation is a distinctive feature of many retinal diseases. Furthermore, 

microglia morphology and migration capacity are altered in an activation state. In 

chronic retinal diseases, microglia are pathologically activated for the long-term. Pro-

inflammatory responses are orchestrated by microglia cells and are highly upregulated, 

which eventually results in tissue damage and degeneration (Karlstetter et al., 2015; 

Rashid et al., 2019). 

 

1.3.4.1. Microglia in age-related macular degeneration 

There is overwhelming evidence to indicate the involvement of inflammation and 

dysregulation of innate immunity in AMD. Dysregulation of innate immunity is linked 

with complement factors, inflammasome, and microglia (Ambati et al., 2013; Fritsche 

et al., 2014; Rashid et al., 2019). Complement fragments (C3a and Ba) and cytokines 

are upregulated in aqueous humor of wet AMD patients (Schick et al., 2017). 

Dysregulation of the complement system activation contributes to AMD development 

and progression (Natoli et al., 2017). Activation of complement system also enhanced 

drusen deposition in the retina. Moreover, complement factors were also found in the 

drusen of AMD donors (Nozaki et al., 2006). Furthermore, drusen from AMD donors 

acts as pro-inflammatory agent to activate inflammasome (Mariathasan et al., 2006; 

Doyle et al., 2012). Inflammasome activation was also observed in ocular tissue of 

patients with GA and CNV (Gao et al., 2015). Resident microglia maintain a ramified 

structure in a resting state (Figure. 5). In transient damage, microglia act as sensors 

to detect damage-associated patterns (DAMPs) (Kigerl et al., 2014). Thus, they 
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transform their morphology to amoeboid and migrate to the site of damage (Figure.5). 

Microglia release pro-inflammatory cytokines, chemokines, and upregulate the 

reactive oxygen species (ROS) levels (Jurgens and Johnson, 2012) Furthermore, 

microglia enhance their phagocytic capacity to eliminate the damage (Fu et al., 2014). 

In such disease states, microglia strive to establish the cellular homeostasis with 

minimal damage to the retinal tissue (Chen and Xu, 2015). However, persistent 

damage due to neurodegenerative diseases causes microglia failing to resolve the 

damage and become pathologically active (McMenamin et al., 2019). In such a state 

in AMD, activated microglia in SR space release cytokines, chemokines, and 

phagocytose the healthy photoreceptor cells (Xu et al., 2009; Zhao et al., 2015). 

Activated microglia also upregulate the surface molecules and major histocompatibility 

complex (MHC) class I and II antigens (Jurgens and Johnson, 2012). Transcriptomic 

profiling of AMD patients showed the upregulation of different cytokines (Spindler et 

al., 2018; Sato et al., 2019). It is also possible that the increase of activated-microglia 

numbers in SR space is due to release of different chemoattractants (Rathnasamy et 

al., 2019). For example, chemokine (C-C motif) ligand 2 (CCL2) is released by 

activated microglia and caused microglia accumulation in SR (Raoul et al., 2010). 

CCL2 knockout mice have been shown to reduce the microglia accumulation in SR 

(Levy et al., 2015). CCL2 levels were upregulated in the serum of AMD patients 

compared to healthy control (Anand et al., 2012). Furthermore, CCL2 levels enhanced 

the recruitment of monocyte in ocular fluid in AMD patients (Sennlaub et al., 2013; 

Fauser et al., 2015). Drusen acts as also prominent chemoattractant molecule and 

enhanced activated microglia were identified in the SR space in association with age-

related deposition (Indaram et al., 2015). 

Activated microglia also have deleterious effects on neighboring cell types including 

RPE and photoreceptors (Madeira et al., 2018; Fletcher, 2020). Activated microglia 

enhanced the photoreceptor cell death in light-induced retinal degeneration model 

(Figure.5) (Scholz et al., 2015b; Akhtar‐Schäfer et al., 2018). Similar to AMD, microglia 

activation with damaging effects were also found in other degenerative diseases of the 

eye, such as retinitis pigmentosa (RP) and diabetic retinopathy (DR) (Gupta et al., 

2003; Zeng et al., 2008).  
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Figure 5 Localization of microglia and its activation in AMD. 

In a healthy state, ramified microglia are localized in IPL or OPL and scan the 

environment with long processes. In a disease state, microglia migrate to lesion sites, 

change their morphology to amoeboid, phagocytose the dead cells, and maintain 

homeostasis. However, in a persistent disease state, microglia fail to maintain 

homeostasis and become highly active. Activated microglia upregulate the release of 

pro-inflammatory mediators and enhance the disease progression. Figure is modified 

from Akhtar-schäfer et al. (Akhtar‐Schäfer et al., 2018). 

 

1.3.5. Microglia modulation as targeted therapy 

Microglia activation increases during retinal degeneration and microglia depletion 

studies highlighted the contribution of microglia in the maintenance of retinal structure 
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and integrity (Elmore et al., 2014). Microglia cells express CSF1R and an inhibitor of 

CSF1R (PLX5622) decreased the microglia accumulation and lesion size in a CNV 

animal model (Schwarzer et al., 2020). Microglia depletion did not alter the overall 

retinal thickness and structure. However, continuous microglia depletion in retina has 

been shown to enhance the neurodegeneration of photoreceptor synapses (Wang et 

al., 2016b). Furthermore, complete blockage of microglia would be undesirable 

because microglia have important homeostatic functions like phagocytosis of cell debri. 

Therefore, suppression of microglia activation with immunomodulatory compounds is 

opening a new avenue for the treatment of retinal neurodegenerative diseases 

including AMD (Rashid et al., 2019). To analyze the immunomodulatory compounds, 

in vivo models are required, which mimics the features of AMD.  

Although the mouse has no macula, prolong light induced photo-oxidative damage 

causes degeneration of photoreceptor cells and mimics the certain features of dry AMD 

in the mouse model (Organisciak and Vaughan, 2010; Grimm and Remé, 2012). For 

example, acute white light exposed albino mice have an accumulation of activated 

microglia in SR space, photoreceptor cell death, and depletion of outer nuclear layer 

(ONL) in the retina. Furthermore, in this model, microglia mediated release of pro-

inflammatory mediators (i-NOS, IL-1ß, CCL2, and IL-6) were upregulated. Moreover, 

the phagocytic capacity of microglia and neurodegeneration were also increased 

(Wenzel et al., 2005; Scholz et al., 2015b; Tisi et al., 2019). The laser coagulation 

model is used to study CNV in vivo. Laser beam induces CNV by breaking the BM and 

penetration of new choroidal capillaries (neoangiogenesis) into the retina. Laser 

lesions have also shown the accumulation of activated microglia and upregulation of 

cytokines and chemokines in the retinas of the mouse model (Lückoff et al., 2016; Wolf 

et al., 2020). 

These in vivo models of AMD highlight that microglia play important role in retinal 

degeneration. Furthermore, microglia act as a potential therapeutic target to alleviate 

the retinal disease development and progression. Immunomodulatory compounds like 

minocycline reduced the microglia reactivity and prevented light-induced retinal 

degeneration in mice (Scholz et al., 2015b). Therefore, it is important to target microglia 

activation in a disease state to minimize the harmful effects and to enhance the 

protective effects of microglia. Although, inhibition of microglia activation led to prevent 

neurodegeneration in several studies mentioned above. To date, there is no cure for 
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AMD and there is an urgent need for new compounds targeting microglia activation for 

therapeutic treatment options of AMD. 

 

1.4. Aryl hydrocarbon receptor (AhR) 

Cells are responding in a constant state to the molecular changes exerted by external 

stimuli, diet, and host metabolism. Cells have a number of sensors that facilitate the 

biotransformation and elimination of these external signals (Larigot et al., 2018). The 

aryl hydrocarbon receptor (AhR) is one of the sensors that respond to external stimuli 

(Lamas et al., 2018). AhR is expressed in a variety of cells and highly conserved across 

the species, which highlights its fundamental role in a biological system (Busbee et al., 

2013). Initially, it was identified for the xenobiotic metabolism (Frericks et al., 2007; 

Rothhammer and Quintana, 2019). In addition, AhR also performs several crucial 

functions to maintain cellular homeostasis and immunity (Hao and Whitelaw, 2013; 

Larigot et al., 2018). 

 

1.4.1. AhR complex and its functional domains 

The AhR is a ligand dependent transcriptional factor that localizes into cytoplasm with 

the association of heat shock protein 90 (HSP90), AhR-interacting protein (AIP; also 

known as XAP2), co-chaperone P23, and protein kinase SRC (Rothhammer and 

Quintana, 2019). AhR protein has three functional domains, basic helix-loop-helix 

(bHLH) which is responsible for the dimerization with AhR nuclear translocator (ARNT) 

and binding to DNA. The second functional domain has two Per-Arnt-Sim (PAS) 

domains, PAS A is responsible for the ARNT dimerization and PAS B is responsible 

for the ligand binding. Lastly, the third domain of AhR is known as C-terminal domain, 

having three further subdomains (acidic, glutamine-rich (Q-rich), proline, serine, and 

threonine (P/S/T) (Figure. 6) (Larigot et al., 2018). 

AhR with associated proteins form a complex that interact with each other for proper 

functioning of this receptor (Tappenden et al., 2013). AhR is associated with two 

HSP90 proteins, one HSP90 binds to the PAS domain of AhR and second HSP90 

binds to the basic helix-loop-helix and PAS domain (Fukunaga et al., 1995). AIP 

interacts with AhR and HSP90 and is responsible for the stabilization of the AhR-

HSP90 interactions (Meyer and Perdew, 1999). AIP further participates in AhR folding 
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and regulates the AhR transport to the nucleus by inhibiting importin-β, which 

enhances the translocation. Moreover, AIP and P23 stabilize the AhR localization into 

the cytoplasm. P23 also inhibits the proteasome-mediated degradation (Kudo et al., 

2018). The protein kinase SRC regulates AhR activation upon ligand binding (Enan 

and Matsumura, 1996). These interactions are responsible for the AhR stability and 

localization into cytoplasm. In addition, AhR complex has high affinity for the AhR 

agonists (Rothhammer and Quintana, 2019). Different domains for ligand, ARNT, 

DNA, and coactivator bindings are present within AhR. ARNT has similar domains and 

structure to AhR. However, ligand binding domain is absent in ARNT. Therefore, ARNT 

is responsible for AhR binding. Another protein, AhR repressor (AhRR) has functional 

domains, such as ARNT, DNA, and corepressor binding. AhRR is responsible for 

repressing the AhR activity (Figure. 6) (Larigot et al., 2018). 

 

Figure 6 The functional domains of AhR, ARNT, and AhRR. 

The AhR protein consists of a bHLH, two PAS domains (PAS A and B), and C-terminal 

domain. ARNT protein has a similar structure to AhR except ligand binding domain 

which is absent in ARNT. AhRR has bHLH, PAS A, and corepressor binding domains. 

Furthermore, AhRR binds to ARNT and responsible for AhR repression. Figure is 

adapted from Larigot et al. (Larigot et al., 2018). 
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1.4.2. AhR Signaling 

In an active state, AhR with ligand translocate into the nucleus and bind to ARNT to 

form AhR-ARNT complex. This complex binds to AhR response elements known as 

dioxin or xenobiotic response elements (DRE or XRE) and transcribes different genes 

(cytochrome P450 superfamily genes (CYP1A1, CYP1B1), and NAD(P)H quinone 

oxidoreductase 1 (NQO1). These genes are responsible for xenobiotic metabolism 

(Lamas et al., 2018). AhRR binds to ARNT and forms AhRR-ARNT complex. This 

complex prevents the binding of ligand bound AhR to ARNT and regulates AhR activity 

(Figure. 7A) (Sakurai et al., 2017). 

AhR has been shown to interact with different transcriptional factors and regulates the 

expression of those genes having no DRE or XRE (Figure. 7B). For example, AhR 

directly interacts with the retinoblastoma protein to inhibit cancer (Marlowe et al., 

2008). In addition, AhR interacts with retinoic and estrogen receptor and modulates 

their activity. Moreover, AhR also regulates the target genes of P53, MYC, MAP 

kinases, ERK1, ERK2, HIF1 alpha, and NF-kB (Puga et al., 2002, 2009; Zhu et al., 

2019). AhR interacts directly to NF-kb or indirectly through SOCS2 (Figure. 7B) 

(Rothhammer and Quintana, 2019). Other signaling pathways like Wnt/β-catenin also 

modulate AhR signaling (Esser and Rannug, 2015). Furthermore, AhR regulates the 

chromatin remodeling via histone acetylation and methylation (Schnekenburger et al., 

2007; Winans et al., 2015). Collectively, AhR signaling is highly variable and versatile. 

The versatility of AhR signaling is associated with cell type, specific ligand, and 

activation of other signaling pathways which may crosstalk with AhR (Rothhammer and 

Quintana, 2019).  
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Figure 7 The AhR signaling pathway. 

(A) Inactive AhR localizes into cytoplasm with the association of HSP90, AIP, co-

chaperone P23, and protein kinase SRC. Upon ligand binding, AhR translocates into 

the nucleus and forms heterodimer with ARNT. AhR-ARNT complex binds to AhR 
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response elements, which is present in the promoter region of target genes. AhRR 

inhibits the dimerization of AhR complex with ARNT. AhR signaling pathway 

upregulates antioxidant genes and downregulates the pro-inflammatory genes 

(Busbee et al., 2013; Larigot et al., 2018). (B) AhR also interacts with other 

transcriptional regulators. AhR interacts directly with NF-kb or indirectly through 

SOCS2. In addition, ligand-mediated AhR activation reduces the MAP kinase signaling 

(Puga et al., 2009; Rothhammer and Quintana, 2019). Figures are adapted from 

Larigot et al. (Larigot et al., 2018). 

 

1.4.3. AhR Ligands  

Numerous AhR ligands have been discovered and their identification has increased 

the knowledge of AhR activity and its physiological functions (Lamas et al., 2018; Safe 

et al., 2018). AhR ligands are divided into two categories, such as exogenous and 

endogenous. Exogenous ligands are further classified as synthetic and natural ligands. 

For example, polycyclic aromatic hydrocarbon and synthetic flavonoid are synthetic 

ligands and induce AhR target genes (Busbee et al., 2013). Natural ligands of AhR are 

presented to biological systems through diet. Greater source of naturally occurring AhR 

ligands is in a diet having carotenoid, cantaxantine, astaxanthin, berberine, and 

flavonoids (Busbee et al., 2013). 

Indole-3-carbinol (I3C) is a natural ligand (agonist) of AhR and present in green 

vegetables such as broccoli, cauliflowers, cabbage, kale, and Brussels sprouts. These 

vegetables contain glucobrassicin and when these vegetables are chopped, the 

enzyme myrosinase becomes active and converts the glucobrassicin into two unstable 

products that finally degrade into I3C (Figure. 8). I3C reacts with itself and with a variety 

of other chemicals in plants to form conjugates. Indole 3 cysteine, Indole 3-tryptophan, 

and indole-3-carboxaldehyde are the result of these reactions (Chamovitz et al., 2018). 

Furthermore, under acidic environmental conditions, I3C converts to form 3,3'-

diindolylmethane (DIM) through condensation, hence having biological effects at 

cellular and molecular levels (Bjeldanes et al., 1991; Wang et al., 2016). In addition, 

I3C has anti-carcinogenic, anti-inflammatory, antioxidant, and anti-apoptotic properties 

(Choi et al., 2018; Lamas et al., 2018).  

Endogenous ligands of AhR include molecules which are the result of different pathway 

metabolism, such as indirubin, indigo, formylindolo [3,2-b] carbazole (FICZ), 

tryptophan, metabolites of heme, arachidonic acid, and kynurenine pathway 

(Stejskalova et al., 2011; Larigot et al., 2018). 
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Figure 8 Breakdown of glucobrassin in vegetables and its conversion to I3C. 

Cruciferous vegetables (broccoli, cauliflower, and cabbage) contain glucobrassicin. 

Due to myrosinase activity, glucobrassicin is transformed into an unstable form 

(thiohydroximate–O-sulfonate). This product is further transformed into another 

unstable form (3-indolymethyl-isothiocyanate) upon sulfate ion release. This 

compound is converted into thiocyanate ion and I3C. Figures are modified from 

https://lpi.oregonstate.edu/mic/dietary-factors/phytochemicals/indole-3-carbinol and 

https://lancaster.unl.edu/hort/articles/2005/growcabbage.shtml.  

 

1.4.4. AhR in the CNS 

AhR is expressed by various immune cells including neurons, oligodendrocytes, glial 

precursor, astrocytes, and microglia (Juricek and Coumoul, 2018). AhR plays a 

significant role in immunity (Kerkvliet, 2009). Several genes which are responsible for 

the immune response, have a xenobiotic response element (XRE) sequence in their 

promoters. However, it is not clear whether AhR is directly involved in their regulation 

(Fujii-Kuriyama and Kawajiri, 2010). 

AhR modulates the immune system in healthy and disease states (Gutiérrez-Vázquez 

and Quintana, 2018). Microglia coordinate with astrocytes at different levels to maintain 

cellular homeostasis through AhR (Figure. 9A). Recent study proposed that in a 

healthy CNS, AhR activation with agonists (Diet, gut flora and host metabolism) 

increased transforming growth factor alpha (TGF-α) and reduced nuclear factor k-light-

chain-enhancer of activated B cells (NF-kB)-mediated vascular endothelial growth 

factor b (VEGFb) responses. Thus, in microglia and astrocytes, ligand-mediated AhR 

activation eventually reduced inflammation, neurotoxicity, and immune cells 
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recruitments (Figure. 9A). Whereas, in CNS inflammation, the absence of AhR 

agonists downregulated TGF-α and upregulated NF-kB-mediated VEGFb responses 

which ultimately enhanced inflammation, neurotoxicity, and immune cell recruitment 

(Figure. 9B) (Rothhammer and Quintana, 2019). In addition, toll like receptors (TLRs) 

activate different molecular signaling pathways and regulate inflammatory responses 

(Mulfaul et al., 2020). Previously, AhR has been shown to negatively regulate toll like 

receptor (Kimura et al., 2009). AhR deficient mice have been shown to increase 

inflammatory response and highlighted the physiological importance of this receptor 

(Juricek et al., 2017). 

 

Figure 9 AhR in the CNS. 

In a healthy CNS, AhR agonists cross the blood brain barrier and enhance the AhR 

signaling, resulting in NF-kB downregulation in microglia and astrocytes. AhR 

activation reduces inflammation, neurotoxicity, and immune cell recruitment and 

maintains CNS homeostasis. (B) In a diseased CNS, AhR agonists are not present, 

resulting in the upregulation of NF-kB in microglia and astrocytes. Absence of AhR 

activity enhances inflammation, neurotoxicity, and immune cell recruitment. Figures 

are modified from Rothhammer and Quintana. (Rothhammer and Quintana, 2019).  

 

1.4.5. AhR as therapeutic target in CNS 

AhR also plays an important role in the regulation of CNS pathogenesis (Wheeler et 

al., 2017). AhR knockout mice have been shown to develop an impaired immune 

system (Fernandez-Salguero et al., 1995; 1997). AhR-deficient mice exhibited 
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impaired neurogenesis in hippocampus and altered fear memory (Latchney et al., 

2013). In addition, AhR deletion also enhanced the aberrant morphogenesis of granule 

cells in hippocampus with impaired hippocampus dependent memory (de la Parra et 

al., 2018). AhR activation with ligand has been shown to prevent microglia activation 

and LPS-induced inflammation in mouse brain (Kim et al., 2014). AhR signaling has 

been shown to regulate brain regeneration and restored neurogenesis in brain injury 

(Giaimo et al., 2018). Furthermore, AhR regulated the astrogliosis and neurogenesis 

in the brain of stroke-induced mice (Chen et al., 2019). AhR might be an important 

therapeutic target and AhR activation with ligands opens a new therapeutic option for 

various CNS related diseases (Wheeler et al., 2017; Rothhammer and Quintana, 

2019). AhR activation with I3C and DIM prevented experimental autoimmune 

encephalomyelitis (EAE) and EAE-mediated infiltration of immune cells into the CNS 

(Rouse et al., 2013). Laquinimod has been reported to prevent EAE by activating AhR 

(Kaye et al., 2016). I3C reduced the clonidine-induced neurotoxicity through 

antioxidant mechanisms in rats (El-Naga et al., 2014). I3C reduced inflammatory 

responses and enhanced antioxidants in an experimental in vivo model of Parkinson’s 

disease (Saini et al., 2020). Tryptophan mediated AhR activation reduced inflammatory 

responses in the CNS (Rothhammer et al., 2016). 

 

1.4.6. AhR as therapeutic target in the eye 

AhR plays a significant role in the physiological and pathological mechanisms involved 

in ocular compartment and AhR is a putative target to prevent different ocular diseases. 

For example, AhR knockout mice exhibited oculomotor deficiency (Chevallier et al., 

2013). Thyroid eye disease (TED) is an inflammatory disease of the orbit, which is 

associated with dysregulated ocular tissue remodeling, myofibroblast aggregation, and 

immune cell activation. AhR ligands inhibited the myofibroblast activation and 

proliferation (Woeller et al., 2016). Recently, ligand-mediated AhR activation has been 

shown to decrease collagen accumulation and destructive tissue remodeling which 

occurs in the TED (Roztocil et al., 2020). Uveitis is another intraocular inflammatory 

disease and the leading cause of blindness. AhR knockout mice enhanced microglia 

recruitment and AhR activation reduced the inflammation and apoptosis in 

experimental autoimmune uveitis (Huang et al., 2018a). AhR knockout mice have been 

shown to enhance the carcinogen-induced retinal lesions (Tsai et al., 2020). Age-
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related decline in AhR was found in the RPE cells, AhR knockout mice exhibited RPE 

dysregulation and dry-AMD like phenotype (Hu et al., 2013). In addition, fundus images 

of 3 to 12 months old AhR knockout mice showed yellow and white spots which were 

absent in wild type (WT) mice (Figure. 10A). In addition, the accumulation of SR 

microglia and RPE dysfunction were evident in AhR knockout mice (Figure. 10B) (Kim 

et al., 2014b). Retina-specific AhR knockout mice enhanced the retinal degeneration 

with a thinned retinal ONL. Moreover, retinal apoptosis was seen in these mice (Zhou 

et al., 2018). Absence of AhR has been shown to enlarge the CNV lesion size and 

increased inflammation with extracellular matrix dysregulation compared to wild-type 

mice of the same age (Choudhary et al., 2015). 

 

Figure 10 Fundus and histological examination of wild type (WT) and AhR knockout 

(AhR-/-) mice. 

(A) Fundus images of 12 months old WT and 3, 6, and 12 months old AhR-/- mice. 

Fundi of AhR-/- show yellowish and white spots (arrows) with atrophic regions 

(asterisk). (B) Histological section of WT and AhR-/- of 12 months old mice. Outer 

segment (OS) of AhR-/- mice shows significantly high number of microglia compared 

to WT. Figures are taken from Kim et al. (Kim et al., 2014b). 

 

Beneficial effects of AhR ligands have been seen in different animal models of AMD. 

A synthetic ligand of AhR, 2,2′-aminophenyl indole (2AI) has been reported to protect 

RPE cells to maintain the retinal homeostasis (Gutierrez et al., 2016), and induced 

AhR signaling has been shown to reduce the laser-induced CNV in aged mice 

(Takeuchi et al., 2009; Choudhary et al., 2018). These studies highlighted the 

importance of AhR signaling pathway and this receptor might be an important 
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therapeutic target for treatment of such diseases (Choudhary and Malek, 2020). 

Furthermore, AhR may act as major regulator and may control the AMD pathogenesis 

through the involvement in inflammation, oxidative stress, apoptosis, ECM 

dysregulation, lipid metabolism, immune response, angiogenesis, and 

neurodegeneration (Figure. 11) (Malek and Lad, 2014). 

 

 

Figure 11 AhR may be important for AMD pathogenic signaling pathways. 

AhR may regulate AMD pathogenesis through the involvement in inflammation, 

oxidative stress, apoptosis, ECM dysregulation, lipid metabolism, immune response, 

angiogenesis, and neurodegeneration. Figure is adapted from Malek and Lad. (Malek 

and Lad, 2014). 

 

1.4.7. Microglia modulation through AhR signaling 

Microglia cells play a crucial role in the healthy and diseased retina and microglia 

modulation is an important avenue for AMD treatments (Rashid et al., 2019). 

Furthermore, AhR is expressed by microglia and AhR has been shown to regulate 

microglia homeostasis (Lee et al., 2017; Rothhammer & Quintana, 2019). A number of 

AhR natural ligands are present in food, which are less toxic and easily consumable, 

such as flavonoid, resveratrol, carotenoids, and indoles (Busbee et al., 2013). In 

addition, luteolin, quercetin, resveratrol, and curcumin are indirect activators of AhR 

and have been shown to regulate the AhR activity (Jin et al., 2018; Mohammadi-

Bardbori et al., 2012; Zhang et al., 2003). Luteolin, a plant-derived flavone reduced 
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lipopolysaccharides (LPS)-induced pro-inflammatory and apoptotic gene expression in 

BV-2 microglia cells (Jang et al., 2008). Luteolin has been shown to reduce microglia-

mediated neurotoxicity to photoreceptor cells (Dirscherl et al., 2010). Another flavone 

quercetin has been shown to reduce LPS-induced pro-inflammatory markers and nitric 

oxide release. Furthermore, quercetin induced the expression of anti-oxidant genes in 

microglia cells (Sun et al., 2015). Quercetin has been shown to reduce the LPS-

induced microglia activation in the brain (Khan et al., 2018). Resveratrol, a naturally 

occurring non-flavonoid polyphenol found in red grape seed (red wine)-induced the 

dynamic changes at transcriptome level and inhibited the inflammatory phenotype in 

BV-2 and primary microglia cells (Lu et al., 2010; Wiedemann et al., 2018). Curcumin 

is a lipophilic polyphenol found in the rhizome of the curcuma longa and interacts with 

AhR. Curcumin potently reduced LPS-induced pro-inflammatory transcripts and 

microglia-mediated neurotoxicity to photoreceptor cells (Karlstetter et al., 2011). 

 

1.5. Aims of the study 

Microglia are important immune cells in the CNS including the retina. Microglia regulate 

inflammatory responses to reduce neurodegeneration and provide necessary defense 

against damage and maintain the retinal homeostasis. However, chronic inflammatory 

responses result in the permanent activation of microglia, which is a major hallmark of 

retinal degenerative diseases including AMD. Microglia modulation might act as 

targeted therapy to slow down these diseases. However, new pharmacological 

targeting to inhibit the microglia activation is highly required for future treatments of 

retinal degeneration. AhR is also responsible for reducing the external stress through 

xenobiotic metabolism and AhR activation is important for regulating the immune 

response. AhR knockout mice have been shown to accumulate activated microglia in 

SR space and mimicked dry AMD-like phenotype. 

Hence, the present study dealt with the understanding of AhR in link with microglia 

modulation. We aimed on elucidating that the AhR natural agonist I3C may regulate 

microglia activation to prevent inflammatory responses. For this, potential 

immunomodulatory and neuroprotective effects of I3C in microglia cell lines, primary 

microglia, retinal explants cultures, and retinas of light-damage BALB/cJ mice were 

analyzed.
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2.1. Materials 

 

2.1.1. Cell lines 

Table 1 List of cell lines used in this study 

Cell line Origin 

BV-2 murine microglia cells 

Primary microglia cells were isolated from 1-week old 

C57BL/6 mice infected with a recombinant retrovirus 

(V-raf/v-myc) (Blasi et al., 1990). 

SV-40 human microglia cells 
Applied Biological Materials Inc., Richmond, BC, 

Canada. 

ARPE-19 retinal pigment 

epithelial cells 

RPE is derived from normal eye of a male donor 19-

years old (Dunn et al., 1996). 

661 W photoreceptor cells  
Prof. Muayyad Al-Ubaidi, University of Okalahoma 

health sciences center, Oklahoma, USA. 

 

2.1.2. Reagents used in cell culture  

Table 2 Cell culture reagents used in this study 

Cell culture reagents Manufacturer, Cat. No. 

Roswell Park memorial Instituite (RPMI) 1640 Gibco,#21875034 

Dulbecco's Modified Eagle Medium (DMEM) Sigma-Aldrich, #D6429 

DMEM F-12 Gibco,#11554546 

Dulbecco's Phosphate-Buffered Saline (DPBS) Gibco, #14190-094 

Fetal Calf Serum (FCS) Gibco, #10270-106 

Pennicilin/Streptomycin Gibco, #15140-122 

Trypsin/EDTA Sigma-Aldrich, #T3924 

ß-Mercaptoethanol Sigma-Aldrich, #M-7154 

 



Materials and Methods 

30 
 

2.1.3. Cell lines with medium composition 

Table 3 Medium for the cells were prepared as indicated 

Cells medium Formula 

BV-2 RPMI 4640 

  5 % FCS 

  1 % Penicillin/Streptomycin 

  1% L-Glutamine 

  195 nM ß Marceptoethanol 

SV-40 DMEM high glucose 

  10 % FCS 

  1 % Penicillin/Streptomycin 

ARPE-19 DMEM/F-12 

  10 % FCS  

  1 % Penicillin/Streptomycin 

661 W photoreceptor DMEM 

  5 % FCS  

  1 % Penicillin/Streptomycin 

 

2.1.4. Mice 

Table 4 Mouse strain, eye drops, and systemic anesthesia 

Mice Origin and husbandry 

BALB/cJ Animals (male and female) used for this work 

were housed in an air-conditioned 

environment at 20-24 °C on a 12 hours light-

dark schedule. Mice had full access to food 

and water ad libitum. 

Eye drops Manufacturer 

Hylo-Vision Gel sine eye drops OmniVision 

Phenylephrin 2.5 % / Tropicamid 0.5 % Pharmacy University Hospital Cologne 
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Anesthetic solution - Formula Manufacturer 

8.5 ml of 0.9 % isotonic NaCl Fresenius Kabi 

1 ml Ketaminehydrochloride (Ketaset) Zoetis 

0.5 ml Xylazinhydrochloride (Rompun) Bayer HealthCare 

0.1 ml /10 g bodyweight used   

 

2.1.5. Buffers and solutions 

Table 5 Buffers and solutions were prepared as indicated 

Buffer/Solution Formula Manufacturer, Cat. No. 

1x PBS, pH 7.4 137 mM Sodium chloride 
 

 
2.7 mM Potassium chloride Amresco, #E404 

 
10 mM Disodium phosphate  1 tablet/100 ml dH2O 

 
1.8 mM Monopotassium phosphate 

1x TBE 1 M Tris, pH 7.5 Roth, #4855.3 

 
1 M Boric acid Sigma-Aldrich,#B6768 

 
20 mM EDTA Merck, #108421 

1x TBS-T 150 mM NaCl see above 

 
200 mM Tris see above 

 
0.1 % v/v Tween-20 see above 

6x Loading dye 60 % v/v Glycerine Roth, #3783.1 

 
20 mM EDTA see above 

 
0.25 % w/v Bromphenol blue Sigma-Aldrich,#B-6131 

Antibody solution 1 5 % w/v Bovine serum albumin  Roth, #3854.2 

 
in 1x TBS-T see above 

Antibody solution 2 1x TBS-T see above 

Blotto 1 % w/v Milk powder Roth, #T145.3 

 
0.01 % v/v Tween-20 in 1x PBS Merck, #822184 
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PBST-X 3 ml Triton X-100 Sigma-Aldrich, #T8787 

 
in 1L PBS see above 

Membrane blocking 

buffer 
5 % w/v Milk powder in TBS-T see above 

RIPA buffer 50 mM Tris-HCl pH 7.4 see above 

 
150 mM NaCl see above 

 
1 % v/v NP-40 Calbiochem, #492016 

 
0.5 % w/v Sodium deoxycholate Sigma-Aldrich, #D6750 

 0.1 % w/v Sodium dodecyl sulfate 

(SDS) 
Serva, #20765.03 

 2 mM Phenylmethanesulfonyl 

fluoride (PMSF) 
Applichem, #A0999 

 
cOmplete™ mini protease inhibitor Roche, #11836153001 

Running buffer 192 mM Glycine AppliChem, #1067 

 
250 mM Tris see above 

 
0.1 % w/v SDS see above 

Tranfer buffer 192 mM Glycine see above 

 
250 mM Tris see above 

 
20 % v/v Methanol 

Chemosolution, 

#1437.2511 

Stripping buffer 192 mM Glycine, pH 2.2 see above 

 
0.0001 % w/v SDS see above 

 
0.01 % v/v Tween-20 see above 

PERM/Block buffer 2.5ml Normal Donkey Serum LINARIS, #ADI-NDKS-10 

 
0.1 g Bovine serum albumin see above 

 
0.15 ml Triton X-100 Sigma-Aldrich, #T8787 
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2.1.6. Kits  

Table 6 Kits used in this study as indicated 

Kits systems Manufacturer, Cat. No. 

CellTiter 96® Cell Proliferation Assay Promega, #G4000 

Caspase-Glo® 3/7 Assay Promega, #G8090 

Griess Reagent System  Promega, #G2930 

LightCycler® 480 Probes Master Roche Applied Science, #04707494001 

Mouse CCL2/JE/MCP-1Duoset® ELISA  R&D SYSTEMS, # 740955 

NucleoSpin® RNA Isolation Kit Macherey-Nagel, #740955 

Pierce™ BCA Protein Assay Kit ThermoFisher Scientific, #23225 

Pierce™ ECL Western Blotting Substrate ThermoFisher Scientific, #32109 

RevertAid RT Kit ThermoFisher Scientific, #K1691 

RNeasy Micro kit Qiagen, #74004 

Takyon™ No Rox Probe 2X MasterMix 

dTTP 
Eurogentec, #-NPMT-B0701 

SignalFire™ Elite ECL Reagent Cell Signaling Technology, #12757 

 

2.1.7. Enzymes and buffers 

Table 7 Enzymes and buffers used as indicated 

Enzymes and buffers Manufacturer, Cat. No. 

RevertAid H Minus Reverse Transcriptase ThermoFisher Scientific, Kit#K1622 

5x Reaction buffer ThermoFisher Scientific, Kit#K1622 

Proteinase K Merck Chemicals GmbH, 20-298 
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2.1.8. Primers and probes 

Table 8 Mouse and human primers with probes for qRT-PCR used in this study 

Target gene Forward primer Reverse primer 

Probe 

# 

m i-NOS 5’-ctttgccacggacgagac-3’ 5’-tcattgtactctgagggctga-3’ 13 

m IL-1ß 5′-tcttctttgggtattgcttgg-3′,  5′- tgtaatgaaagacggcacacc-3′ 38 

m CCL2 5′-catccacgtgttggctca-3 5′-gatcatcttgctggtgaatgagt-3′ 62 

m IL-6 5′-gatggatgctaccaaactggat-3 5′-ccaggtagctatggtactccaga-3′ 6 

m NQO1 5′- agcgttcggtattacgatcc-3′ 5′- agcgttcggtattacgatcc-3′ 50 

m HMOX1 5′-agggtcaggtgtccagagaa-3′ 5′-cttccagggccgtgtagata-3′ 9 

m CAT1 5′-ccttcaagttggttaatgcaga -3′ 5′-caagtttttgatgccctggt-3′ 34 

m ATP5B 5′-ggcacaatgcaggaaagg-3′ 5’-tcagcaggcacatagatagcc-3’ 77 

h IL-1ß 5′-tacctgtcctgcgtgttgaa-3′ 5′-tctttgggtaatttttgggatct-3′ 78 

h NLRP3 5′-atccactcctcttcaatgctg-3′ 5′-aaagagatgagccgaagtgg-3′ 72 

h IL-6 5′-gatgagtacaaaagtcctgatcca-3′ 5′-ctgcagccactggttctgt-3′ 40 

h CCL2 5′-agtctctgccgcccttct-3′ 5′-gtgactggggcattgattg-3′ 40 

h IL-8 5′-agacagcagagcacacaagc-3′ 5′-cacagtgagatggttccttcc-3′ 72 

h IL-18 5′-aacaaactatttgtcgcaggaat-3′ 5′-tgccacaaagttgatgcaat-3′ 46 

h NQO1 5′-tcccttgcagagagtacatgg-3′ 5′-atgtatgacaaaggacccttcc-3′ 21 

h HMOX1 5′-ggcagagggtgatagaagagg-3′ 5′-agctcctgcaactcctcaaa-3′ 15 

h CAT1 5′-tcatcagggatcccatattgtt-3′ 5′-ccttcagatgtgtctgaggattt-3′ 76 

h GAPDH 5′-agccacatcgctcagacac-3′ 5′-gcccaatacgaccaaatcc-3′ 60 
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2.1.9. Small interfering RNA (siRNA) 

Table 9 AhR and negative control siRNAs used in this study 

siRNA Target sequence Manufacturer, Cat. No. 

Mm_AhR_2 agggattaacttctagatgaa Qiagen, 100205744 

Mm_AhR_5 tggcattaagataaagataaa Qiagen, 102672257 

Mm_AhR_6 atggtgcattgtataaacata Qiagen, 102692501 

Mm_AhR_7 atgatttataatgtccttaaa Qiagen, 1027155139 

Negative Control   Qiagen, 1022076 

 

2.1.10. Western blot gels 

Table 10 Western blot gels were prepared as indicated 

Gels Formula Manufacturer, Cat. No. 

Running gel 10% v/v Acrylamide Roth, #A124.1 

  0.4 M Tris pH 8.8 see above 

  0.1 % w/v SDS see above 

  0.1 % w/v Ammonium persulfate (APS) Sigma-Aldrich, #A3678 

  0.01 % v/v TEMED Roth, #2367.1 

Stacking gel 5 % v/v Acrylamide see above 

  0.125 M Tris pH 6.8 see above 

  0.1 % w/v SDS see above 

  0.1 % w/v APS see above 

  0.005 % v/v TEMED see above 
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Table 11 List of all antibodies used in this study 

Antibodies Dilution Manufacturer, Cat. No. 

Anti-I-NOS 1:2000 BioSciences, #610329 

Anti-IL-1ß 1:200 Santa Cruz Biotechnology, #B122 

Anti-IBA 1 1:500 Wako, #01-1074 

Anti-p-NFkB p65 1:500 Santa Cruz Biotechnology, #136548 

Anti-COX2 1:500 Abcam, #15191 

Anti-HMOX1 1:1000 Abcam, #137749 

Anti-NQO1 1:500 Santa Cruz Biotechnology, #32793 

Anti-p44/42 MAPK  1:1000 Cell Signalling Technology, #4695 

Anti-Phospho-p44/42 MAPK  1:2000 Cell Signalling Technology, #4370 

Anti-ß-Actin 1:200 Santa Cruz Biotechnology, #47778 

Alexa Fluor® 488 (goat anti-rabbit) 1:1000 LifeTechnologies, #A11008 

Goat anti-mouse IgG-HRP 1:4000 Agilent Dako, #P0447 

Goat anti-rabbit IgG-HRP 1:4000 Agilent Dako, #P0448 

DAPI 0.1 µg/ml Invitrogen, #D1306 

Phalloidin-TRITC 1:500 Sigma-Aldrich, #P1951 

 

2.1.11. Compounds and reagents  

Table 12 Compounds and reagents used in this study 

Compounds and reagents Manufacturer, Cat. No. 

Indole-3-carbinol 
Sigma-Aldrich, #I7256-5G 

LPS from E. coli :B4 Sigma-Aldrich, #L4391 

Phorbol-12-myristate-13-acetate (PMA) Sigma-Aldrich, #1585 

Zymosan A from Saccharomyces cerevisiae Sigma-Aldrich, #Z4250 
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β-mercaptoethanol Sigma-Aldrich, #M-7154 

Collagen I, bovine Gibco, #A10644 

Dimethylsufoxid (DMSO) Serva, #20385.01 

Ethanol 70% Applichem, #A2192 

Ethanol  Applichem, #A3678 

Fluorescence Mounting Medium Dako, #S302380-2 

Goat Serum Abcam, #AB7481 

HistoFix 4% Roth, #P087.4 

Isopropanol Merck, #100995 

Laemmli sample buffer  Bio-Rad, #161-0747 

Lipofectamine™ 3000 Transfection Reagent ThermoFisher Scientific, L3000015 

Methanol Chemosolution, #1437.2511 

PageRuler™ Prestained Protein Ladder ThermoFisher Scientific, #26616 

Polystyrene microparticles Sigma-Aldrich, #72986 

RNase away Molecular Biopro., #70003 

Tissue Tek OCT-Compound Sakura, #4583 

Trypan blue Biochrom AG, #L6323 

VECTASHIELD® HardSet™  Vector Laboratories, #H-1400 

 

2.1.12. General consumables and devices 

Table 13 General consumables and devices used as indicated 

Consumables Manufacturer, Cat. No. 

Amicon® Ultra-15 filter units 30k  Merck, #UFC903008 

Biosphere R filter tips 2.5 µL  Sarstedt, #70.1130.212 

Biosphere R filter tips 200 µL  Sarstedt, #70.760.211 

Biosphere R filter tips 1000 µL  Sarstedt, #70.762.211 
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Black 96-well microtiter plates  
ThermoFischer Scientific 

#611F96BK 

Cell scraper  Sarstedt, #83.1830 

Cover glasses 18x18mm  Th.Geyer, #7695023 

FrameStar® 384-well plates with seal 4titude, #4ti-0382 

Gloves  Dermagrip, #100176 

Microtome Blades C35 TYPE  Feather, #207500003 

Nitrocellulose membrane 0.45 µm Bio-Rad, #1620115 

Nunc® TripleFlasks Sigma-Aldrich, #F8542 

PCR stripes  Kisker Biotech, #G003-SF 

Superfrost Plus™ Microscope Slides 
ThermoFischer- 

Scientific, #J1800AMNZ 

Tissue-Tek® Cryomold® Molds VWR, #R 4557 

T75 culture flask  Sarstedt, #83.3911.002 

White 96-well microtiter plates  Costar, #3912 

1-mL syringe BD, #309628 

20G needle  BD, #301300 

30 µl Impact 384 tips Thermo Scientific, #7431 

1.5 ml micro tube Sarstedt, #72.690 

1.5 ml micro tube black Roth, #AA80.1 

2 ml micro tube Sarstedt, #72.689 

15 ml reaction tube  Sarstedt, #62.554.502 

50 ml reaction tube  Sarstedt, #62.554.254 

6-well cell culture plates  Sarstedt, #83.3920 

12-well cell culture plates  Sarstedt, #83.3921 
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96-well microtiter plates  Sarstedt, #83.3924 

Devices Manufacturer 

Adventurer Pro balance Ohaus®  

ApoTome.2  Zeiss 

AxioCam ICc 1 camera  Zeiss 

AxioCam MRm camera  Zeiss 

Centrifuge 5415 R  Eppendorf 

Centrifuge Mini Star  VWR International 

Cryostat CM3050  Leica 

Explorer R Ex 124 balance  Ohaus®  

Galaxy 170S CO2 incubator New Brunswick Scientific 

Imager. M2 microscope  Zeiss 

Infinite®F200 Pro plate reader Tecan 

Light damage device custom-built 

LightCycler® 480 Instrument II  Roche Applied Science 

Matrix™ Multichannel Pipette ThermoFisher Scientific 

Mini-Protean® Tetra System Bio-Rad 

MiniTrans-Blot® Cell Module Bio-Rad 

MSC-Advantage hood  Thermo Scientific 

MultiImageII Alpha Innotech 

NanoDrop 2000 Spectrophotometer  Thermo Scientific 

Neubauer counting chamber  OptikLabor 

Orbital incubator S1500 Stuart®  

PCR workstation VWR International 

peQSTAR 2x cycler  peQlab 
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See-saw rocker SSL4  Stuart®  

Spectralis™ HRA+OCT Heidelberg Engineering  

Thermomixer compact Eppendorf  

Ultrasonic Liquid Processor Vibra-Cell™ 

TW20 watherbath Julabo 

VisiLight® binocular VWR International 

Vortex-genie® Scientific IndustriesTM 

 

2.1.13. Software 

Table 14 Software programs used in this study 

Software Manufacturer 

AlphaView FluorChem FC2 Cell Biosciences  

CSl Adobe Creative Suite  Adobe Systems 

GraphPad Prism version 7 GraphPad Software, Inc. 

ImageJ 1.50i  National Institutes of Health 

LightCycler® 480 software 1.5.1  Roche Applied Science 

Mendely Elsevier 

Nanodrop2000/2000c ThermoFisher Scientific 

Office Suite 2010 Microsoft Corporation 

Spectralis HRA+OCT Software  Heidelberg Engineering 

Tecan i-control 1.9 PerkinElmer 

Zen 2012  Zeiss 
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2.2. Methods 

 

2.2.1. Cell culture 

Murine BV-2 and 661 W photoreceptor cells (Table 1) were seeded in T75 flasks and 

confluent cells were rinsed with PBS and gently scraped off in a fresh medium (Table 

3). In addition, human SV-40 and retinal pigment epithelium (ARPE-19) cells were also 

used (Table 1). SV-40 cells were seeded in collagen-coated T75 flasks. For this, 5 ml 

collagen (7 µg/cm²) was added in T75 flasks and incubated for 2 hours at room 

temperature followed by aspiration of collagen. These flasks were stored at 4 °C for 

further use for 2 weeks. Confluent SV-40 cells were incubated with trypsin (5 ml) for 5 

minutes for detaching adherent cells from plates. Trypsin reaction was stopped by 

adding fresh medium. The cell suspension was transferred to a 50 ml falcon tube 

followed by centrifugation (800 x g) for 10 minutes to separate the cells from medium 

containing trypsin. ARPE-19 cells were seeded in T75 flasks and were detached by 

trypsin treatments similar to SV-40 cells. All cells were split by 1:3 to 1:5 ratio (every 

second day) in confluence-dependent manner. The appropriate volume of cells was 

added to 10 ml of warm medium. Mediums were warmed at 37 °C in a water bath 

before using them. All cell lines were cultured and maintained at 37 °C in a humidified 

atmosphere of 5% CO2. 

 

2.2.1.1. Primary microglia extraction 

C57BL/6J pups were used for the extraction of primary microglia cells. Heads were cut 

off, followed by removal of the skin and skull to obtain the whole brain. The entire brains 

were washed in ice-cold Hanks BSS. Vessels and meninges were also removed from 

the brains under the microscope. The brains were cut into small pieces with small 

scissors and transferred to tubes filled with trypsin-EDTA for enzymatic dissociation. 

This enzyme reaction was performed at 37 °C for 15 minutes. Next, an equal amount 

of ice-cold FCS with DNase (0.5 mg/ml) was added to the brains. The brains were 

mechanically dissociated with a 1000-µl pipette tip. This suspension was filtered 

through a cell strainer followed by centrifugation (500 x g) for 10 minutes at 23 °C. After 

the removal of supernatants, the pellet was re-suspended in a medium (DMEM 

containing 10% FCS and 1% penicillin/streptomycin). The cells were seeded in poly D 
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lysine-coated T75 flasks with the density of three brains per flask. This culture was 

maintained at 37 °C in a humidified atmosphere with 5 % CO2. In the next two days, 

cells were washed with PBS and refreshed with the medium. After 10 to 14 days of 

cultivation, flasks were shaken at 250 rpm for 1 hour at 37 °C to harvest microglia cells 

from the adherent astrocytes. The supernatants were transferred to 50 ml falcon and 

centrifuged (800 x g) for 10 minutes to get the pellet of microglia cells. Cells were 

counted and seeded in 6-well plates for further experiments. 

 

2.2.1.2. Retinal explants of BALB/cJ mice 

10-14 weeks old, BALB/cJ mice were sacrificed by cervical dislocation and the whole 

eyes were removed with curved forceps. The eyes were placed in a petri dish with PBS 

and retinas were isolated. These retinas were incubated with a medium (DMEM F-12 

with 1% PBS). 

 

2.2.1.3. Cell culture treatments 

BV-2, primary microglia, and retinal explants of BALB/cJ mice were seeded in culture 

plates treated with 50 µM I3C for 4 hours and followed by 4 hours treatment with 50 

ng/ml LPS. SV-40 cells were cultured and treated with 50 µM I3C for 4 hours followed 

by 100 nM PMA and 50 µg/ml Zymosan (Zym) for 4 hours. I3C was diluted in DMSO 

that served as solvent control. 

 

2.2.2. RNA extraction and quantification  

Total RNA was extracted from the cells using the NucleoSpin® RNA Mini Kit, according 

to the manufacturer’s instructions. Total RNA from retinas of BALB/cJ mice was 

extracted using the Qiagen RNeasy Micro Kit according to the manufacturer’s 

instructions as well. Retinas were homogenized with sonication. Cells were washed 

with PBS and RA1 lysis buffer was used for cell lysis. This buffer inactivates RNASE 

activity and provides the appropriate binding conditions to RNA in silica membrane. 

DNA, which also binds to the silica membrane, was degraded with DNase. Excessive 

salts and metabolites were removed with desalting and washing buffers. Finally, 

RNase free water was added to elute the RNA. RNA concentration was quantified with 
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a NanoDrop 2000 spectrophotometer. 260/280 ratio of 2.0 is considered as pure RNA 

and used for reverse transcription. 

 

2.2.2.1. Reverse transcription 

First stand complementary DNA (cDNA) synthesis was performed using the Thermo 

RevertAid RT Kit. 0.1 ng to 5.0 µg of RNA can be transcribed with this kit. RiboLock 

RNase inhibitor protects the template RNA from degradation. cDNA was stored at -20 

°C for further use. 

 

2.2.2.2. Quantitative real time PCR (qRT-PCR) 

qRT-PCR analysis was performed with the Takyon™ qPCR Kit and the Roche Probe 

library using the LightCycler® 480 II machine. Roche probe consists of the fluorescent 

reporter and quencher. Once the reaction starts, the probe binds to the target 

sequence and leaves the fluorophore unquenched. The intensity of fluorophore 

increases with the upregulation of the target gene. qRT-PCR was performed in 10 μl 

final volume by combining the reaction components (Table 15). The reaction mixture 

was incubated at 95 °C to activate polymerase activity followed by 40 cycles of 

amplification (Table 16). 

 

Table 15 Reaction components used in qRT-PCR 

Reaction components   

Template DNA  25-50 ng 

Forward primer 1 µM 

Reverse primer 1 µM 

Roche probe 125 nM 

LightCycler® 480 Probes Master 5 µL 

dH2O Up to 10 µL 
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Table 16 qRT-PCR cycling conditions 

 

 

2.2.3. Protein extraction and quantification 

Cells were incubated with RIPA buffer supplemented with protease inhibitor cocktail 

for 30 minutes on ice to extract the cell lysates. Samples were centrifuged at maximum 

speed for 15 minutes at 4 °C. Supernatants were transferred to ice-cold tubes. Mouse 

retinas were homogenized in PBS using sonication. Insoluble debris was removed by 

centrifugation for 30 minutes at maximum speed and supernatants were taken. Protein 

quantification was determined using the PierceTM Bicinchoninic Acid (BCA) Protein 

Assay Kit. Proteins can reduce the Cu+2 to Cu+1 in biuret reaction resulting in purple 

color due to the bicinchoninic acid. Infinite® F200 Pro plate reader (Tecan) at 

wavelength of 562nm, spectrophotometrically determines the change in color that 

indicates the protein quantity. The BSA reference curve was used to calculate the 

protein concentration. 

 

2.2.3.1. ELISA and Western blot 

The concentration of CCL2 in total retinal lysates was measured using ELISA 

according to the manufacturer’s instructions (Mouse CCL2/JE/MCP-1 DuoSet ELISA). 

In Western blot, for denaturation, Laemmli buffer was added to protein samples (cell 

or tissue lysate) and incubated for 95 °C for 10 minutes. Equal amounts of protein (~20 

μg) and pre-stained protein ladder were separated by sodium dodecyl sulfate–

polyacrylamide gel electrophoresis (SDS-PAGE) on 10 % gels at 100 volts (V) for 120 

minutes. Subsequently, proteins were transferred onto 0.45 μm nitrocellulose 

membranes at 4 °C at 100 V for 100 minutes. The membranes were incubated in 

blocking solution for 1 hour, to prevent unspecific binding. After washing steps, 

membranes were incubated with primary antibodies (Table 11) for overnight at 4 °C. 

The next day, the membranes were washed with TBS-T for 5 minutes for three times 

followed by incubation with secondary antibodies for 1 hour at room temperature (Table 

PCR step Temperature Time

Initial denaturation 95 °C 5 minutes

Denaturation 95 °C 15 seconds 

Annealing 60 °C 1 minute

End

40 cycles
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11). The blots were visualized with SignalFire™ Elite ECL reagent and MultiImage II 

system (Alpha Innotech, Santa Clara, CA, USA). The band intensities were quantified 

using Image J software (NIH). 

 

2.2.4. Nitric oxide (NO) assay 

Nitric oxide concentrations were determined using the Griess reagent system 

(Promega). 50-µl cell culture supernatants of BV-2 microglia cells were incubated with 

50-µl sulfanilamide in 96 well microtiter plate for 20 minutes at room temperature and 

protected from light. Moreover, 50 µl of NED solution (N-1-napthylethylenediamine 

dihydrochloride under acidic conditions) was added. After 10 minutes of incubation at 

room temperature, absorbance was measured at 540 nm on an Infinite®F200 Pro plate 

reader (Tecan). Nitrite concentrations were calculated by comparison with the 

absorbance to nitrite standard reference curve as described (Scholz et al., 2015b). 

 

2.2.5. Caspase 3/7 assay 

To determine microglia neurotoxicity, a culture system of 661 W photoreceptor cells 

with the microglia-conditioned medium was established. 661 W photoreceptor cells 

were incubated for 48 hours either in their own medium or with culture supernatants 

from treated BV-2 cells. The 661 W photoreceptor cells morphology was assessed by 

phase-contrast microscopy. Caspase-Glo® 3/7 assay kit was used to determine the 

caspase 3/7 activities as described (Scholz et al., 2015b). 

 

2.2.6. Phagocytosis assay 

BV-2 microglia cells were pre-treated with 50 μM I3C for 2 hours and followed by 50 

ng/ml LPS for 2 hours. After treatments, 2-μl latex bead solution (Polystyrene 

microparticles) was added to the wells for 4 hours. Five micrographs per well were 

taken using an AxioVert.A1 inverted microscope. The phagocytic activity was 

determined by calculating the number of cells, which phagocytosed 10 or more latex 

beads. 
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2.2.7. Scratch wound healing assay 

BV-2 microglia cells were seeded in six-well plates as 80-90% confluent monolayers 

and were scratched with a sterile 200-μl pipette tip. Thereafter, the cells were treated 

with 50 µM I3C and 50 ng/ml LPS. Migration of cells into the open scar was 

documented with microphotographs taken after 8 hours of scratching using an 

AxioVert.A1 inverted microscope. 

 

2.2.8. Morphological analysis 

BV-2 microglia cells were seeded on coverslips in six-well plates. Cells were treated 

as described in section 2.2.1.3. Thereafter, the cells were fixed with 4% HistoFix and 

washed with PBS. Next, cells were permeabilized with 0.1% Triton X-100 followed by 

F-actin was labeled using 0.1 μg/ml Phalloidin-TRITC in the dark. The nuclei were 

stained using 4′,6-diamidino-2-phenylindole (DAPI), and coverslips were mounted onto 

slides using the Dako fluorescent mounting medium. Photos were taken with a Zeiss 

Imager M.2 equipped with Apotome.2. 

 

2.2.9. siRNA-mediated AhR gene silencing 

BV-2 microglia cells were seeded in 12-well plates for overnight. Next day, 30 minutes 

before the transfection, cells were washed with DPBS and the medium was changed 

with Opti-MEM I reduced serum media. The cells were transfected with siRNAs (AhR 

and the negative control siRNAs). All transfections were performed with lipofectamine 

3000 for 6 hours followed by medium refreshment and cells were further incubated for 

48 hours. During this incubation time, cells were treated with 50 µM I3C and 50 ng/ml 

LPS. 

 

2.2.10. Murine Model of dry AMD 

 

2.2.10.1. Light-induced retinal damage 

All in vivo experiments were performed with 8-10 week old BALB/cJ mice of both 

sexes. The animals were kept in an air-conditioned environment with 12-h light and 

dark cycle and had full access to water and food ad libitum. All experimental 
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procedures followed ARVO Statement for the Use of Animals in Ophthalmic and Vision 

Research. The animal protocols were approved by government office of animal welfare 

in North Rhine-Westphalia, Germany (reference number 81-02.04.2019.A092). Mice 

were divided into three groups, such as untreated, vehicle plus light, and I3C plus light. 

The mice received intraperitoneal injections of I3C at a dose of 15 mg/kg body weight, 

dissolved in DMSO or DMSO alone as vehicle control, starting 1 day before the light 

damage and then once daily for the remaining 3 days. Before light exposure, BALB/cJ 

mice were dark-adapted for 16 hours. After dark adaptation, Pupil dilation was induced 

by topical application with 2.5% phenylephrine and 0.5% tropicamide under dim red 

light before the mice were exposed to bright white light (15,000 lux) for 1 hour. After 

light exposure, the animals were kept in dark-reared conditions overnight and then 

maintained under normal light conditions (12-hours light and dark cycle) for the 

remaining experimental period. 

 

2.2.10.2. Retina preparation 

BALB/cJ mice were sacrificed by cervical dislocation and the eyes were enucleated 

with curved forceps by putting pressure around eyes. Eye bulbs were removed by 

disconnecting the optic nerve from the tissue behind it. Eyes were washed in PBS and 

placed in a petri dish filled with PBS. With a micro scissor, the cornea was cut and lens 

was removed. Next, the retina was detached by cutting the choroid/sclera attached to 

the retina. Finally, the optic nerve was also cut to free the retina from the RPE. These 

retinas were further used in experiments. 

 

2.2.10.3. Preparation of retinal flat mounts and immunohistochemistry 

Enucleated eyes were fixed with 4% paraformaldehyde for 2 hours at room 

temperature. Retinal flat mounts were prepared and incubated overnight with 

PERM/Block buffer for permeabilization and to block non-specific antigen binding. 

Subsequently, retinal flat mounts were incubated with primary antibody (rabbit anti-IBA 

1) for overnight at 4 °C (Table 11). After washing steps, the retinal flat mounts were 

incubated with secondary antibody (goat anti-rabbit) for 1 hour at room temperature 

(Table 11). After washing steps, retinal flat mounts were mounted on a microscopic 

slide and embedded with fluorescence mounting medium (VECTASHIELD® 
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HardSet™ Antifade Mounting Medium H-1400). Images were taken with a Zeiss 

Imager M.2 equipped with Apotome.2. 

 

2.2.10.4. Preparation of retinal cryosections and immunohistochemistry 

For immunohistochemical analyses of cryosections, enucleated eyes were fixed with 

4% paraformaldehyde for 2 hours at room temperature. Whole eyes were incubated 

with 30% sucrose overnight. Next, the eyes were embedded in TissueTek optimal 

cutting temperature (OCT) compound and shock frozen on dry ice. 10 μm sections of 

eyes were obtained with a cryostat. Sections were mounted on microscopic slides and 

stored at -20 °C. Sections were thawed at room temperature and rehydrated with PBS 

for 10 minutes. Sections were blocked with BLOTTO (1% milk powder and 0.3% Triton 

X-100 in PBS) for 1 hour followed by incubation with primary antibody (rabbit anti-IBA 

1) (Table 11) at 4 °C for overnight. Next day, after washing steps, sections were 

incubated with secondary antibody (goat anti-rabbit) for 1 hour at room temperature 

(Table 11). Sections were kept in the dark because secondary antibody was 

fluorescently labelled. After washing steps, the sections were mounted with 

Flouromount and counterstained with Dapi at room temperature. Images were taken 

with a Zeiss Imager M.2 equipped with Apotome.2. 

 

2.2.10.5. Spectral domain-optical coherence tomography (SD-OCT) 

For SD-OCT, mice were anesthetized by intraperitoneal injection of ketamine 

hydrochloride and xylazine hydrochloride, diluted in sodium chloride solution (Table 4). 

Before SD-OCT, the pupil dilation was induced by topical application of 2.5% 

phenylephrine and 0.5% tropicamide. SD-OCT was performed on both eyes with a 

Spectralis™ HRA/OCT device to quantify the retinal thickness using the Heidelberg 

Eye Explorer Software with circular ring scans (circle diameter 3 and 6 mm), centered 

around the optic nerve head. 
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2.2.11. Statistical analysis  

Data were analyzed using GraphPad Prism version 7. All data were analyzed using 

analysis of variance (one-way ANOVA) and Dunnett's multiple comparison test. p < 

0.05 was considered as statistically significant.
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3.1. I3C inhibited pro-inflammatory and enhanced the anti-oxidant mRNA 

expression levels in BV-2 cells 

Firstly, to examine the effects of AhR ligand I3C on the pro-inflammatory gene 

expression, BV-2 microglia cells were pre-treated with 50 µM I3C for 4 hours and then 

stimulated with 50 ng/ml LPS for additional 4 hours. LPS binds to toll-like receptor 4 

(TLR-4) and enhances pro-inflammatory responses in BV-2 microglia (Scholz et al., 

2015b; Fiebich et al., 2018). LPS stimulation induced mRNA expression levels for 

inducible-nitric oxide synthase (i-NOS) (Figure. 12A), interleukin-1ß (IL-1ß) (Figure. 

12B), NLR family pyrin domain containing 3 (NLRP3) (Figure. 12C), interleukin-6 (IL-

6) (Figure. 12D), and chemokine (C-C motif) ligand 2 (CCL2) (Figure. 12E) and 

treatment with I3C significantly reduced the expression of these pro-inflammatory 

genes (Figure. 12A-E). Since the AhR ligands are known to have anti-oxidant 

properties (Busbee et al., 2013; Dietrich, 2016). mRNA expression levels of NADH 

quinone oxidoreductase 1 (NQO1) (Figure. 12F), heme oxygenase 1 (HMOX1) 

(Figure. 12G), and catalase 1 (CAT1) (Figure. 12H) were also measured by qRT-PCR. 

Treatments with I3C and LPS significantly enhanced these mRNA levels (Figure. 12F-

H). Taken together, I3C inhibited LPS-induced pro-inflammatory and enhanced the 

anti-oxidant gene expression in BV-2 microglia cells. 
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Figure 12 Effects of I3C on pro-inflammatory and anti-oxidant mRNA expression levels 

in BV-2 cells. 

(A-H) BV-2 microglia cells were treated with 50 µM I3C or DMSO as a vehicle for 4 

hours followed by 50 ng/ml LPS for 4 hours. After 8 hours, mRNA expression levels of 

i-NOS (A), IL-1ß (B), NLRP3 (C), IL-6 (D), CCL2 (E), NQO1 (F), HMOX1 (G) and CAT1 



Results 

53 
 

(H) were analyzed by real-time PCR. Data show mean ± SEM out of three independent 

experiments (n = 3/group, measured in triplicates) with * p = 0.0127 and ****p < 0.0001. 

 

3.1.1. I3C regulated the pro-inflammatory and anti-oxidant protein levels in BV-2 

cells 

To further analyze the effects of I3C at protein levels, western blots were performed. 

Western blot results revealed that the LPS-induced pro-inflammatory i-NOS, IL-1ß, 

cyclooxygenase 2 (COX2), and phosphorylated-extracellular signal-regulated kinase 

1/2 (P-ERK1/2) protein levels compared to vehicle (Figure. 13A-C). I3C significantly 

reduced these levels (Figure. 13A-C). Whereas, I3C increased HMOX1 protein level. 

However, NQO1 was unchanged (Figure.13A, D). Taken together, treatment with I3C 

reduced LPS-mediated i-NOS, IL-1ß, COX2, P-ERK1/2, and enhanced HMOX1 

protein levels in BV-2 microglia cells. 
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Figure 13 Effects of I3C on pro-inflammatory and anti-oxidant protein levels in BV-2 

cells. 

(A-D) BV-2 microglia cells were treated with 50 µM I3C or DMSO as a vehicle for 4 

hours followed by 50 ng/ml LPS for 4 hours. (A) Western blot results show i-NOS, IL-

1ß, COX2, P-ERK1/2, ERK1/2, HMOX1, NQO1, and ß-Actin protein levels. Mean 

relative protein levels of i-NOS (B), IL-1ß (C), and HMOX1 (D) are shown. Data show 

mean ± SEM out of three independent experiments (n = 3/group, measured in 

triplicates) with * p = 0.0127, **P = 0.0016 and ****p < 0.0001. 
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3.1.2. I3C reduced LPS-induced nitric oxide secretion and neurotoxicity 

Next, the influence of I3C on the functional parameters of BV-2 microglia, such as nitric 

oxide (NO) secretion and microglia-mediated neurotoxicity to photoreceptor cells were 

analyzed. LPS induced NO secretion and I3C significantly reduced this induction in 

BV-2 microglia cells (Figure. 14A). To analyze the neurotoxicity, supernatants of 

treated BV-2 cells were incubated with 661 W photoreceptor cells for 48 hours. 

Supernatants of LPS-treated microglia induced the caspase 3/7 activity in 661 W 

photoreceptor cells and I3C significantly reduced this activity (Figure. 14B). Taken 

together, I3C reduced the NO secretion in BV-2 cells and microglia-mediated 

neurotoxicity to 661 W like photoreceptor cells.  

 

Figure 14 Effects of I3C on LPS-induced nitric oxide (NO) and caspase 3/7 activity. 

BV-2 microglia cells were treated with 50 µM I3C or DMSO as a vehicle for 4 hours 

followed by 50 ng/ml LPS for 4 hours. (A) After 24 hours, cell culture supernatant was 

taken for measuring the concentration of NO by Griess assay. (B) To determine the 

neurotoxicity, supernatants of BV-2 microglia cells were added to 661 W photoreceptor 

cells. After 48 hours, caspase 3/7 activity was measured to analyze the apoptotic cell 

death. Data show mean ± SEM out of three independent experiments (n = 3/group, 

measured in triplicates) with ****p < 0.0001. 
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3.1.3. I3C reduced the LPS-induced phagocytosis of BV-2 microglia cells 

To analyze the effects of I3C on phagocytosis, BV-2 microglia cells were treated with 

I3C and LPS for 4 hours and then latex polystyrene beads (10 µm in size) were added 

for an additional 4 hours. LPS enhanced the phagocytosis of beads in BV-2 microglia 

cells and I3C significantly reduced this phagocytic capacity (Figure. 15A-B). 

 

Figure 15 Effects of I3C on LPS-induced phagocytosis of BV-2 microglia cells. 

BV-2 microglia cells were treated with 50 µM I3C and 50 ng/ml LPS for 4 hours followed 

by incubation with polystyrene beads for 4 hours. (A) Representative images of 

microglia incubated with polystyrene beads after treatments. (B) Relative phagocytosis 

of BV-2 microglia cells was calculated by counting cells having more than 10 latex 

beads and scale bar is 50 µm. Data show mean ± SEM out of three independent 

experiments (n = 3/group, measured in triplicates) with ****p < 0.0001. 

 

3.1.4. I3C reduced the LPS-induced migration of BV-2 microglia cells  

Next, to analyze the effects of I3C on microglia cells migration, wound-healing scratch 

assays were used. Treatment with LPS induced the migration of BV-2 microglia cells 

into the scratched area and I3C effectively blocked this migration (Figure. 16). 
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Figure 16 Effects of I3C on LPS-induced migration of BV-2 microglia cells. 

BV-2 microglia cells were treated with 50 µM I3C or DMSO as a vehicle for 4 hours 

followed by 50 ng/ml LPS after scratch with a sterile pipette tip. Representative images 

of microglia migration towards scratch area are taken with a microscope after 8 hours 

and scale bar is 200 µm (n = 3/group, measured in triplicates). 

 

3.1.5. I3C induced the protective phenotype in BV-2 microglia cells 

The morphology is a hallmark of microglia activation. BV-2 microglia cells were treated 

with I3C and LPS. Subsequently, F-actin cytoskeleton was stained with Phallodin-

TRITC to analyze the morphology of cells. LPS induced the amoeboid phenotype and 

I3C clearly transformed this amoeboid phenotype into ramified with most of cells 

containing long filopodia (Figure. 17). 
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Figure 17 Effects of I3C on morphology of BV-2 microglia cells. 

BV-2 microglia cells were treated with 50 µM I3C or DMSO as a vehicle followed by 50 

ng/ml LPS. Representative fluorescence images of the BV-2 microglia morphology 

stained with phalloidin and DAPI (blue) and higher magnification inserts show the 

differences in microglia ramifications. Scale bar is 50 µm (n = 3/group, measured in 

triplicates). 

 

3.1.6. AhR pathway is involved in the anti-inflammatory effects of I3C in BV-2 

microglia cells 

To further investigate the AhR signaling pathway in regulation of pro-inflammatory 

gene levels, siRNA-mediated knockdown of AhR was executed in BV-2 microglia cells. 

The cells were treated with AhR siRNA or negative control siRNA. siRNA-mediated 

knockdown of AhR reduced the AhR mRNA (Figure. 18A). Treatment with AhR siRNA 

transfected cells with I3C plus LPS increased i-NOS (Figure. 18B), IL-1ß (Figure.18C), 

and NLRP3 compared to negative control (Figure.18D). However, IL-6 mRNA 

expression levels were not changed in the presence of AhR siRNA (Figure. 18E). 

Taken together, siRNA-mediated knockdown of AhR partially prevented the anti-

inflammatory response of I3C on LPS-activated BV-2 microglia cells. 



Results 

59 
 

 

 

Figure 18 Effects of AhR knockdown on pro-inflammatory gene levels in BV-2 

microglia cells. 

Cells were transfected with siRNAs (AhR or negative control) for 6 hours followed by 

treatment with I3C and LPS. (A-E) mRNA expression levels of AhR (A), i-NOS (B), IL-

1ß (C), NLRP3 (D), and IL-6 (E) were analyzed by real-time PCR. Data show 

mean ± SEM out of three independent experiments (n = 3/group, measured in 

triplicates) with ****p < 0.0001.  

 

3.2. I3C regulated pro-inflammatory and anti-oxidant mRNA expression levels in 

SV-40 cells 

Next, effects of I3C on a selected set of pro-inflammatory and anti-oxidant markers in 

immortalized human microglia cells (SV-40) were examined. For this, SV-40 cells were 

pre-treated with 50 µM I3C for 4 hours followed by 100 nM phorbol 12-myristate 13-

acetate (PMA) and 50 µg/ml Zymosan (Zym). PMA is a protein kinase C activator, 

which enhances the translocation of NF-kB into the nucleus. Zym is a glucan and binds 

to dectin-1 receptor. PMA and Zym enhance microglia activation and both are strong 
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pro-inflammatory stimuli for SV-40 cells (Madeira et al., 2018). Treatments with PMA 

plus Zym enhanced the IL-1ß (Figure. 19A), NLRP3 (Figure. 19B), IL-6 (Figure. 19C), 

CCL2 (Figure. 19D), interleukin-8 (IL-8) (Figure. 19E), and interleukin-18 (IL-18) 

(Figure. 19F) mRNA levels compared to vehicle. I3C significantly reduced PMA plus 

Zym-induced IL-1ß, NLRP3, and IL-6 mRNA levels (Figure. 19A-C). However, I3C did 

not reduce PMA and Zym-induced CCL2, IL-8, and IL-18 mRNA levels (Figure. 19D-

F). Furthermore, I3C induced NQO1 (Figure. 18G), HMOX1 (Figure. 18H), and CAT1 

mRNA levels (Figure. 18I) in SV-40 cells.  
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Figure 19 Effects of I3C on pro-inflammatory and anti-oxidant mRNA expression levels 

in SV-40 cells. 

(A-H) SV-40 microglia cells were treated with 50 µM I3C for 4 hours followed by 100 

nM PMA and 50 mg/ml Zym for 4 hours. After 8 hours, mRNA expression levels of IL-

1ß (A), NLRP3 (B), IL-6 (C), CCL2 (D), IL-8 (E), IL-18 (F), NQO1 (G), HMOX1 (H), and 

CAT1 (I) were analyzed by real-time PCR. Data show mean ± SEM out of three 

independent experiments (n = 3/group, measured in triplicates) with ****p < 0.0001. 
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3.3. I3C did not regulate BV-2 microglia-mediated neurotoxic effects in ARPE-19 

cells 

Microglia mediated inflammatory responses enhance degeneration of RPE, which is a 

hallmark of AMD (Rashid et al., 2018). Previously, supernatants of activated microglia 

have been shown to enhance the pro-inflammatory markers in ARPE-19 cells (Nebel 

et al., 2017; Rashid et al., 2020). In the present study, BV-2 microglia cells were treated 

with I3C for 4 hours followed by LPS for another 4 hours. Supernatants of these cells 

were incubated with ARPE-19 cells to analyze the microglia-mediated pro-

inflammatory effects. In ARPE-19 cells, supernatants of LPS-treated BV-2 microglia 

cells enhanced IL-1ß (Figure. 20A) and CCL2 (Figure. 20C) mRNA expression levels 

compared to vehicle. However, supernatants of I3C-treated BV-2 cells did not reduce 

the LPS-induced IL-1ß (Figure. 20A) and CCL2 (Figure. 20C) mRNA expression levels. 

Furthermore, IL-6 (Figure. 20B) and IL-8 (Figure. 20D) mRNA levels were not changed. 

 

Figure 20 Effects of BV-2 microglia conditioned medium in ARPE-19 cells. 

(A-D) BV-2 microglia cells were treated with 50 µM I3C for 4 hours followed by 50 

ng/ml LPS for 4 hours. Supernatants of BV-2 microglia were transferred to ARPE-19 

cell for 48 hours. mRNA expression of IL-1ß (A), IL-6 (B), CCL2 (C), and IL-8 (D) were 
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analyzed by real-time PCR. Data show mean ± SEM out of two independent 

experiments (n = 3/group, measured in triplicates) with ****p < 0.0001. 

 

3.3.1. I3C regulated the SV-40 microglia-mediated neurotoxic effects in ARPE-19 

cells 

Next, supernatants of SV-40 microglia cells were incubated with ARPE-19 cells. In 

ARPE-19 cells, supernatants of PMA plus Zym-treated SV-40 cells enhanced the pro-

inflammatory IL-1ß (Figure. 21A), IL-6 (Figure. 21B), CCL2 (Figure. 21C), IL-8 (Figure. 

21D), and IL-18 (Figure. 21E) mRNA expression levels. However, I3C did not reduce 

IL-1ß (Figure. 21A) and IL-6 (Figure. 21B) mRNA levels. Furthermore, supernatants of 

I3C-treated SV-40 cells significantly reduced the PMA plus Zym-induced CCL2 

(Figure. 21C), IL-8 (Figure. 21D), and IL-18 (Figure. 21E) mRNA expression levels in 

ARPE-19 cells. In addition, I3C also enhanced the NQO1 mRNA expression level 

(Figure. 21F). 
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Figure 21 Effects of SV-40 microglia conditioned medium in ARPE-19 cells. 

(A-F) SV-40 cells were treated with 50 µM I3C or DMSO as a vehicle for 4 hours 

followed by 100 nM PMA and 50 mg/ml Zym for another 4 hours. After 8 hours, 

supernatants of SV-40 microglia cells were transferred to ARPE-19 cell. mRNA 

expression of IL-1ß (A), IL-6 (B), CCL2 (C) and IL-8 (D), IL-18 (E), and NQO1 (F) were 

analyzed by real-time PCR. Data show mean ± SEM out of three independent 

experiments (n = 3/group, measured in triplicates) with ****p < 0.0001. 

 

3.4. I3C regulated the pro-inflammatory and anti-oxidant mRNA expression in 

primary microglia cells 

To further evaluate the effects of I3C in murine primary microglia, cells were treated 

with I3C for 4 hours followed by LPS for another 4 hours. qRT-PCR results showed 

that LPS induced i-NOS (Figure. 22A), IL-1ß (Figure. 22B), NLRP3 (Figure. 22C), and 

CCL2 (Figure. 22D) mRNA levels and I3C did not reduce LPS-induced i-NOS (Figure. 

22A) and IL-1ß (Figure. 22B) mRNA levels. However, I3C significantly reduced LPS-

induced NLRP3 (Figure. 22C) and CCL2 (Figure. 22D) mRNA levels. In addition, I3C 

upregulated NQO1 mRNA expression level in primary microglia cells (Figure. 22E). 
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Figure 22 Effects of I3C on primary microglia cells. 

(A-E) primary microglia cells were treated with 50 µM I3C for 4 hours followed by 50 

ng/ml LPS for 4 hours. After 8 hours, mRNA expression of i-NOS (A), IL-1ß (B), NLRP3 

(C), CCL2 (D), and NQO1 (E) were analyzed by real-time PCR. Data show 

mean ± SEM out of two independent experiments (n = 3/group, measured in triplicates) 

with ****p < 0.0001. 

 

3.5. I3C reduced the pro-inflammatory and enhanced the anti-oxidant mRNA 

expression levels in retinal explants of BALB/cJ mice 

To examine the effects of I3C on a selected set of pro-inflammatory and anti-oxidant 

markers in retinal explants of BALB/cJ mice (10-14 weeks old), retinas were treated 

with I3C for 4 hours followed by LPS for another 4 hours. LPS-treatment induced i-

NOS (Figure. 23A), IL-1ß (Figure. 23B), NLRP3 (Figure. 23C), and CCL2 (Figure. 23D) 

mRNA expression levels in retinal explants. I3C significantly reduced these levels 

(Figure. 23A-D). Furthermore, I3C significantly induced NQO1 mRNA level (Figure. 

23E). However, I3C did not change HMOX1 mRNA level (Figure. 23F).  
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Figure 23 Effects of I3C on retinal explants. 

(A-F) Retinas were isolated from eyes and treated with 50 µM I3C for 4 hours followed 

by 50 ng/ml LPS for additional 4 hours. After 8 hours, mRNA expression of i-NOS (A), 

IL-1ß (B), NLRP3 (C), CCL2 (D) NQO1 (E), and HMOX1 (F) were analyzed by real-

time PCR. Data show mean ± SEM out of two independent experiments (vehicle=8 

retinas, I3C = 4 retinas, vehicle + LPS= 8 retinas and I3C + LPS= 8 retinas) with 

****p < 0.0001. 

 

3.6. Acute white light-induced retinal degeneration model and mode of I3C 

administration in BALB/cJ mice 

In this study, BALB/cJ mice were subjected to an established light damage paradigm 

of retinal degeneration and this model mimics the certain features of AMD with 

damaged retina (Scholz et al., 2015b) and the effects of I3C in retinas were analyzed. 

For this, light-sensitive BALB/cJ mice were dark-adapted for 16 hours before the mice 

were exposed to white light with an intensity of 15,000 lux for 1 hour. Pupil dilation was 

induced before the light exposure. Mice received intraperitoneal injections of 15 mg/kg 

I3C or DMSO as vehicle, the day before the light exposure, and then once daily for the 
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remaining 3 days (Figure. 24). 4 days after the light damage, retinas were isolated for 

further analyses. 

 

Figure 24 Schematic overview of mice experimental design. 

8-10 week-old BALB/cJ mice of both sexes were used. Mice were dark-adapted for 16 

hours before the mice were exposed to white light with intensity 15.000 lux for 1 hour. 

Before the light exposure, mice pupils were dilated. Mice received intraperitoneal 

injections of 15 mg/kg I3C and vehicle (DMSO), 1 day before the light exposure and 

once daily for the remaining 3 days. 

 

3.6.1. I3C reduced the light induced pro-inflammatory mRNA expression levels 

in the retina of BALB/cJ mice 

Four days after light exposure, retinal mRNA expression levels of i-NOS (Figure. 25A), 

IL-1ß (Figure. 25B), NLRP3 (Figure. 25C), IL-6 (Figure. 25D), CCL2 (Figure. 25E), and 

NQO1 (Figure. 25F) were determined via real-time PCR. Vehicle treated and light-

exposed mice showed upregulation of all these genes in retinas (Figure. 25A-F). 

Interestingly, I3C treatments significantly reduced i-NOS, IL-1ß, IL-6, and CCL2 

mRNAs (Figure. 25A-E). However, NQO1 mRNA was not changed (Figure. 25F). 



Results 

68 
 

 

Figure 25 Effects of I3C on mRNA expression level elicited by light in BALB/cJ mice. 

Four days after the light exposure, (A-F) mRNA expression levels of i-NOS (A), IL-1ß 

(B), NLRP3 (C), IL-6 (D), CCL2 (E), and NQO1 (F) were analyzed by real-time PCR. 

Data show mean ± SEM out of three independent experiments for mRNA expression 

levels (untreated n = 8 retinas, vehicle + light n = 14 retinas, light + I3C treatment n = 14 

retinas each dot is showing one retina) with ** p 0, 0015, and ****p < 0.0001. 

 

3.6.2. I3C regulated pro-inflammatory and anti-oxidant proteins in retinas of 

BALB/cJ mice 

To further verify the effects of I3C on retinal protein levels, ELISA and Western blots 

were performed. Vehicle treated and light-exposed mice induced CCL2 protein in 

retinas. However, I3C treatments significantly reduced CCL2 protein level (Figure. 

26A). Western blot results revealed that vehicle treated and light-exposed mice 

upregulated i-NOS, IL-1ß, and p-NFkB p65 protein levels and I3C treatments 

significantly reduced these levels (Figure. 26B-D). Furthermore, NQO1 and HMOX1 

protein levels were upregulated in light exposed and I3C treated BALB/cJ mice (Figure. 

26B, E). Taken together, I3C significantly reduced the light-induced pro-inflammatory 
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protein levels and enhanced the light-reduced anti-oxidant protein levels in retinas of 

BALB/cJ mice. 

 

 

Figure 26 Effects of I3C on the pro-inflammatory and anti-oxidant protein levels in light-

exposed mice. 

Four days after the light exposure, retina lysates were extracted to perform ELISA of 

CCL2 (A) and Western blot (B) showing i-NOS, IL- 1ß, p-NFKB65, NQO1, and HMOX1 

protein levels. Beta-actin is loading control. Relative protein levels i-NOS (C), p-

NFkBp65 (D), and NQO1 (E) are shown. Data show mean ± SEM out of three 

independent experiments for ELISA and Western blots are performed (one retina per 

group) with * p 0.0168, ** p 0, 0015, and ****p < 0.0001.  
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3.6.3. I3C reduced the light–induced microglia reactivity in BALB/cJ mice 

To analyze the effects of I3C on retinal microglia in BALB/cJ mice, retinal flat mounts 

were stained with ionized calcium binding adaptor molecule 1 (IBA 1) antibody, used 

as a marker for microglia. Retinas of untreated mice showed no microglia in SR space 

(Figure. 27A, D). Retinas of vehicle treated and light-exposed mice showed abundant 

amoeboid-shaped microglia in SR space (Figure. 27B, D). However, I3C prevented 

light-induced accumulation of amoeboid shaped microglia in SR space (Figure. 27C, 

D). Quantification results also showed that I3C reduced the light-induced amoeboid 

shaped microglia number in SR space in retinas (Figure. 27D). In addition, outer 

plexiform layer (OPL) of untreated mice showed the ramified microglia with long 

filopodia (Figure. 27E). In contrast, vehicle treated and light-exposed mice had more 

amoeboid and a less ramified morphology (Figure. 27F). Again, these signs of 

microglia reactivity were diminished by I3C treatments (Figure. 27G). Taken together, 

light induced the amoeboid shaped microglia in SR space and OPL of the retina in 

BALB/cJ mice. However, I3C transformed the light-induced amoeboid shaped 

microglia to ramified state. 

 

Figure 27 Effects of I3C in retinal microglia reactivity elicited by light in BALB/cJ mice. 

(A-G) Representative photomicrographs of IBA 1 stained microglia (green) of retinal 

flat mounts. Microglia in the SR space and outer plexiform layer (OPL) of untreated (A, 

E), vehicle + light (B, F), and I3C + light (C, G) treated mice. (D) Total IBA 1 positive 

cells were counted in the SR. Data show mean ± SEM with ****p < 0.0001 and 

(Untreated n=20 retinas, vehicle + light= 20 retinas and I3C + light n= 20 retinas). Scale 

bar is 100µm.  
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3.6.4. I3C reduced the light induced amoeboid microglia in the ONL of retinas in 

BALB/cJ mice 

Next, to localize the IBA 1 positive microglia cells in different retinal layers, cryosections 

were stained with IBA 1 antibody. Untreated BALB/cJ mice showed the ramified 

microglia in inner and outer plexiform layers (IPL, OPL) (Figure. 28A). In vehicle treated 

and light-exposed BALB/cJ mice showed abundant amoeboid microglia in the outer 

nuclear layer (ONL) (Figure. 28B). Remarkably, I3C inhibited this light-induced 

amoeboid shaped-microglia accumulation in the ONL (Figure. 28C). Furthermore, Dapi 

staining of cryosections of vehicle treated and light-exposed mice showed significant 

cell loss in the ONL which was prevented with I3C (Figure. 28B-D).  

 

Figure 28 I3C reduced the microglia accumulation in the ONL elicited by light in 

BALB/cJ mice.  

(A-C) Representative photomicrographs show retinal sections of control (A), vehicle + 

light (B), and I3C + light (C) treated mice stained with IBA 1 (green) and DAPI (blue). 

(D) For quantification of ONL thickness, rows of photoreceptor nuclei were counted. 

(Untreated n = 10 retinas, Vehicle + light n = 10 retinas, I3C + light n= 10 retinas). Data 

show mean ± SEM with ****p < 0.0001. ONL outer nuclear layer, OPL outer plexiform 

layer, INL inner nuclear layer, IPL inner plexiform layer, GCL ganglion cell layer. 
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3.6.5. I3C prevented the light-induced retinal thinning of the retina 

Finally, after four days of acute light exposure, effects of I3C on retinal degeneration 

were analyzed. Mice were anesthetized and pupils were dilated for in vivo imaging with 

spectral domain-optical coherence tomography (SD-OCT). SD-OCT results showed 

strong retinal depletion and nearly complete loss of the ONL in vehicle treated and 

light-exposed mice compared to untreated mice (Figure. 29A, B). Treatment with I3C 

completely prevented this retinal depletion (Figure. 29C), which was further confirmed 

by repeated analyses of central retinal thickness within 3 and 6 mm ring scan areas 

(Figure. 29D, E). Taken together, light induced the retinal depletion and I3C completely 

prevented this retinal degeneration in BALB/cJ mice. 
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Figure 29 Effects of I3C on retinal thickness in light-damaged BALB/cJ mice. 

(A-C) Four days after light damage, SD-OCT was performed to analyze the changes 

in retinal thickness displaying heat maps of (A) untreated, (B) vehicle + light, and (C) 

I3C + light treated mice. (D-E) Relative retinal thickness (µm) in 3 and 6 mm areas 

were calculated using SD-OCT software, where one data point represents the average 

thickness of the central retina. Data show mean ± SEM (untreated n = 30 eyes, vehicle 

+ light n = 32 eyes, light + I3C treatment n = 70 eyes). ****p < 0.0001.
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Hence, microglia play a significant role in physiological and pathophysiological state of 

the retina and microglia reactivity is a major hallmark of neurodegenerative diseases 

including AMD (Rashid et al., 2018). This present study analyzed the effects of I3C on 

the modulation of microglia reactivity in vitro and in vivo using light damage mouse 

model of dry AMD. 

Microglia are the immune cells of the CNS including retina (McCarthy et al., 2013). 

They perform multiple tasks including immune surveillance and removal of cell debris 

to maintain retinal homeostasis. However, in retinal degeneration, microglia become 

active. Uncontrolled microglia activation often upregulates the inflammatory markers. 

In this state, microglia phagocytose the healthy photoreceptors, which lead to 

neurodegeneration (Karlstetter et al., 2015). Therefore, pharmacological inhibition of 

dysregulated microglia-mediated inflammatory responses that enhances the 

neuroprotective functions may be an emerging option for the treatment of retinal 

degeneration. Aryl hydrocarbon receptor is a ligand dependent transcriptional factor 

widely expressed in different cell types including microglia (Shinde and McGaha, 

2018). Although, AhR was initially identified as the regulator of environmental 

pollutants and receptor for the dioxins, recent studies have shown that AhR also 

regulates cellular homeostasis and immunity (Stockinger et al., 2014; Esser, 2016). 

Dysregulation in the uptake or production of AhR may contribute to the inflammatory 

phenotype in immune-related diseases (Rothhammer et al., 2016). AhR agonists have 

been shown to exhibit immunomodulatory properties and reduce the inflammation 

(Busbee et al., 2013). AhR ligand, I3C is highly abundant in green vegetables. 

Emerging evidence has indicated that I3C exhibits anti-proliferative, anti-metastatic, 

anti-inflammatory and immunomodulatory properties (Weng et al., 2008; Aronchik et 

al., 2014). Therefore, this present study postulates that I3C may exhibit similar 

immunomodulatory properties on microglia, inhibiting microglia activation and 

associated retinal degeneration.  

 

4.1. Immunomodulatory effects of I3C in microglia cells 

Firstly, the effects of I3C were analyzed in immortalized murine BV-2 microglia cell line. 

This cell line was generated by infecting primary microglia cells with a retrovirus 

containing a raf/myc oncogene (Blasi et al., 1990). BV-2 microglia cells share 90% 

similarities with primary microglia cells and represent a good alternative for primary 
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microglia cells (Stansley et al., 2012). Liposaccharides (LPS), a component of cell wall 

of gram-negative bacteria, was used as inflammatory stimulus in BV-2 microglia. In 

vitro data showed that LPS induced the well-established pro-inflammatory mediators, 

i-NOS, IL-1ß, NLRP3, IL-6, and CCL2 (Karlstetter et al., 2014; Scholz et al., 2015b; 

Wiedemann et al., 2018). I3C significantly reduced these transcripts. AhR ligands also 

mediate anti-oxidant effects (Dietrich, 2016). In the present study, I3C significantly 

induced mRNA expression levels of NQO1 and HMOX1 in BV-2 microglia cells. NQO1 

and HMOX1 are cytoprotective mediators that prevent brain inflammation (Velagapudi 

et al., 2018). LPS upregulates several signaling molecules including NF-kB, mitogen-

activated protein kinases (MAPKs), and TLR-4 in microglia (Lim et al., 2018). In an 

another study, LPS has been shown to induce the NO, IL-1ß, and p-ERK1/2 protein 

levels in BV-2 cell (Choi et al., 2009). The present study showed that I3C significantly 

reduced the pro-inflammatory i-NOS, IL-1ß, phosphorylated-ERK1/2, and induced the 

HMOX1 protein levels. These results are in line with a previous report, I3C blocked 

LPS-induced IL-1β, IL-6, and NO in RAW264.7 macrophage cells (Jiang et al., 2013). 

AhR has been shown to regulate the transcription of the COX2 (Vogel et al., 2007). 

AhR ligand, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) induced transcription activity 

of COX2 and enhanced the inflammation (Degner et al., 2009). However, in the present 

study, I3C significantly reduced the LPS-induced COX2 protein level, suggesting that 

I3C has different mechanism of actions compared to TCDD. In the present study, I3C 

potently inhibits pro-inflammatory mediators at both mRNA and protein levels on the 

one hand, and increases anti-oxidant mRNA and protein levels on the other hand, in 

BV-2 microglia cells. 

Another important phenomenon is photoreceptor cell death, which is a prominent 

hallmark of retinal diseases including AMD (Dunaief et al., 2002). Microglia activation 

enhances photoreceptor cell death and an inhibition of microglia activation improves 

photoreceptor survival (Rashid et al., 2019). In the present study, BV-2 microglia cells 

were treated with a combination of I3C and LPS, 661 W photoreceptor cells were then 

incubated in culture supernatants from BV-2 cells to assess microglia neurotoxicity. In 

the present study, I3C reduced the LPS-induced caspase 3/7 activity in 661 W 

photoreceptor cells, contrary to reported induced apoptosis in several cancers 

(Aggarwal and Ichikawa, 2005; Chang et al., 2011; Chen et al., 2013). Furthermore, 

despite the limitation that 661 W photoreceptor cells are cone-specific (Tan et al., 
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2004). These cells have been reported as a reliable in vitro model to study molecular 

signaling in photoreceptor apoptosis (Sayyad et al., 2017; Wheway et al., 2019). 

Microglia phagocytosis is a complex process, tailored from specific outcomes from the 

phagocytic target and relies on the shape of target (Paul et al., 2013). Moreover, 

microglia phagocytosis is dependent on several cell surface receptors and downstream 

signaling pathways (Fu et al., 2014). In a healthy state, microglia phagocytose dead 

cells for the maintenance of the retina homeostasis. In a disease state, activated 

microglia phagocytose the healthy neurons and aggravate retinal neurodegeneration 

(Rashid et al., 2019). Inhibition of such phagocytosis is effective in slowing down the 

disease process (Zhao et al., 2015). BV-2 microglia cells were stimulated with LPS, 

which enhanced the phagocytosed latex beads number, consistent with a previous 

finding (Scholz et al., 2015b). These findings suggest that LPS may induce molecular 

signaling pathways to activate phagocytosis of latex beads in BV-2 cells. In the present 

study, I3C significantly reduced this phagocytic capacity. However, phagocytosis 

assay with latex beads has clear limitation because it does not accurately recapitulate 

in vivo phagocytosis with complex molecular signaling mechanisms involved in vivo 

phagocytosis, which are different from in vitro phagocytosis assay (Napoli and 

Neumann, 2009; Galloway et al., 2019; Puigdellívol et al., 2020). Nevertheless, 

phagocytosis of latex beads and apoptotic photoreceptor debri have a good 

concurrence (Karlstetter et al., 2014). 

Dynamic migration is a hallmark of activated microglia, which invokes 

neurodegeneration (Bachiller et al., 2018; Hickman et al., 2018). Microglia activation 

enhances the release of different chemoattractants, which affect the cellular 

movement. For example, CCL2 is a potent inducer of microglia migration (Bose et al., 

2016). The present study has shown that I3C reduced the LPS-induced CCL2 mRNA 

level. Phosphorylated-ERK1/2 (p-ERK1/2) has been shown to enhance the migration 

of microglia (Romero-Sandoval et al., 2009). Western blot results revealed that I3C 

reduced the LPS-induced p-ERK1/2 protein level. However, I3C alone did not change 

the p-ERK1/2 protein level compared to vehicle in BV-2 microglia cells. In the migration 

assay, I3C reduced the LPS-induced migration of BV-2 microglia cells. However, I3C 

alone did not reduce the migration of BV-2 microglia cells effectively. These results 

from two different experiments interrelate p-ERK1/2 with the migration of BV-2 

microglia cells. A previous study has also shown that LPS-induced migration of BV-2 
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microglia cells is associated with upregulation MAPKs (Nam et al., 2018). However, 

further experiments are required to fully understand the molecular mechanisms 

involved in I3C-mediated inhibition of microglia migration in the presence of LPS. 

Morphology is another important functional feature of microglia, which is associated 

with microglia activation (Fernández-Arjona et al., 2017). In an activated state, 

microglia transform their morphology from ramified to amoeboid (Tao et al., 2018). LPS 

transformed ramified BV-2 microglia cells to amoeboid shaped as expected and I3C 

inhibited this transformation. Previously, AhR activation modulated the cellular 

plasticity in macrophages and epithelial cells (Diry et al., 2006; Cui et al., 2020). 

The specificity of I3C towards its receptor was analyzed with siRNA-mediated 

knockdown of AhR in microglia cells. Knockdown of AhR prevented the I3C mediated 

effects on i-NOS, IL-1ß and NLRP3 mRNAs. Our results are in line with previous 

findings that AhR deletion in microglia enhanced the pro-inflammatory transcripts 

(Rothhammer et al., 2018). Furthermore, AhR activation downregulated NLRP3 and 

IL-1ß mRNA levels in peritoneal macrophages and siRNA-mediated knockdown of 

AhR reversed this effect (Huai et al., 2014). Another study showed that loss of AhR 

reduced the anti-inflammatory marker in macrophages (Zhu et al., 2018). However, the 

present study showed that AhR knockdown did not alter IL-6 mRNA compared to 

negative control in BV-2 microglia cells. This suggests that AhR is not directly involved 

in LPS-induced IL-6 gene regulation.  

Effects of I3C were also analyzed in human immortalized microglia SV-40 cells. These 

cells were stimulated with PMA and zymosan (Zym), known to induce the microglia 

activation and mimic the pathogenic infection (Smith et al., 1998; Harrigan et al., 2008; 

Madeira et al., 2018). In the present study, I3C reduced the PMA plus Zym-induced IL-

1ß, NLRP3 and IL-6. I3C also induced NQO1, HMOX1, and CAT1 mRNAs.  

 

4.1.2. Effects of SV-40 conditioned medium on ARPE-19 cells 

It has been shown that activated microglia crosstalk with RPE membrane and regulate 

the pro-inflammatory responses (Nebel et al., 2017; Rashid et al., 2020). Incubation of 

ARPE-19 cells with supernatants of LPS-treated BV-2 cells showed the upregulation 

IL-1ß and CCL2 mRNA expression levels. However, supernatants of I3C treated BV-2 

microglia cells did not affect pro-inflammatory genes in ARPE-19 cells. Interestingly, 
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supernatants of SV-40 microglia cells regulated the pro-inflammatory and anti-oxidant 

mRNA expression levels in ARPE-19 cells. This may be due to species-specific effects 

because SV-40 and ARPE-19 are human cell lines, whereas BV-2 is murine. 

Supernatants of I3C treated SV-40 cells significantly inhibited PMA plus Zym-induced 

CCL2 and IL-8 mRNAs in ARPE-19 cells. However, mRNA levels of IL-1ß and IL-6 

were not changed. These results also suggest that I3C-mediated inhibition of pro-

inflammatory markers in SV-40 cells is not sufficient to fully prevent the microglia-

mediated effects on ARPE-19 cells. 

 

4.2. Effects of I3C on LPS-treated primary microglia and retinal explants 

In the present study, primary microglia treated with LPS upregulated i-NOS, IL-1ß, 

NLRP3 and CCL2 mRNA levels similar to BV-2 cells. I3C reduced LPS-induced NLRP3 

and CCL2 mRNAs. These results are in line with this finding that primary microglia 

cells treated with AhR agonist reduced the pro-inflammatory markers (Rothhammer et 

al., 2018). However, I3C did not reduce LPS-induced i-NOS and IL-1ß mRNA levels in 

primary microglia. BV-2 and primary microglia cells have similar functions, but not to 

the same extent (Henn et al., 2009). 

Mouse retinal explants were also used to analyze the effects of I3C. Retinal explants 

act as a rapid tool to identify and analyze the neuroprotective drugs for retinal 

degeneration before further investigation in animal models (Pattamatta et al., 2016). 

LPS has been shown to induce the pro-inflammatory cytokines in retinal explants 

(Ferrer-Martín et al., 2015). In the present study, I3C reduced the LPS-induced i-NOS, 

IL-1ß, NLRP3, and CCL2 and induced NQO1 mRNA expression levels in retinal 

explants. These experiments highlighted the direct effect of I3C on pro-inflammatory 

and anti-oxidant markers at mRNA levels in retinal explants.  

 

4.3. Light-induced retinal degeneration model  

AMD is a multifactorial and heterogeneous disease associated with macula (Cascella 

et al., 2014). The macula is not present in rodents, which is a challenge to develop 

AMD related mouse model (Fletcher et al., 2014). Furthermore, the reduced cone 

density and absence of RPE deposit (drusen) reflect the limitations of the rodent AMD 

model. To date, there is no single model, which mimics all the features of AMD in 
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progressive age-related manner (Fletcher et al., 2014). However, numerous mouse 

models for the AMD struggle to have similarities with human retinal degeneration to 

investigate the disease development and progression. The accurate AMD model can 

help to develop the new drug for the disease (Pennesi et al., 2012). In the present 

study, BALB/cJ mice were used to investigate the effect of I3C in an established model 

of light-induced retinal degeneration. Light is a pathogenic stimulus and used for the 

investigation of retinal degeneration (Grimm and Remé, 2012). Although, light 

activates different molecular signaling pathways for photoreceptor damage compared 

to inherited degeneration model (Grimm et al., 2004). However, light-induced 

photoreceptor damage provides advantages over genetically induced degeneration 

(Wenzel et al., 2005). For example, light damage is an easy and reproducible method, 

which stimulates synchronized damage to photoreceptor cells and these affected cells 

have almost the same stage of damage and shift to the next stage of damage at the 

same time. This process provides an opportunity to investigate the cellular and 

molecular mechanisms. However, in genetically induced degeneration, photoreceptor 

cells have different stages of damage. Furthermore, light-induced damage to 

photoreceptor cells is dependent on the intensity and duration of light exposure, which 

enables to control this process. Moreover, light-induced rapid retinal degeneration 

compared to other retinal degeneration models (Wenzel et al., 2005). In the present 

study, BALB/cJ mice were challenged with established standards of acute white light 

(15000 lux/hour) which activates microglia and causes photoreceptor cell death 

(Scholz et al., 2015b). These mice are extensively used in retinal degeneration studies 

because of their susceptibility to light-induced damage (Bell et al., 2015). This 

susceptibility depends on the mutation in the RPE65 in BALB/c. RPE65 is the retinol 

isomerase, which transform the all-trans-retinol to the 11-cis configuration in RPE that 

is essential for the normal visual cycle (Danciger et al., 2000). The single base 

substitution of leucine to methionine at codon 450 (L450M) causes mutation in RPE65 

protein, which causes the alteration in levels of retinol isomerase. Therefore, BALB/c 

mice are more susceptible to light damage as compared to C57BL/6J mice. BALB/c 

mice have abundant RPE65; extensive bleaching caused the accumulation of toxins 

and retinoid metabolites, which increase the retinal degeneration (Bell et al., 2015). 

Furthermore, light induces the pro-inflammatory cytokines in the retinas of BALB/c 

mice (Bian et al., 2016). Prolong exposure of light also induce the degeneration of the 

retina (Contín et al., 2016). 
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4.3.1. Effects of I3C on light-induced retinal degeneration 

Age-related decline in AhR expression and its activity has been previously shown (Hu 

et al., 2013; Brinkmann et al., 2020). AhR knockout mice have reduced visual functions 

and AMD like phenotype (Kim et al., 2014b). These reports highlight the importance of 

AhR in ocular compartment. In the present study, light induced the mRNA expression 

levels of i-NOS, IL-1ß, NLRP3, IL-6, and CCL2. However, I3C-treated animals 

significantly inhibited these inductions. I3C has been shown to prevent ischemic 

reperfusion-induced inflammation (Ampofo et al., 2017). I3C also improved 

neurobehavioral symptoms in a cerebral ischemic stroke model (Paliwal et al., 2018). 

AhR agonists have been shown to reduce pro-inflammatory gene expression in the 

experimental autoimmune uveitis (Huang et al., 2018a). Furthermore, AhR knockout 

mice upregulated the pro-inflammatory marker, IL-1ß, IL-6, and CCL2 in the optic 

nerves (Juricek et al., 2017).  

In the present study, I3C prevented light-induced CCL2 protein in the retina. It has 

been shown that light exposure induced the CCL2 levels in the retina and CCL2 

knockdown prevented the light-mediated retinal degeneration (Rutar et al., 2011, 

2012). In addition, AMD patients showed a significant upregulation of CCL2 levels in 

serum compared to a healthy population (Anand et al., 2012). In the present study, I3C 

prevented light-induced IL-1ß and p-NFkB-p65 protein levels in the retina. Likewise, it 

has been shown that AhR activation limits IL-1ß and NFkB in peritoneal macrophages 

(Huai et al., 2014). Furthermore, AhR knockout upregulated the NFkB-p65 in 

experimental autoimmune encephalomyelitis mouse model (Rothhammer et al., 2018). 

The retina is one of the highest oxygen consuming tissue (Mulfaul et al., 2020). 

External stimuli like light, smoking, and radiation can induce the ROS level and cellular 

stimuli like inflammation, photosensitizers, phagocytosis, and inflammation can 

upregulate the ROS. These ROS levels cause oxidative damage in the retina. 

However, anti-oxidant machinery decreases these ROS levels to establish 

homeostasis (Bellezza, 2018; Domènech and Marfany, 2020). Nevertheless, with age, 

oxidative damage increases and anti-oxidant machinery fails to create the homeostasis 

that lead to the development and progression of AMD (Jarrett and Boulton, 2012). In 

the present study, I3C upregulated NQO1 and HMOX1 protein levels in the retina of 

light-treated animals. These results are consistent with previous findings, a synthetic 
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AhR ligand (2AI) increased the anti-oxidant battery of genes in the retina (Gutierrez et 

al., 2016) and I3C has been shown to reduce inflammation through anti-oxidant 

mechanism in clonidine-induced animal model (El-Naga et al., 2014). Indeed, AhR is 

essential for normal immune physiology as AhR-deficient mice display a highly 

inflammatory phenotype with high levels of oxidative stress in the retina (Kim et al., 

2014b).  

Previously, AhR knockout mice studies showed that AhR maintains the RPE and 

photoreceptor cells homeostasis. Furthermore, AhR ligand 2AI reduced the light-

induced damage through RPE homeostasis (Gutierrez et al., 2016). However, in the 

present study, the effects of I3C have been shown on light-induced microglia reactivity 

in the retina. Acute white light exposure caused accumulation of amoeboid shaped 

microglia in SR space, which is consistent with previous findings (Scholz et al., 2015a; 

Jiang et al., 2019). Acute white light has been previously shown to reduce the AhR 

gene expression in retinas of BALB/c mice, suggesting to boost the AhR pathway may 

enhance the neuroprotection (Gutierrez et al., 2016). In the present study, I3C reduced 

light-induced accumulation of amoeboid shaped microglia in SR of retinas of BALB/cJ 

mice and induced the ramified phenotype in microglia. This present study clearly show 

that I3C can potently block the microglia reactivity and preserves retinal thickness and 

layer integrity. 

In the present study, I3C showed previously unrevealed effects on microglia activation 

in a retinal light damage model. I3C is a known anti-inflammatory agent (Aggarwal and 

Ichikawa, 2005; Chang et al., 2011). For example, I3C also reduced inflammatory 

markers and enhanced the anti-oxidant levels in experimental in vivo model of 

Parkinson’s disease (Saini et al., 2020). In the present study, intraperitoneal injections 

of I3C to light-exposed BALB/cJ mice protected their retinas from degeneration. 

Systemically administered I3C has been shown to rapidly absorb and distribute in the 

blood, liver, kidney, lung, heart, and brain (Anderton et al., 2004). AhR is expressed by 

various retinal cells including RPE, photoreceptors, retinal ganglion cells, and microglia 

(Gutierrez et al., 2016; Juricek and Coumoul, 2018; Rothhammer and Quintana, 2019). 

Previous studies also highlighted the significant role of AhR in retinal degeneration 

without emphasizing on microglia (Hu et al., 2013; Kim et al., 2014b; Gutierrez et al., 

2016). In the present study suggests that AhR activation with I3C in light-damaged 

retina may have beneficial effects on microglia homeostasis.
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5 Conclusions and future perspectives 

Briefly, the findings from this present study show that AhR ligand I3C that is present in 

the green vegetables, regulates the microglia homeostasis. 

Interestingly, I3C markedly reduced the LPS-induced pro-inflammatory mRNA 

expression and protein levels in BV-2 microglia cells. I3C reduced the LPS-induced 

NO secretion and caspase 3/7 activity. Furthermore, I3C reduced the LPS-induced 

phagocytosis and migration and induced the protective phenotype in BV-2 microglia 

cells. Notably, the therapeutic action of I3C revolves around AhR because knockdown 

of AhR partially reversed the effects of I3C. I3C significantly downregulated the pro-

inflammatory mRNA expression levels in SV-40, ARPE-19 with conditioned medium, 

primary microglia cells, and retinal explants. Furthermore, I3C also attenuated light 

induced pro-inflammatory mRNA expression and protein levels and induced the anti-

oxidant proteins in the retina. I3C also significantly reduced microglia reactivity and 

preserved the retina from light-induced degeneration.  

Taken together, this study provides useful information about I3C that regulates the 

microglia homeostasis. I3C could represent a potential therapeutic candidate in the 

treatment of retinal degeneration. 
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