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Zusammenfassung 

Hintergrund: Die altersbedingte Makuladegeneration (AMD) ist eine der führenden Ur-

sachen für einen Sehverlust weltweit. Die Endstadien der AMD manifestieren sich in einer 

chorioidalen neovaskulären (CNV) Form (nAMD) oder in der geographischen Atrophie. 

Gegenwärtig wird die neovaskuläre Form in der klinischen Routine mit Anti-VEGF-Medi-

kamenten behandelt. Kurzkettige Fettsäuren (SCFAs) sind die primären Stoffwechsel-

produkte von Bakterien, die durch die Fermentation von Ballaststoffen entstehen. In der 

Literatur gibt es Belege, das SCFAs entzündlich pathologische Prozesse in der Retina 

und zentralen Nervensystem (ZNS) abmildern können und somit potenziell auch eine 

ergänzende Behandlungsmethode für die Therapie der Netzhautdegenerationen darstel-

len. Diese Studie zielt darauf ab, die Auswirkungen von SCFAs in einem laserinduzierten 

CNV-Mausmodell zu untersuchen, das Relevanz zur nAMD aufweist. 

Methoden: In einer interventionellen Studie wurden die Effekte SCFAs auf die chorioi-

dale Neovaskularisation im Mausmodell der Laser-induzierten CNV in vivo untersucht: 

Laserläsionen wurden mittels Fluoreszeinangiographie visualisiert und quantifiziert. Nar-

benbildung, zelluläre lokale Inflammation, und Müllerzellreaktion wurden mittels Immun-

fluoreszenzfärbung analysiert. RNAseq Technologien dienten der Beschreibung der dif-

ferentiellen Genexpression. Um der Hypothese der vornehmlichen Wirkung der SCFA 

auf Mikrogliazellen an der lokalen zellulären Entzündung zu prüfen, wurden die Signal-

wege der SCFA (Ca2+Signaling, O-GlcAcylierung) unter TNFα Stimulation an primär kul-

tivierten Mikrogliazellen und deren Konsequenzen auf die Mikrogliafunktion (Phagozy-

tose, Sekretion, Aktivierungszustand) untersucht. 

Ergebnisse: SCFAs haben in vivo eine schützende Wirkung im Modell der Laser-indu-

zierten Neovaskularisation; sowohl bei männlichen als auch bei weiblichen Mäusen. 

SCFAs reduzierten SCFAs die Größe der Laserläsion, regulierten vaskulär-bezogene bi-

ologische Prozesse, verminderten die Expression entzündungsbedingter Gene und ver-

ringerten die Aktivierung [SO1] [X2] von Mikroglia, wobei der Effekt bei männlichen Tieren 

ausgeprägter war. Bei weiblichen Tieren verminderten SCFAs das Volumen der choroi-

dalen Laserläsion und die Müllerzellgliose. Darüber hinaus unterdrückten SCFAs die 

Sekretion entzündlicher Zytokine und die Phagozytose in primären Mikrogliazellen, die 
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von männlichen Tieren stammten und hemmten die O-GlcNAcylierung in der entspre-

chenden weiblichen Kohorte. 

Fazit: Der Interventionsversuch zeigte die Abschwächung vaskulärer Aktivität sowie Ent-

zündung im Mausmodell der Laser-induzierten CNV mit Relevanz zur nAMD, was durch 

in vitro Untersuchungen zur zellulären Entzündung unterstützt wird.   
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Abstract 

Background: Age-related macular degeneration (AMD) stands as a primary cause of 

global vision impairment, presenting in advanced stages as either neovascular AMD 

(nAMD) or geographic atrophy. In clinical routine, nAMD is treated by anti-VEGF drugs. 

Short-chain fatty acids (SCFAs) are the primary bacterial metabolites produced by the 

fermentation of dietary fiber. The application of SCFAs demonstrated the potential in al-

leviating inflammation in retina and central nerve system (CNS), suggesting a supple-

mentary role in nAMD treatment. This study aimed to assess the impact of SCFAs in a 

mouse model of laser-induced choroidal neovascularization (CNV) with properties of 

nAMD alongside exploring SCFA effects on microglial cells in vitro. 

Methods: An interventional study was conducted to evaluate SCFA effects in the mouse 

model of laser-induced CNV by means of fluorescein angiography, while volume of new 

blood vessels, microglia density, and GFAP expression in Müller cells were examined 

using immunofluorescence microscopy. RNA sequencing was employed to characterize 

differential gene expression. Primary microglial cells, isolated from neonatal mouse cor-

tex, were exposed to TNFα to simulate pathological conditions and effects of SCFA on 

microglia function were assessed by inflammatory cytokine secretion and phagocytic ac-

tivity. The underlying pathways were elucidated through quantification O-GlcNAcylation 

and calcium imaging. 

Results: SCFAs have a protective effect in a mouse model of nAMD in both male and 

female. SCFAs mitigated laser lesion size, modulated vascular – related biological pro-

cess, dampened inflammatory gene expression, and decreased microglial activation with 

a more pronounced effect in males. In females, SCFAs reduced volume of choroidal laser 

lesion and Müller cell gliosis. Additionally, SCFAs suppressed inflammatory cytokine se-

cretion and microglial phagocytosis in primary microglia derived from male, and inhibited 

O-GlcNAcylation in the corresponding female cohort. 

Conclusion: Overall, SCFA treatment demonstrated attenuation of vascularization and 

inflammation in a mouse model representative of nAMD.
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1. Introduction 

1.1 Cell population and structure of retina 

Vision starts in the retina, the light-sensitive structure of the eye. It captures light and 

converts it into neural signals that can be interpreted by the brain. The retina consists of 

two parts: the retinal pigment epithelium (RPE) closely adjacent to the choroid, and the 

neuroretina between the vitreous body and RPE(Grossniklaus et al., 2015). 

The neuroretina consists of 9 major cell types that contribute to its 6-layer structure. The 

axons of the ganglion cells comprise the majority of the nerve fiber layer (NFL), which is 

the innermost layer of the neuroretina. The ganglion cell layer (GCL) is primarily com-

posed of ganglion cell nuclei. Synapses of ganglion cells connect with amacrine cells and 

bipolar cells in the inner plexiform layer (IPL). The nuclei of amacrine cells, bipolar cells 

and horizontal cells are in the inner nuclear layer (INL). Horizontal cells in the outer plex-

iform layer (OPL) modulate synaptic transmission between the rod/cone photoreceptors 

and bipolar cells. The outer nuclear layer (ONL) consists of the nuclei of rod and cone 

photoreceptors (Grigoryan, 2022, Hoon et al., 2014).  

In addition to these six types of neurons, three other major types of glial cells are present 

in the neuroretina. The Müller glial cells (radial glia) extend across all layers of the retina 

from the NFL to the ONL. Astrocytes are only localized to the NFL and GCL participating 

in formation of the inner retinal blood/retina barrier. Microglial cells are found at varying 

densities in the IPL and OPL (Vecino et al., 2016). 

The blood-retina barrier (BRB) is another crucial structure in the retina comprising the 

outer blood-retina barrier (oBRB) and inner blood-retina barrier (iBRB). The oBRB is 

maintained through tight junctions of RPE cells (Strauss, 2005). In contrast, the iBRB is 

formed by tight-junction between endothelial cells that form the blood vessels to supply 

the neuroretina, with the vasculature primarily penetrating the GCL, IPL, and OPL in the 

neuroretina (Hormel et al., 2021). 

1.2 Classification of age-related macular degeneration 

The macula is a small and highly specialized region situated at the central aspect of the 

retina with a diameter of approximately 5.5 - 6 mm, it is essential for visual acuity and 
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plays a pivotal role in providing detailed and sharp vision (Knupp et al., 2000, Provis et 

al., 2005). 

Age-related macular degeneration (AMD) is a prevalent eye disease and the leading 

cause of permanent visual impairment among industrialized countries. A meta-analysis 

estimated that the number of individuals with AMD will reach approximately 200 million 

by 2020 and increase to 288 million by 2040. Late-stage disease prevalence increases 

significantly after the age of 75 years, particularly in individuals of European descent 

(Wong et al., 2014). Age is the strongest risk factor related to AMD, with chronic smoking 

being another crucial consistently risk living habits (Velilla et al., 2013). Race, iris color, 

dietary, obesity, and systemic factors, for instance, cardiovascular disease are also as-

sociated with an increased risk of AMD (Thomas et al., 2021, Lambert et al., 2016). While 

some studies have found that gender difference is not a significant risk factor for the de-

velopment of AMD, other research suggest that AMD's prevalence and clinical manifes-

tations may vary between male and female individuals (Rudnicka et al., 2012, Marin et 

al., 2022); epidemiological analysis reported a higher risk of AMD in females compared 

to males (Clemons et al., 2005, Hallak et al., 2019). This discrepancy may be attributed 

to sex hormones, as evidenced by the heightened risk observed in women nearing men-

opause (Vingerling et al., 1995), and the protective effect provided by hormone replace-

ment therapy (Fraser-Bell et al., 2006). 

The classification of AMD varies among studies and is mainly based on the size of the 

drusen and pigmentary abnormalities. Traditional clinical classifications, such as the Age-

Related Eye Disease Study (AREDS) severity scale (Davis et al., 2005) and its simplified 

version (Ferris et al., 2005), have been established and used clinically, while new severity 

scales developed separately by Beckman (Ferris et al., 2013) and the Three-Continent 

AMD Consortium (Klein et al., 2014). While the definition of early and intermediate AMD 

may vary among studies, the definitions of late AMD remain consistent, characterized by 

pigment abnormalities in both eyes with large drusen sizes (>125μm), RPE pigmentary 

abnormalities, neovascularization and/or geographic atrophy (Ferris et al., 2013). 

Late AMD can manifest as either the atrophic form (dry form) or the neovascular form 

(wet form). Atrophic AMD, also known as geographic atrophy, involves the progressive 

loss of the RPE, adjacent photoreceptors, and choriocapillaris, with non-neovascular 
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changes in the same eyes. Atrophic AMD can progress over the course of years(Keenan 

et al., 2018, Bird et al., 2014).  

Neovascular age-related macular degeneration (nAMD) typically progresses more rapidly 

over weeks and months, and accounts for majority of blindness secondary to AMD (Bakri 

et al., 2019). As the name suggests, neovascularization is a key property of nAMD. Ca-

pillaries originate from the choroid, extend through the Bruch’s membrane, and penetrate 

into the subretinal area, leading to the formation of disciform scars (Green and Enger, 

1993). Anti-vascular endothelial growth factor-A (VEGF-A) therapy has been established 

as clinical routine to treat nAMD, given the critical role of the VEGF-VEGFR system in the 

angiogenesis process during AMD development (Papadopoulos, 2020, Pozarowska and 

Pozarowski, 2016). 

1.3 Role of inflammation in nAMD 

1.3.1 An overview of inflammation in nAMD 

AMD is associated with local chronic inflammation. Aging and other disease risk factors 

disrupt the equilibrium between para-inflammation related tissue repair and stress-in-

duced cell damage (Xu et al., 2009). Early AMD is characterized by the appearance of 

drusen (deposition of extracellular debris between Bruch’s membrane and the RPE) and 

changes in pigmentation. In contrast, advanced nAMD is characterized by choroidal ne-

ovascularization (CNV) and the growth of new vessels from the choroid that infiltrate the 

retina, leading to hemorrhage, retinal detachment, and disciform scars, along with the 

damage or death of photoreceptors and retinal epithelial cells (Donoso et al., 2006, 

Ambati and Fowler, 2012). Thus, these observations result in the hypothesis that the in-

ability to fully repair and restore functional tissues results in a prolonged inflammatory 

state that ultimately progresses to a diseased state.  

AMD is associated with an overactivity of the complement system (Zipfel et al., 2010). 

The complement system is a crucial element of innate immunity, playing a key role in 

immune surveillance, neuroprotection, cellular debris removal, and organ regeneration 

(Zipfel and Skerka, 2009). Multiple complement components, complement activation 

products and inflammatory proteins have been identified in drusen, including terminal 

complement complexes (Anderson et al., 2002). The concentration of the terminal com-

plement complex in the plasma of patients with nAMD was found to be five times higher 
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compared to healthy age-matched subjects (Busch et al., 2023), suggesting an up-regu-

lation of the complement level during the development of AMD, potentially influenced by 

factors such as oxidative stress, lipid accumulation, and energy metabolism (Armento et 

al., 2021).  

The RPE is a monolayer of cells located between the photoreceptors and choroid. It plays 

an important role in the formation of the oBRB (Cunha-Vaz, 1976) and secretion of in-

flammatory cytokines (Cao et al., 2013, Holtkamp et al., 2001, Zamiri et al., 2006). This 

contributes to the establishment of ocular immune privilege. Cell models that simulate 

inflammatory retinal conditions by stimulating the RPE cells with lipopolysaccharide (LPS) 

or tumor necrosis factor-α (TNFα) have shown an increase in inflammatory cytokine pro-

duction and higher expression levels of cytokine receptors (Cheng et al., 2019, Leung et 

al., 2009), subsequently promoting the production of VEGF-A (Nagineni et al., 2012), 

which destabilize the choroidal endothelial cells (Ved et al., 2017, Zamiri et al., 2007), as 

pre-requisite for neovascularization from the choroid to the retina. This can result in blood 

leakage from these new undifferentiated vessels, causing dysfunction of the retina and 

acute vision loss (Shibuya, 2011, Kauppinen et al., 2016).  

1.3.2 Role of microglial cells in retinal inflammation 

In addition to the complement system and RPE cells, other immune cells also play a 

crucial role in the pathology of retinal inflammation and AMD. Microglial cells, represent 

the resident immune cells in the retina, which serve important function to maintain the 

structural integrity of the retina, actively participate in degenerative processes in retinal 

disease (Thanos, 1991). Microglial cells are primarily located in the IPL and OPL in prox-

imity to the blood vessel plexus (Silverman and Wong, 2018). These cells play a crucial 

role in modulating inflammation, as evidenced by their accumulation in various regions of 

the retina and subretinal space in human eyes obtained from patients with AMD, particu-

larly in close proximity to choroidal neovascularization areas (Combadiere et al., 2007, 

Lad et al., 2015).  

Retinal microglial cells crosstalk with multiple types of retinal cells. Various soluble factors 

secreted by RPE cells, Müller cells or neuronal cells inhibit microglia from tissue damag-

ing activation (Rashid et al., 2019), while the excessive secretion of pro-inflammatory 

cytokines by microglia under pathological conditions results in further inflammation and 
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worsens vascular damage (Kinuthia et al., 2020). Drusen accumulation is a prominent 

stimulus for retinal microglia, leading to their translocation to the subretinal area (Lyons 

and Brown, 2001, Indaram et al., 2015). In vitro experiments show that exposure to RPE 

cell debris (ARPE-19) induces an inflammatory response in microglia (Madeira et al., 

2018). Conversely, the activation of retinal epithelial cells (ARPE-19 cell line) with super-

natant from stimulated human iPS - derived microglial cells and other monocytes led to 

disorganization of cytoskeletal structure, lipid deposits accumulation, and increased ex-

pression of inflammatory cytokines, such as IL-6, IL-8, IL-1β, GM-CSF and CCL-2 (Nebel 

et al., 2017). These findings further suggest the interaction between microglial and RPE 

cells.  

Like brain microglial cells, retinal microglial cells also perform phagocytosis as an im-

portant function. This process can lead to “phagoptosis” (microglial phagocytosis of live 

neurons (Brown and Neher, 2014)) in pathological conditions. In healthy retinas, phago-

cytosis is responsible for the clearance of dead cells to prevent the release of cellular 

contents that can trigger inflammation and tissue necrosis (Thanos, 1991, Schuetz and 

Thanos, 2004). However, this protective effect may reverse in certain pathological condi-

tions, such as retinitis pigmentosa. In the rd10 mouse model, microglia not only phago-

cytosed cellular debris but also living stressed photoreceptors through the CX3CL1-

CX3CR1 signaling pathway (Zhao et al., 2015, Zabel et al., 2016). Intravitreal delivery of 

recombinant CX3CL1 reduced microglial activation and phagocytosis, leading to im-

proved structural and functional characteristics compared to rd10 untreated controls 

(Zhao et al., 2015, Zabel et al., 2016). However, in another mouse model with retinal 

detachment, microglial cells migrated rapidly into the photoreceptor layer within 24 hours 

after injury and became phagocytic, protecting the surrounding photoreceptors from fur-

ther damage (Okunuki et al., 2018). Therefore, it is important to evaluate the influence of 

microglial phagocytosis on a case-by-case basis, considering the distinct progression and 

pathological characteristics of each disease. 

Another important function of microglial cells is shaping the retinal vessel architecture. In 

a mouse model of prematurity retinopathy, a reduction in the number of microglial cells 

was observed, leading to a decrease in central capillary density. Pharmacological deple-

tion of microglia resulted in reduced vessel quantity and density, which could be reversed 

by reintroducing microglial cells into the system (Checchin et al., 2006).  
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In addition to the impact on other retinal cells, retinal microglial cell itself can release 

inflammatory cytokines and cause damage. For instance, exposure to hypoxia increased 

the release of TNFα, IL-1β, and MCP-1 from primary rat microglial cells, leading to the 

death of primary retinal ganglion cell (Sivakumar et al., 2011). Ischemic injury also acti-

vated retinal microglial cells and induced the expression of TNFα, IL-1β, IL-6 and TGF-β 

in vivo (Wagner et al., 2021). In summary, microglial cells contribute to retinal inflamma-

tion either by directly interacting with other retinal cells, or by releasing inflammatory cy-

tokines that indirectly act on other cells. 

1.4 Laser induced-CNV mouse model 

1.4.1 Introduction of the laser-induced CNV mouse model 

The mouse model used in this study is the laser-induced choroidal neovascularization 

mouse model.  

A laser trauma model was firstly developed in rat retinas in 1979 by Ryan using photo-

coagulation. The laser caused damage in Bruch’s membrane and led to the formation of 

pathological choroidal vessels infiltrating into the subretinal area (Ryan, 1979). Takao 

Tobe further adapted this technique for mice in 1998, introducing 3 laser burns in the 

posterior pole using a krypton laser. This resulted in CNV formation in 87% of burns within 

2 weeks (Tobe et al., 1998). Over time, this technique was refined and has become one 

of the most widely used rodent models with features of nAMD. The laser can be applied 

in both wild type and knock-in/knock-out transgenic mice, making it suitable for evaluating 

the efficacy of new drugs administered systemically or intraocularly, as well as the poten-

tial drug targets (Lambert et al., 2013). For example, both intravitreal injection and oral 

administration of brivanib have been shown to reduce CNV area and leakage (Li et al., 

2020). Orally administered lenvatinib has demonstrated similar effects (Wei et al., 2018).  

Other advantages of the laser induced-CNV model include its ease of establishment and 

assessment within a short time course (2 weeks). Additionally, this method is considered 

relatively straightforward and easy for obtaining many analyzable data, as typically 3-4 

laser burns are applied to each retina. There are other CNV models, for instance, sub-

retinal injection of different drugs or proteins is another commonly used CNV model(Pen-

nesi et al., 2012). Vectors encoding VEGF-A derived from adenovirus or adeno-associ-
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ated virus are directly injected into the subretinal area, and the formation of CNV is ob-

served from 2 to 4 weeks post-injection or from 5 weeks to 20 months post-injection, 

respectively(Baffi et al., 2000, Wang et al., 2003). The establishment of these models is 

more complex, making them less commonly used compared to the laser-induced CNV 

model. 

While the laser-induced CNV model offers numerous benefits as mentioned above, it is 

important to acknowledge its limitations. The laser burns introduce acute CNV lesions, 

therefore, it cannot replicate the chronic, progressive nature of nAMD in human. In addi-

tion, the model does not account for age effects. Nevertheless, due to the existence of 

inflammation in human CNV secondary to AMD(Tatar et al., 2008, Knickelbein et al., 

2015), macrophages expressing VEGF-A to promote angiogenesis, as well as tissue fac-

tors creating a scaffold for the growth of CNV complex (Grossniklaus et al., 2002), it re-

mains a reliable model for our study. 

 

1.4.2 Studies focus on inflammation using laser-induced CNV model 

The laser-induced CNV model is utilized in drug and genetic research to evaluate mech-

anisms of neovascularization and has led to the understanding of the role of inflammation-

related cytokines and cells in AMD-comparable neovascularization.  

IL-6, a pro-inflammatory cytokine primarily produced by macrophages, exhibits increased 

expression at CNV lesions. Studies involving IL-6 knockout mouse have shown a reduc-

tion in the size of CNV lesions compared to wild type (Droho et al., 2021). Cytokine in-

volvement in CNV formation can be explored not only through knockout mouse models 

but also via intravitreal inoculation. Administration of anti-IL-27p28 antibody and recom-

binant IL-27 has been employed to investigate the impact of altering IL-27 levels on CNV 

development. Elevation of IL-27 has been associated with decreased CNV area and sup-

pression of VEGF-A release, while inhibition of IL-27 has shown the opposite effect 

(Hasegawa et al., 2012). 

In addition, researchers have utilized transgenic knockout mouse models to investigate 

the role of macrophages in CNV. Laser induction was performed on wild type and Ccr2-/- 

mice (that display a lack of macrophages that derived from classical monocytes), followed 

by single-cell sequencing of retinal samples from both groups. One of the macrophages 
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clusters (Spp1+) was detected to enrich and express a proangiogenic transcriptome in 

wild type retinas but not Ccr2-/-, CD11c+ (the marker expressed by the Spp1+ cluster) mac-

rophage depletion resulted in a 40% reduction in CNV size, indicating a potential negative 

impact of macrophages on AMD progression (Droho et al., 2023a). Similar findings were 

reported by Jawad et al, who noted a reduction in CNV volume in knockout mice lacking 

scavenger receptors expressed by macrophages (Jawad et al., 2013). Nevertheless, the 

laser-induced CNV mouse model is highly compatible with a variety of sub-processing 

methods, making it a valuable tool for studying inflammation in AMD. 

1.5 Roles of Short-Chain Fatty Acids 

1.5.1 Definitions of SCFAs 

Fermentation is defined as the anaerobic breakdown of carbohydrates and proteins by 

bacteria. Short-chain fatty acids (SCFAs) are the primary bacterial metabolites produced 

by the fermentation of dietary fiber (Cummings and Macfarlane, 1991). These fatty acids 

contain six or fewer carbon atoms and are abundant in the intestines and colon. SCFAs 

belong to a subset of saturated fatty acids. The main components are acetate (C2), pro-

pionate (C3), and butyrate (C4). Their proportions in the colon are approximately 60:20:20, 

and in the peripheral venous circulation, it is around 90:5:5 (Cummings et al., 1987). Bu-

tyrate is primarily utilized by colonocytes, propionate reaches the liver and is metabolized 

by hepatocytes, while acetate is absorbed in the liver or released into the peripheral ve-

nous system (Pomare et al., 1985). Consequently, only a small amount of the colon-de-

rived SCFAs reaches the peripheral tissues and systemic circulation, with acetate com-

prising 36%, propionate 9% and butyrate 2% (Boets et al., 2015). Other SCFAs compo-

nents, such as formate, caproate and valerate are produced to a lesser extent during the 

catabolism of branched chain-amino acids (Macfarlane and Macfarlane, 2003). 

SCFAs play a crucial role in improving local gut health. For instance, influencing mucous 

production(A. et al., 2000), gut motility (Cherbut et al., 1997) and inhibiting tumorigenesis 

(Encarnacao et al., 2015) in the gastrointestinal tract. Multiple cells express the receptors 

for SCFAs, such as free fatty acid receptor 2 (FFAR2) (Maslowski et al., 2009, Chun et 

al., 2019, Schlatterer et al., 2021), and FFAR3 (Mishra et al., 2024, Ang et al., 2016, Nohr 

et al., 2015) (formerly named as G protein-coupled receptor 43 (GPR43) and GPR41). It 

has been shown, that SCFAs have an inhibitory effect on histone deacetylases (HDAC) 
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(Schilderink et al., 2013, Silva et al., 2018, Sanford et al., 2016) and can regulate inflam-

mation and hormone production.  

SCFAs modulate inflammation by regulating immune cells, for instance, microglial cells 

(Correa-Oliveira et al., 2016). Butyrate has demonstrated an anti-inflammatory effect on 

LPS-stimulated microglial cells isolated from rat cerebral cortices and midbrain by reduc-

ing the expression of IL-6, TNFα and nitric oxide. Similar effects were observed in hippo-

campal slice culture and a co-culture of microglial cells, astrocytes and cerebellar granule 

neurons (Huuskonen et al., 2004). Germ-free mice exhibit global defects in microglia, 

while administration of SCFAs in their drinking water for 4 weeks restored the microglial 

density, morphology, and immaturity to normal levels (Erny et al., 2015).  

1.5.2 SCFAs exhibits a sex specific pattern during treatment 

Sex is a significant risk factor for diseases that should be considered when explor-

ing new treatments. For instance, the concentration of SCFAs in stool has been 

found to decrease in patients with Parkinson’s disease in a sex-specific manner 

(Aho et al., 2021). Sex-based differences also exist in diarrhea- predominant irri-

table bowel syndrome, where a propionate-producing genus is significantly in-

creased in males, leading to higher levels of IL-12 and colorectal visceral sensitiv-

ity. However, these phenomena are not observed in females (Sun et al., 2021). 

Another study that focused on primary cortical astrocytes suggests that butyrate 

correlated with HDAC inhibitor pathways only in females. The study found that 

increasing expression of Gfap and Ahr regulated by acetate and increasing IL-22 

expression regulated by propionate immune modulatory pathways, were more in-

fluenced by SCFAs in males (Spichak et al., 2021).  

1.5.3 Role of SCFAs in retinal function and AMD. 

Retina is the extension of the CNS. Research and discussion about the gut-brain axis has 

led to the recognition of communication between the gut and CNS, including its extension, 

giving rise to the concept of the gut-retina axis (Rowan et al., 2017). Diet is considered a 

significant risk factor in the development of retinal diseases, such as diabetic retinopathy 

(DR) and AMD. Mice fed with a high-glycemic index diet generated AMD features, while 
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these features were either halted or reversed when switched to low-glycemic index diet. 

This effect is linked to gut microbiota (Rowan et al., 2017). Oral administration of Metfor-

min reduced the size of laser - induced CNV and the recruitment of Iba1+ cells mediated 

by the gut microbiome. In addition, the concentration of butyrate and propionate signifi-

cantly increased after Metformin treatment, suggesting that oral Metformin, apart from 

inhibiting glucose absorption from the gut to the blood stream, provides microbiome-de-

pendent protection against retina laser lesions, and the role of SCFAs in this process 

warrants further investigation (Zhang et al., 2023).  

To date, only limited studies focused on the effect of SCFAs on retina diseases including 

AMD. The application of butyrate has been shown to suppress neovascularization in both 

in vivo and in vitro experiments. In vivo injection of butyrate reduced CNV size(Xiao et al., 

2020, Lyzogubov et al., 2020), while in vitro application inhibited choroid sprouting, tube 

formation, and proliferation(Xiao et al., 2020). Besides, existing evidence suggests that 

SCFAs could have beneficial effects on other retinal diseases. For example, a lipid-lowing 

drug, Fenofibrate, was found to ameliorated retinal inflammation induced by high-fat diet 

in mice, simultaneously decreased the abundances of bacteria associated with 

SCFAs(Wang et al., 2022). Additionally, intraperitoneal injection of SCFAs suppressed 

intraocular inflammation, reduced immune cell migration, and decreased inflammatory 

cytokines secretion. In a diabetic mouse model, butyrate was found to individually allevi-

ate retinal thinning and improve visual function as measured by electroretinography 

(Huang et al., 2023). These findings present an optimistic outlook, suggesting that SCFAs 

may have the potential to either suppress the onset of CNV or alleviate its progression.
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2 Methods 

2.1 Experimental animals 

C57BL/6J mice were purchased from Janvier (Cedex, France) and housed in the Charité 

Animal Houses. 7-12-week-old male and female mice were used in this study. Mice were 

provided with food pellets and water ad libitum and were group-housed in ventilated 

cages under standard laboratory conditions (12:12 h light/dark cycle with light on at 6:00 

h, 22 ± 2°C, 45–60% humidity). All animal experiments complied with the guidelines of 

the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were 

approved by the local governmental authorities (Landesamt für Gesundheit und Soziales, 

Berlin-Germany). 

2.2 Laser induction of CNV lesion 

Nine-week-old mice were subcutaneously injected with ketamine (100–120 mg/kg) (100–

120 mg/kg; CP-Pharma, Germany) and xylazine (10–15 mg/kg; CP-Pharma) for anesthe-

sia, followed by pupil dilation with phenylephrine-tropicamide eye drops (Charité, Ger-

many). A round cover glass (15 mm) was placed on the cornea with lubricating eye drops 

(Methocel®, OmniVision, Germany). The images of fundus were captured with an imag-

ing camera and laser photocoagulation was induced using an image-guided laser system 

(Visulas 532s, Zeiss, Germany). Four laser burn-spots at equal distances from the optic 

nerve were induced one by one in each eye by an Argon-laser pulse with a wavelength 

of 532 nm, a fixed diameter of 50 μm, duration of 100 ms, and power level of 120 mW. 

After that, the eyes were gently rinsed with Corneregel® (Bausch+Lomb, Germany) to 

protect the eyes from corneal opacification owing to dehydration. The mice were then 

placed in their cages with hot water bottles or a red lamp to keep them warm until they 

recovered from the anesthetic. 

Some lesions were excluded, to allow accurate evaluation of the laser induced CNV le-

sions.  Severe hemorrhages lead to larger CNV lesions, with outcomes that cannot be 

compared to non-hemorrhagic eyes. Lesions with a bleeding area diameter less than that 

of the lesion were considered Grade 0 for analysis. Lesions with a bleeding area diameter 

larger than the lesion but less than two times the lesion diameter were excluded from 

quantification (Grade 1). All lesions in the same eye were excluded from analysis if a 
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lesion bleeding area diameter was more than two times the lesion diameter (Grade 2). 

However, lesions that were fused with another lesion were not excluded; instead, the area 

is measured as a whole and then divided by the original number of lesions. 

2.3 Group design 

A total of male and female 154 C57BL/6J mice were randomly divided into two groups. 

The first group was the untreated group in which the animals received only laser induction 

without SCFA treatment. The second group was the SCFA group (Figure 1). SCFAs mix-

ture including 5.54 g/L sodium acetate (S2889-250g, Sigma-Aldrich, USA), 4.4 g/L so-

dium butyrate (303410-100g, Sigma-Aldrich, USA), and 2.48 g/L sodium propionate 

(P1880-500g, Sigma-Aldrich, USA) were added to the drinking water 3 weeks before the 

laser lesion until the mice were euthanized, and samples were collected(Smith et al., 

2013). All the animals included in this study underwent the same standardized experi-

mental procedures. The retina and choroid were collected at 3-, 7-, and 14-days post-

laser induction (dpl) from both sexes and prepared for subsequent experiments, for each 

experiment contained 5-8 mice per group. 

 
Figure 1. The experimental strategy. 
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2.4 Fluorescein angiography 

Mice were anesthetized and their pupils dilated before being positioned horizontally on a 

polystyrene box attached to a head holder similar to those used in human studies. Hypo-

fluorescence images in the infrared channel, optical coherence tomography, and blue 

autofluorescence images were captured using a 50º angle objective. Subsequently, mice 

received an intraperitoneal injection of 5 μg/g body weight of fluorescein Alcon 10% (Al-

con, Germany). Fundus fluorescent angiography images were acquired 5–10 minutes 

post-injection using Spectralis HRA + OCT (Heidelberg Engineering, Heidelberg, Ger-

many) and managed with Heidelberg Eye Explorer software (version 1.7.0.0). The equip-

ment used in this experiment is designed for patients and not specific to mice. Therefore 

the scale only indicates the output size of the equipment and does not reflect the actual 

size of the mouse retina. 

The extent of leakage was quantified using ImageJ software (version 2.14.0/1.54h, Na-

tional Institutes of Health, USA).  

2.5 Flat mount preparation 

Mice were sacrificed by cervical dislocation, followed by enucleation of the eyes. The 

eyes were initially immersed in a 4% paraformaldehyde (PFA) solution for at least 15 min 

and then transferred to a phosphate-buffered saline (PBS, cat.no. 14190169, Thermo 

Fisher Scientific, USA) solution for further processing. The retinas and choroid were cut 

into four-leaf shapes under an optical microscope and gently separated from the pigmen-

tal epithelial layer. The isolated neuroretina flat mount was stored in methanol at -20°C. 

2.6 Immunofluorescence staining of paraffin-embedded samples 

The eyes were embedded and cut in paraffin in advance, and the paraffin section slides 

were stored at 25°C in the dark. A glass-rack with the paraffin section slides were intro-

duced in a 60°C oven for at least 20min, and then the specimens were rehydrated as 

follows: Xylol (cat.no. CN80.1, Roche, Switzerland) 10min twice, followed by 2-propanol 

(cat.no.1HPH.1, Roche, Switzerland) 10min twice, after which the slides were immersed 

in decreasing concentrations of ethanol (96%, 90%, 70%, 50%) for 5min each. The slides 

were then washed in distilled water. Each paraffin section was then incubated with a drop 
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of proteinase K (cat.no. S3020, DAKO, Denmark) for exactly 7 min as an antigen un-

masking step, followed by a 5 min wash in Tris-buffered saline (TBS). A paper towel was 

used to carefully remove excess liquid from the slides; a circle was drawn with a DAKO 

pen (DAKO, Denmark) around each section to keep them always immersed in the solu-

tion. Each section was incubated with one drop of 0.5% Triton X-100 in TBS for 10 min 

at 25°C for permeabilization, followed by a 10 min wash with TBS. The blocked sections 

were incubated with 5% bovine serum albumin (BSA, cat.no. 1ET6.3, Roche, Switzerland) 

in TBS for 1 h at 25°C. Next, the sections were incubated with primary antibody solution 

containing glial fibrillary acidic protein (GFAP) antibody (dilution 1:100, cat.no 173004, 

Synaptic Systems, Germany) at 4ºC overnight. On the second day, the samples were 

washed with TBS for 15 min, and then counterstained using AF568 goat anti-guinea pig 

antibody (1:4000, cat.no. A11075, Invitrogen, USA) and DAPI (3 mM, Invitrogen, USA) 

for 1h at 25°C. The stained sections were mounted with a DAKO mounting medium. Im-

ages were captured using a fluorescence microscope (ApoTome.2, Zeiss, Germany) and 

analyzed using ImageJ software (version 2.14.0/1.54h). 

2.7 Immunofluorescence staining of flat-mount and choroid samples 

Donkey serum 10% diluted in tris-buffer saline (TBS) was prepared as the blocking buffer 

and 0.5% Tween 20 in TBS as the washing buffer. The prepared retina flat mounts or 

choroid were transferred into 24-well plates and washed with PBS three times for 10min 

each at 25°C. The samples were permeabilized with 500 μl/well of 5% Triton X-100 in 

TBS at 25°C for 15min, followed by 1h incubation with 1% Triton X-100 in blocking buffer, 

in order to permeabilize and block at the same time. Subsequently, the samples were 

incubated with 300 μl/well anti-Iba1 antibody (dilution 1:250, cat.no. ab5076, Abcam, UK) 

and Isolectin GS-IB4 Alexa FluorTM 647 conjugate (dilution 1:250, cat. no. I32450, Invi-

trogen, USA) for 2 days at 4°C. The samples were then washed three times with washing 

buffer (500 μL/well) at 25°C for 10 min each. Subsequently, the samples were incubated 

with Alexa Fluor 488 AffiniPure™ Donkey Anti-Goat IgG (cat. no. 705-545-147, Jackson 

ImmunoResearch, USA), 1:200 dilution in blocking buffer, for 2 h at 4°C, followed by DAPI 

staining, 1:100 dilution in TBS, for 10 min at 4°C. The samples were then washed three 

times with TBS for 10 min each. The samples were mounted with mounting medium on 

glass slides, store at 4°C until the medium became dry, and then observed under a fluo-

rescence microscope. 
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For choroid flat mount staining, only isolectin-AF488 (dilution 1:250, I21411, Invitrogen, 

USA) was used. 

2.8 RNA sequencing sample preparation and data analysis. 

Each RNA sample was extracted from two laser induced retinas using the RNeasy Mini 

kit (cat.no. 74104, Qiagen, Germany) and sent to Novogene Co, Ltd. (Munich, Germany) 

for RNA sequencing. Briefly, the integrity, purity and initial quantitation of RNA samples 

were measured using the Bioanalyzer 2100 (Agilent Technologies, USA). The Novogene 

NGS RNA Library Prep Set (PT042) was utilized for library construction. The constructed 

library was checked with Qubit 2.0 and RT-PCR for quantification. Quantified libraries 

were then pooled and sequenced on the Illumina Novaseq 6000 platform using a paired-

end 150 strategy. The data are reported as raw read counts and fragments per kilobase 

of transcripts per million. DEseq2 was used to calculate the normalized read counts. Dif-

ferentially expressed genes (DEGs) were identified with a fold-change >1 and adjusted p 

value (padj) < 0.1. Heatmaps and volcano plots were generated using the PTMCloud 

tools (https://www.ptm-biolab), Venn plots and bubble plots were generated using the 

bioinformatics platform (Tang et al., 2023). DEGs were imported into the STRING website 

and Cytoscape software, and hub genes were generated using the cytoHubba plugin, 

which was calculated using Maximal Clique Centrality (MCC). Gene Ontology (GO) terms 

were downloaded from the Mouse Genome Database. 

2.9 RNAscope 
The protocol was based on the official manual provided by ACDBio company 

(RNAscope™ Multiplex Fluorescent Reagent Kit v2, cat.no. 323136, ACDBio, USA). 

Briefly, the paraffin slides were initially baked in a 60 °C oven for 1 h, then rehydrated by 

immersing the slides in Xylol, 5 min twice, followed by 100% ethanol, 2 min twice at room 

temperature. After the sections were dried, one drop of hydrogen peroxide was added 

and incubated for 10 min at 25°C. The slides were washed twice with distilled water, 

immersed in retrieval solution provided by the kit for 15min at 99°C, and submersed in 

100% ethanol for 3 min. A DAKO pen was used to create a barrier around the sections, 

and the sections were covered with adequate Protease Plus at 40°C for 30 min. The 

slides were washed twice with washing buffer for 2 min, and the sections were incubated 

with O-GlcNAc transferase (OGT) probe staining solution (REF. 423601, ACDBio, USA) 

for 2 h at 40 °C in a humid oven. A The slides were then washed twice with washing buffer 

https://www.ptm-biolab/
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for 2 min, and immersed in 5x SSC solution at 4°C overnight. On the second day, the 

slides were washed with washing buffer, followed by AMP1, AMP2 and AMP3 incubations 

for 30 min each at 40°C. The sections were incubated with HRP-C1, followed by the 

addition of TSA-Fluorophor Cy3 (cat. no. SKU NEL704A001KT, Akoya Biosciences, USA) 

for 30 min and HRP blocker for 15 min. The slides were washed three times with TBS for 

5 min each at 25°C, incubated with 1% Triton X-100+5% donkey serum in TBS for 1 h; 

meanwhile, the anti-Iba1 antibody solution (dilution 1:250, cat. no. ab5076, Abcam, UK) 

was prepared. The sections were incubated overnight at 4°C. On the third day, the slides 

were washed thrice with 0.5% Tween-20 in TBS for 10 min each and then incubated with 

the Alexa Fluor 488 AffiniPure™ Donkey Anti-Goat IgG (cat. no. 705-545-147, Jackson 

ImmunoResearch, USA) 1:200 dilution in blocking buffer for 2 h at 25°C. The slides were 

washed, dried, mounted and stored at 4°C. 

2.10 Primary microglial cells isolation and culture 

Cortices from male and female C57BL/6J pups (days 1–3) were collected and digested 

using trypsin + DNase1 to create single cell suspensions. The cells were re-suspended 

using 5 mL L929 supernatant + 10 mL DMEM high glucose (cat. no. 11965092, Thermo 

Fisher Scientific, USA), and then seeded into T75 flasks (pre-coated with poly-L-lysine 

for at least 30 min; cat. no. 83.3911.002, Sarstedt, Germany) for cell culture for at least 2 

days. The microglial cells were shaken off using a shaker at 150 rpm, 37°C for at least 

30 min, and then seeded into 12-well or 96-well plates.  

Cells were divided into four groups: untreated cells; the SCFA group, with SCFAs (300 

μM acetate, 20 μM propionate, and 10 μM butyrate) (Sigma-Aldrich, USA) added imme-

diately after seeding; the TNFα group, with 10 ng/mL TNFα added 3 h after seeding; and 

the SCFA+TNFα group, with both SCFAs and TNFα added as described above (Figure 

2). 
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Figure 2. Group strategy of primary microglia. 

2.11 ELISA 

Supernatants were collected from each group of neonatal microglia that were initially 

seeded with 250,000 cells/well. Experiments were performed according to the manufac-

turer’s instructions (CCL2: cat. no. DY479; CCL4: cat. no. MMB00; CXCL10: cat. no. 

DIP100, R&D Systems, Germany). Briefly, the 96-well plate was coated with 100 μL/well 

capture antibody diluted in PBS without carrier protein one day before the experiment, 

the plate was sealed and kept overnight at 25°C. The plate was then washed thrice with 

400 μL/well wash buffer on the second day, followed by incubation with 300 μL/well rea-

gent diluent at 25°C for at least 1 h for blocking. After washing, 100 μL of detection anti-

body diluted in reagent diluent was added to each well and incubated for 2 h at room 

temperature, followed by 20 min incubation with each of working dilution of streptavidin-

HRP and substrate solution, both 100 μL/well avoiding light. Stop solution 50μL was 

added to each well, gently mixed and the optical density was determined immediately 

using a microplate reader set at 450 nm as the reader and 540 nm or 570 nm as the 

correction. 

2.12 Calcium imaging 

A total of 30,000 microglial cells were seeded in the middle of a glass coverslip and incu-

bated in a 24-well plate one day before the experiment. E1 solution (140 mM NaCl, 5 mM 

KCl, 2mM CaCl2, 1 mM MgCl2, 10 mM HEPES and 10 mM glucose dissolved in distilled 

H2O, pH=7.4) was prepared in advance, and the SCFAs mix and 10 ng/mL TNFα were 

seed cells 
and overnight

Control

TNFα

SCFA

TNFα+SCFA

SCFA

SCFA TNFα

TNFα

harvest 
the cells

preparation 3-24h 24h0-3h
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added separately. ATP 1 mM was prepared as a positive control. Then, 5.4 μg/μL Fluo-4 

(cat. no. F14201, Thermo Fisher Scientific, USA) was added to cells and incubated at 

37°C for at least 20 min. The activation and recording processes are outlined below: 

Table 2. Calcium imaging strategy. 

time solution concentration 

0s-120s E1  

120s-180s TNFα or SCFA the same concentration 

as primary microglial cell 

treatment 

180s-360s E1  

360s-420s ATP 1mM 

420s-540s E1  

2.13 Phagocytosis monitoring using the Incucyte System. 

Four groups of cells from both male and female pups were seeded into a 96-well plate. A 

1:500 dilution of pHrodoTM BioParticles (1 mg/mL) (cat. no. P35361, Thermo Fisher Sci-

entific, USA) was added 3 h after seeding. The 96-well plate was promptly placed in an 

incubator and monitored using the Incucyte® SX5 Live-Cell Analysis System (Sartorius, 

Germany). Images of each well were captured every 30 min, for 24 h, the experiments 

were repeated for 3 times with n=7-9.   

The phase channel was utilized to identify the total cell area, while the orange channel 

was used to identify the phagocytosis area. The analysis was based on the percentage 

of phagocytosis area/ cells area. 

2.14 Flow cytometry 

Microglial cells were seeded in 12-well plates at 250,000 cells/well. After a 24 h incubation, 

the cells were dissociated using trypsin-ethylenediaminetetraacetic acid and subse-

quently rinsed once with PBS. Cells were stained with the LIVE/DEAD Fixable Red Dead 

Cell Stain Kit (L34971, Invitrogen, USA) to assess the cell viability and further stained 

with CD11b-PE-Cy7 (cat. no. 25-0112-82, Thermo Fisher Scientific, USA) and CD45-APC 
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(cat. no. 559864, BD Pharmingen, USA) antibodies to identify the microglial cells. Then, 

the cells were incubated in 200 μL of fixation buffer for 30 min, and the reaction was 

stopped by adding 150 μL of permeabilization buffer. After centrifugation, the cells were 

stained with O-GlcNac-fluorescein isothiocyanate (FITC) (cat. no. 53-9793-41, Invitrogen, 

USA) and IgG1 kappa Isotype-FITC (cat. no. 53-4714-80, Invitrogen, USA) for the exper-

imental and negative control groups, respectively. The stained cells were re-suspended 

in 300 μL of FACS buffer (0.2% BSA in PBS) and maintained on ice until they were pro-

cessed using flow cytometry. 

2.15 Statistical analysis 

All results are given as mean ± SEM. Two-way ANOVA with repeated measurement was 

used to analyze the leakage area. Two-way ANOVA with multiple comparison test and 

the unpaired t test were used for all other experimental data. Statistically significant values 

are indicated by asterisks in each figure. 
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3. Results 

3.1 SCFAs treatment reduced laser leakage in retina. 

In the initial phase of this study, we used a laser-induced CNV mouse model based on 

the C57BL/6JRj background as the Control group, and a mixture of SCFAs (5.54 g/L 

acetate, 4.4 g/L butyrate, and 2.48 g/L propionate) was administered in the drinking water 

additionally as the experimental group (SCFA group) (Smith et al., 2013). Another col-

league performed the laser induction, as well as fundus fluorescein angiography (FFA) to 

evaluate the mean area of the laser spots.  

Representative images show the area and distribution of laser spots recorded at 3-, 7- 

and 14 days post laser (dpl) (Figure 3). After normalized by the laser area recorded at 3 

dpl, the laser area reduced gradually and significantly at 7 dpl (58%; p=0.037) and 14 dpl 

(51%; p=0.014) in SCFA group compared to the untreated group (Figure 4A). The leak-

age area in males and females were analyzed separately to further investigate potential 

sex differences in this shrinkage. The area decreased by approximately 60% at 7 dpl 

(p=0.108) and 14 dpl (p=0.037), with a statistical difference observed at 14 dpl in males. 

In females, the reduction was around 49% at 7 dpl (p=0.106) and 36% at 14 dpl (p=0.381), 

with no statistical difference noted at either timepoint (Figure 4B). The findings indicate 

that SCFAs treatment reduced leakage area in both sexes, with a more pronounced effect 

observed in males. 
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Figure 3. CNV laser-lesions from male mice, control and SCFA treated, evaluated at 3, 7, 
and 14 dpl. Scale bars =1mm 

 
Figure 4 Quantification of laser leakage area. 
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 (A) Time course of laser leakage area at 3dpl, 7dpl and 14 dpl normalized by 3dpl accordingly in 

CNV and SCFA group. Data show in mean ± SEM, n=8-12, *p<0.05 (2-way ANOVA with repeated 

measurements). (B). Time course of laser leakage area at 3dpl, 7dpl and 14 dpl normalized by 

3dpl accordingly in CNV and SCFA group, data collected from male and female were analyzed 

separately. Data show in mean ± SEM, male untreated group: n=6; male SCFA group: n=4; fe-

male untreated group: n=5; female SCFA group: n=4, *p<0.05 (2-way ANOVA with repeated 

measurements). 

3.2 SCFA treatment reduced neovascularization area in choroid. 

Choroid flat mount samples were stained with isolectin B4-FITC, and the images were 

captured at AF-488 channel and autofluorescence channel (Figure 5). The isolectin pos-

itive area and autofluorescence area were initially calculated, with no significant differ-

ence observed between two channels. Therefore, the subsequent analysis was focused 

only on the autofluorescence channel. The lesion volume was defined as the sum of the 

autofluorescence positive area. We here focused on 14 dpl to specifically investigate the 

choroidal lesion at the late stage. SCFAs treatment reduced the choroidal lesion volume 

(Figure 6A) by around 47% (p=0.028). When considering sex as a factor, it appears that 

SCFAs treatment only reduced the lesion volume significantly in females by 85% 

(p=0.045), although the lesion volume in males appeared to reduce by 54%, there was 

no statistical significance (p=0.816) (Figure 6B). Our findings suggest that the effective-

ness of SCFAs treatment in reducing lesion volume in choroid is stronger in females com-

pared to males.  
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Figure 5. Representative pictures of choroidal lesions at 14dpl.  

Scale bars = 100 µm. 

 



Results 27 

Figure 6. Quantification of choroidal lesion volume.  

Lesion volume at laser spots in untreated and SCFA group. Lesion volume was assessed as 

volume of auto-fluorescent area of the laser spots. (A)all samples, unpaired t test (B) sex differ-

ence, 2-way ANOVA with multiple comparison.  Data shown as mean ± SEM, male untreated 

group: n=21; male SCFA group: n=11; female untreated group: n=26; female SCFA group: n=19, 

*p<0.05. 

3.3 SCFAs treatment reduced Müller cell gliosis in neuroretina. 

Müller cells typically do not express GFAP under physiological conditions but upregulate 

it under pathological conditions (Eisenfeld et al., 1984, Nurnberg et al., 2018). While As-

trocytes express GFAP under physiological conditions, they also upregulate the expres-

sion in pathologies. Upregulation of GFAP is often regarded as gliosis. Therefore, immu-

nofluorescence staining was conducted to assess the impact of SCFAs treatment on 

GFAP expression (Figure 7). The expression of GFAP (Figure 8A) notably decreased 

following SCFA treatment on 14 dpl (p=0.007). When male and female subjects were 

analyzed separately, the expression of GFAP in the SCFA group was down regulated 

comparing to the untreated group statistically significant only in females (p=0.0371) while 

there is only a trend visible in males (Figure 8B). Taken together with the scar volume 

data, gliosis is prevented by SCFA in females much stronger and significant compared to 

males. 
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Figure 7. Representative images of GFAP and DAPI staining in retina. 
Scale bars = 100 µm 
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Figure 8. Quantification of GFAP expression. 
Fluorescence intensity density of GFAP in CNV and SCFA group, (A) all samples, unpaired t test; 

(B) sex difference, 2-way ANOVA with multiple comparison. Data were shown as mean ± SEM, 

male untreated group: n=6; male SCFA group: n=4; female untreated group: n=5; female SCFA 

group: n=5. *p<0.05, **p<0.01. 

3.4 SCFAs treatment reduced microglial density and activation. 

3.4.1 SCFAs treatment reduced microglial density at laser spots. 

Microglial cells in retina flat mount were stained with Iba1 to evaluate changes in density 

and morphology after SCFAs treatment. Isolectin B4 stained vessels and was utilized to 

identify the IPL and OPL.  

Figure 9 shows representative images of microglial distribution at laser spots on day 7. 

Due to difficulties in identifying distinct and clear laser spots at 14 dpl in the images (scar 

formation stage), I analyzed the images from 3 dpl and 7 dpl in this study. At 3 dpl, no 

difference was detected in the density of microglia after SCFAs treatment in both sexes. 

At 7 dpl, the microglial density increased by CNV. This increase was prevented by SCFAs 

treatment at the laser spots (p<0.0001) (Figure 10A). When analyzed separately by sex, 
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SCFAs treatment led to a significant reduction of microglia in both males (p<0.0001) and 

females (p=0.005) (Figure 10B). 

 
Figure 9. Representative images of Iba+ cells (green) at laser spots in CNV and SCFA group 
on day 7. 
The images from male and female were shown separately. Scale bars = 100 µm. 
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Figure 10. Statistical analysis of microglial density at laser spots on 7 days. 
The density of microglia in untreated and SCFA group in OPL were analyzed, (A) all samples; (B) 

sex difference.  Data were shown as mean ± SEM. At 3 dpl, male untreated group: n=4; male 

SCFA group: n=4; female untreated group: n=7; female SCFA group: n=6. At 7 dpl, male un-

treated group: n=5; male SCFA group: n=7; female untreated group: n=4; female SCFA group: 

n=5,  per groups, *p<0.05, ***p<0.001, 2-Way ANOVA with multiple comparation.  

3.4.2 SCFAs treatment reduced microglial density near laser spots. 

Figure 11 displays representative images depicting the staining of microglial cells in the 

retina, predominantly concentrated in the IPL and OPL, corresponding to the thin vessel 

layer and thick vessel layer, respectively. The density of Iba1+ cells increased at 3dpl and 

decreased at 7 dpl after SCFAs treatment in both IPL and OPL (Figure 12A and C). When 

analyzed separately by sex, it was observed that SCFAs treatment reduced the number 

of Iba1+ cells at 7 dpl in both layers and OPL at 14 dpl in males. Conversely, no similar 

results were observed in females. SCFAs treatment increased Iba1+ cells density at 3 dpl 

in both layers but did not have an effect on 7 dpl and 14dpl (Figure 12B and D). 
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Figure 11. Graphical illustration of Iba1+ cells in retina. 

Immunofluorescence staining of retina flat mount. Blood vessels were labeled by Isolectin (red), 

With thin vessels indicating IPL, thick vessels indicating the OPL). Iba1 (green) was used to stain 

microglial cells. The scale bar is set at 100μm. 
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Figure 12. Statistical analysis of Iba1+ cells density. 

Iba1+ cell density in OPL at 3 dpl, 7 dpl and 14 dpl, (A) all samples; (B) sex difference. The data 

were represented as mean ± SEM. At 3 dpl, male untreated group: n=5; male SCFA group: n=5; 

female untreated group: n=6; female SCFA group: n=5. At 7 dpl, male untreated group: n=7; male 

SCFA group: n=6, female untreated group: n=7; female SCFA group: n=6. At 14 dpl, male un-

treated group: n=7; male SCFA group: n=5, female untreated group: n=4; female SCFA group: 

n=6 **p< 0.01; ***p< 0.001; ****p<0.0001, 2-way ANOVA with multiple comparison test. Iba1+ cell 
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density in IPL at 3 dpl, 7 dpl and 14 dpl, (C) all samples; (D) sex difference. The number of n and 

the statistical method were the same as OPL. 

SCFAs treatment not only influence the microglial density, but also affects the microglial 

morphology. The microglial branch, soma, and branch length were defined as shown in 

Figure 13. Retinal microglial cells in the OPL displayed a more ramified morphology after 

SCFAs treatment at 7 dpl, characterized by an increase in both the average number of 

branches (p=0.001) and the length of branches (p=0.004) (figure 14A and C). Sex–spe-

cific analysis revealed that SCFAs treatment induced these changes in both males and 

females, but with different extent (Figure 14B and D). The statistically significant increase 

in the average number of branches observed only in males (p=0.027), and a statistically 

significant increase in branch length observed only in females (p<0.001). 

 

Figure 13. Morphology of microglial cells. 
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Figure 14. Morphology of retina microglial cells. 

The number of branches in one cell in the OPL. (A) all samples; (B) sex difference. The data were 

represented as mean ± SEM. At 3 dpl, male untreated group: n=5; male SCFA group: n=5; female 

untreated group: n=4; female SCFA group: n=5. At 7 dpl, male untreated group: n=5; male SCFA 

group: n=5, female untreated group: n=5; female SCFA group: n=5. At 14 dpl, male untreated 

group: n=5; male SCFA group: n=5, female untreated group: n=4; female SCFA group: n=5. *p< 

0.05; **p< 0.01; ***p< 0.001; 2-way ANOVA with multiple comparison test. The average branch 

length of Iba1+ cells in OPL. (C) all samples; (D) sex difference The number of n and the statistical 

methods were the same as (A) and (B) 

3.4 SCFAs modulate CNV development in a sex-specific manner. 



Results 36 

Previous data in this study has shown that SCFAs treatment had a protective effect on 

both angiogenesis and gliosis in male and female following laser-induced CNV. While the 

degree of protection varied and some indicators did not reach statistical significance, 

there was a clear trend towards protection. Sex differences were significant in the effect 

of SCFAs on retina microglial cells, with a more pronounced down-regulating effect on 

the density and activation of microglia observed in males. To delve deeper into the sex 

differences at a transcriptomic level, we conducted RNA sequencing analysis. 

Differentially expressed genes (DEGs) were identified between the untreated group and 

SCFA group based on a fold change > 1 and adjusted p-value (padj) < 0.1. Specifically, 

145 DEGs in males and 45 DEGs in females were identified at 7 dpl, while 210 DEGs in 

males and 514 DEGs in females were identified at 14 dpl. Despite the identification of 

numerous DEGs across various groups, only 3 DEGs were found to be commonly regu-

lated between males and females at 7 dpl, with 50 DEGs at 14 dpl (Figure 15A and B), 

suggesting that at the transcriptomic level, SCFAs treatment impact the development of 

laser-induced CNV in both males and females, but in a sex-specific manner. Notably, 

more genes were regulated in males compared to females at 7 dpl, whereas the pattern 

reversed at 14 dpl. 
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Figure 15. SCFA modulate DEGs differently between male and female. 

(A) In the comparison between the untreated group and SCFA group on 7 dpl, 145 DEGs were 

identified in males and 45 DEGs in females, with 3 DEGs commonly expressed in both sexes. (B) 

On 14 dpl, 210 DEGs were found in males and 514 DEGs in females, with 50 DEGs commonly 

expressed in both sexes. 

3.5 SCFAs modulate neovascularization and inflammation in laser-induced 
CNV mouse. 

Heatmaps were used to visualize the pattern of DEGs regulation. The results indicated 

that at 7 dpl, 94 out of 145 DEGs were down-regulated with SCFAs treatment in males, 

while at 14 dpl, the trend reversed, with only 85 out of 210 DEGs showing down-regulation 
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(Figure 16A and B). In females, 37 out of 46 DEGs were up-regulated by SCFAs treat-

ment, while 241 out of 545 DEGs were up-regulated at 14 dpl (Figure 16C and D).  

Since only 45 DEGs were identified in females at 7 dpl, which was insufficient for further 

analysis, such as enrichment analysis, the focus of the study shifted primarily to analyzing 

the RNA sequencing data from males at 7 dpl and 14 dpl, as well as females at 14 dpl.  

 
Figure 16. Heatmap of DEGs on 7 dpl and 14 dpl. 

DEGs that identified between untreated group and SCFA group at (A) 7 dpl from males, (B) 14 

dpl from males, (C) 7 dpl from females, (D) 14 dpl from females. each row represents a gene, and 
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each column represents a sample. Up-regulated genes are depicted in red while down-regulated 

genes are depicted in blue.  

GO analysis was conducted to assess the impact of SCFAs treatment on neovasculari-

zation and inflammation. Vascular-related and inflammation-related biological process 

GO terms were selected and visualized by bubble plots.  

Vascular-relates GO terms were significantly enriched in both males and females when 

comparing between the untreated and SCFA groups. In males, 10 terms, for instance, 

“regulation of endothelial cell proliferation”, “sprouting angiogenesis”, and “branching in-

volved in blood vessel morphogenesis”, were enriched at 7dpl (Figure 17A), while 13 

terms, including “regulation of vasculature development”, “sprouting angiogenesis”, and 

“blood vessel endothelial cell migration” were enriched at 14dpl (Figure 17B). Conversely, 

only 3 terms were enriched in females at 14dpl, which were “regulation of endothelial cell 

differentiation”, “regulation of vascular endothelial growth factor signaling pathway” and 

“venous blood vessel development” (Figure 17C). 

In addition, inflammation-related GO terms were only significantly enriched at 7dpl in 

males. This included “inflammatory response to wounding”, “regulation of inflammatory 

response”, “cytokine production involved in inflammatory response” and “neuroinflamma-

tory response”. Microglial cell activation and phagocytosis were identified at this time point 

as well (Figure 17A). 

Since the analysis above suggested a more pronounced effect of SCFAs treatment on 

neovascularization and inflammation in males comparing to females at the gene expres-

sion level, our subsequent analysis focused primarily on male data. 
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Figure 17. Bubble plots of vascular-related and inflammation-related GO term. 

Bubble plots show the vascular-related and inflammation-related GO term on 7 dpl (A) and 14 dpl 

(B) from males and 14 dpl from females (C). 

Through protein-protein analysis and cytoscape, the top 15 hub genes were identified at 

7 dpl and 14 dpl in males after SCFAs treatment. These hub genes were then labeled in 

the corresponding volcano plots. 13 hub genes at 7 dpl and all 15 hub genes at 14 dpl 

were down-regulated in SCFA group (Figure 18A and C). The hub genes on 7 dpl were 

Junb, Fos, Erg4, Erg1, Cyr61, Nr4a1, Dcx, Pou3f2, Timp1, Gpnmb, Dct, Mlana, Mlph, 

Pmel, and Oca2, whereas those at 14 dpl were Junb, Fos, Erg4, Erg1, Cyr6, Nr4a1, Klf2, 

Dusp1, Cdkn1a, Klf4, Slk1, Maff, Nr4a3, Atf3, and Fosb. Notably, the expression of Junb, 

Fos, Erg4, Erg1, Cyr61, and Nr4a1 decreased at both time points (Figure 18B and D).  
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Figure 18. Hub genes identified at 7 dpl and 14 dpl in males. 

The interaction network of the top 15 hub genes at 7 dpl (A) and 14 dpl (C) was analyzed using 

STRING and Cytoscape plugin Cytokabba, and visualized by Cytoscape. Nodes colored from 

yellow to red indicated the increasing strength of gene connections. Volcano plots showed DEGs 

with labeled top 15 hub genes at 7 dpl (B) and 14 dpl (D). Blue dots represented down-regulated 

genes, red dots represented up-regulated genes, and grey dots represented genes that were not 

differentially expressed. 
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To further explore the anti-inflammatory effects of SCFAs treatment, the gene list for the 

positive regulation of the inflammatory response GO term (GO0050729) was downloaded. 

Due to inflammation-related GO terms were not enriched in 14dpl in male, to assess the 

impact of SCFAs treatment more accurately and comprehensively on this aspect, we 

broadened the range of DEGs from a fold change >1 to a fold change>0.5, this enabled 

us to include more genes that are associated with this biological process. 

The results indicated that 8 out of 10 genes were downregulated after SCFAs treatment 

at both time points, suggesting that SCFAs attenuated the inflammatory response in the 

entire retina throughout the development of laser-induced CNV (Figure 19A and B). 
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Figure 19. Gene expression related to positive regulation of inflammatory response. 

The expression of the top 10 genes related to positive regulation of inflammatory response from 

the GO term GO0050729 (log2 fold change > 0.5 and padj < 0.1) at (A) 7 dpl and (B) 14 dpl. 

3.6 SCFAs treatment attenuated the activation of microglial cells in laser-
induced CNV males. 

Previous findings indicated that Junb, Fos, Erg4, Erg1, Cyr61 and Nr4a1 were down-

regulated following SCFAs treatment in males over time. Specifically, Junb, Fos, and Erg1 

were found to be expressed at low levels in homeostatic microglia, whereas at high level 

in highly phagocytic disease-associated microglia (DAM-1) [31]. This highlights the ne-

cessity for further investigating the impact of SCFAs on retinal microglial cells. 

Genes associated with microglial cell activation (GO0001774) and the positive regulation 

of phagocytosis (GO0050766) were identified. While the expression of microglial cell ac-

tivation related genes was not inhibited at 7dpl, the expression of phagocytosis related 

genes was hindered, as 7 out of 8 phagocytosis-related genes were down-regulated in 

the SCFA group (Figure 20A and B). Conversely, at 14dpl, 8 out of 9 genes related to 

microglial cell activation showed reduced expression, but only 2 phagocytosis-related 

genes exhibited differential expression between the untreated and SCFA groups (Figure 

20C and D). This suggested that, at the gene expression level, SCFAs initially reduced 

phagocytosis and subsequently attenuated microglial cell activation.  
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Figure 20. Gene expression that related to microglial activation and phagocytosis regula-
tion. 

The expression of microglial activation related genes (GO0001774) at (A) 7 dpl and (C) 14 dpl 

(log2 fold change > 0.5 and padj < 0.1). The expression of phagocytosis related genes 

(GO0050766) at (B) 7 dpl and (D) 14 dpl (log2 fold change > 0.5 and padj < 0.1). 

3.7 SCFAs treatment attenuated phagocytosis in microglial cells derived 
from males. 

Considering the profound impact of SCFAs on microglia cells in ex vivo studies, our ob-

jective was to investigate the precise aspects through which SCFAs influence microglia 

in vitro, with a focus on measuring phagocytosis as the principal activity parameter. Neo-

natal microglial cells were isolated from mouse brains, divided into four groups, and 

seeded into 96-well plates. SCFAs were introduced to assess their direct effects. TNFα 

was used to create an inflammatory environment, and a combination of TNFα and SCFA 

was administered to assess the influence of SCFA on microglial phagocytosis under 
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pathological conditions. Phagocytosis was monitored and quantified using the Incucyte 

system.  

In microglial cells derived from males, TNFα significantly increased phagocytosis be-

tween 5 and 12 hours of observation; however, pre-treatment with SCFAs notably atten-

uated this enhancement from 7 to 24 hours (Figure 21A), indicating that SCFAs reduced 

the phagocytic process in microglial cells under pathological conditions. Interestingly, this 

effect differed in the female cohort, in which neither TNFα nor SCFAs induced significant 

changes in phagocytosis (Figure 21B), supporting the sex-specific microglial responses 

observed ex vivo. 
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Figure 21. SCFAs reduced phagocytosis in male microglial cells. 

A. The bar chart illustrated the impact of SCFAs on phagocytosis levels in male microglial cells. 

TΝFα significantly increased phagocytosis from 5h to 12h (p<0.05), whereas SCFAs exhibited 

inhibitory effects from 7h until the end of the recording (24h) (p<0.05). (2-way ANOVA with re-

peated measurements, the data are presented as mean ± SEM with n=9). B. Neither TNFα nor 

SCFAs have an impact on phagocytosis in female microglial cells. (2-way ANOVA with repeated 

measurements, the data are presented as mean ± SEM with n=6). 



Results 47 

3.8 SCFAs treatment suppressed TNFα-induced elevation of CXCL10 expres-
sion. 

ELISA was performed to measure the effect of SCFAs treatment on the secretion of var-

ious cytokines. CXCL10, CCL2 and CCL4 were examined. Results showed that TNFα 

stimulation significantly increased the secretion of CXCL10 in male-derived microglial 

cells, while pre-incubating the cells with SCFAs inhibited this effect. However, this effect 

was not observed in female-derived microglial cells, as neither TNFα nor SCFAs affected 

the secretion of CXCL10. (Figure 22A) 

Furthermore, CCL2 and CCL4 secretions were not influenced by SCFAs treatment (Fig-

ure 22B and C). 

 
Figure 22. SCFAs inhibited the secretion of CXCL10 in male-derived microglial cells. 
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The relative concentration of CXCL10 (A), CCL2 (B) and CCL4 (C) in collected supernatant. The 

concentrations of the cytokines in each experimental groups were normalized against the corre-

sponding Control group in male and female-derived microglial cells. 2-way ANOVA with multiple 

comparison was used for statistical analysis. the data were presented by mean ± SEM with the 

n=5. *p<0.05, *p<0.05; ****p<0.0001. 

3.9 SCFAs treatment suppressed the O-GlcNAcylation in female microglial 
cells. 

RNA sequencing demonstrated that SCFAs treatment increased OGT expression ex vivo 

(Figure 23B), however, this effect was observed only in male mice. Following SCFA treat-

ment, OGT expression exhibited a slight upward trend at 7 dpl. Although the padj value 

exceeded 0.1 at this time point, the increasing in OGT expression became statistically 

significant at 14 dpl, showing a higher level of regulation compared to the 7 dpl. In contrast, 

there was no significant change in OGT expression observed in females over the same 

period. High level of O-GlcNAcylation has detrimental effects on retinal cells. RNAscope 

showed that OGT was widely expressed in among almost all retinal layers (Figure 23A), 

it also co-localized with retinal microglia (Figure 23C). To ascertain whether SCFAs in-

duce the O-GlcNAcylation in microglial cells, we quantified the expression of intracellular 

O-GlcNAc using flow cytometry to explore its association with microglial cells.  
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Figure 23. OGT expression in retina. 

(A) Representative images of OGT and Iba1+ staining using RNAscope. Scale bars = 100 µm. (B) 

The fold change of expression of OGT between untreated group and SCFA group. (C) Amplified 

image to observe the expression of OGT in Iba1+ cells. 
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After gating live microglial cells (live/dead cell dye-, CD45+/CD11b+) in BD Diva (Figure 

24), we analyzed the median fluorescence intensity (MFI) of intracellular O-GlcNAc. Sur-

prisingly, TNFα stimulation led to increased O-GlcNAc expression in male microglial cells, 

while SCFAs did not mitigate this increase (p=0.24) (Figure 25A and C). On the other 

hand, a notable inhibition was observed in female microglial cells, irrespective of TNFα 

stimulation (Figure 25B and C). These findings suggested that, contrary to ex vivo find-

ings, SCFAs did not enhance O-GlcNAc secretion in microglial cells and actually exerted 

an inhibitory effect on female- derived cells. Given that the effect of SCFAs on microglial 

cells does not explain the observed increase in OGT expression ex vivo, further investi-

gations are warranted. 

 
Figure 24. Gating strategy of microglial cells. 

Gating strategy of primary microglial cells isolated from mice cortex. A. Gating of all the recording 

cells. B. Gating of all the single cells, excluding duplicates. C. Gating of all the live cells using 

live/dead cell dye (red). D. Gating of the microglial cells, stained by CD11b (PE-Cy7) and CD45 

(APC). 
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Figure 25. SCFAs inhibited O-GlcNAcylation in microglial cells derived from females. 

Representative histograms indicating the O-GlcNAc signal in microglial cells of Control, SCFA, 

TNFα and SCFA+TNFα group including male (A) and female (B) mice. IgG kappa Isotype was 

used as a negative control for each experiment. At least 10K cells were recorded per sample with 

a n=6. C. Bar chart showed the median fluorescence intensity that recorded by BD FACS Diva 

and collected using FlowJoTM 10.8.1. Data were analysis using unpaired t test, the data were 

presented as mean ± SEM, *p<0.05. 

3.10 SCFAs had no impact on calcium pathway in microglial cells. 

Calcium (Ca2+) signals has been considered a common signal transduction mechanism 

in microglial cells in recent years. We performed calcium imaging on microglial cells de-

rived from males (Figure 26A) and females (Figure 26B) to investigate whether SCFAs 

affected the Ca2+ pathway. 

Only a small percentage of the cells derived from males (less than 5%) and females (less 

than 10%) responded to Fluo-4 stimulation (Figure 26C). Although the proportion of re-
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active cells derived from females was higher than that derived from males, both re-

sponses were less than 10% when compared to the positive control stimulated by ATP, 

this suggesting that SCFAs had no influence on the Ca2+ pathway in microglial cells re-

gardless of sexes. 

 
Figure 26. SCFAs did not activate calcium pathway. 

Graphical illustration of time course of signal after application of SCFAs for 60s as a stimulation 

reagent following by 1mM ATP for 60s as a positive control in males (A) and females (B) derived 

microglial cells. C. Bar chart demonstrates the percentage of microglial cells that can be activated 

by SCFAs. The data were presented as mean ± SEM, in male group: n=3; in female group: n=5.
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4. Discussion 

AMD is a neurodegenerative disease that significantly affects vision, potentially leading 

to vision loss. While anti-VEGF-A therapy is currently the most widely used treatment in 

clinic, many nAMD patients suffer persistent or experience decline responses over time 

with anti-VEGF-A treatment (Fu et al., 2024). Therefore, there is a need to explore com-

plementary treatments and preventive measures for nAMD. The concept of the gut-retina 

axis has brought attention to the potential influence of gut health on retinal diseases 

(Zhang and Mo, 2023). SCFAs, which are produced through bacterial fermentation of 

dietary fiber in the colon, have been linked to retinal diseases like diabetic retinopathy 

(Huang et al., 2023). This study aims to investigate SCFAs potential to inhibit the chain 

of pathogenic events in nAMD.  

4.1 SCFAs treatment suppresses lesion formation in laser induced CNV 
mouse model. 

Our study found that treatment with SCFAs resulted in a reduction of lesion formation on 

retina from 7dpl to 14 dpl, and on the choroid at 14 dpl. This was evidenced by a decrease 

in leakage size in the retina and lesion volume in the choroid. Furthermore, the alleviation 

of neovascularization-dependent gene expression was also observed by RNA sequenc-

ing. Previous studies suggested that butyrate alleviates CNV individually in retina by re-

duced CNV size (Xiao et al., 2020, Lyzogubov et al., 2020), while our study revealed that 

the mixture of SCFAs has the same effect.   

According to a study by Anna Salas, it was found that in the initial stage up to 7 dpl, there 

was an acute inflammatory response with increased expression of inflammatory factors 

observed within the first 3 days, the size of CNV lesions reaches its peak at 7 dpl. In the 

second stage from 7 dpl to 14 dpl, they observed stabilization of the CNV lesions and the 

formation of fibrosis(Salas et al., 2023). Our findings demonstrated that treatment with 

SCFAs modulates several vascular - related biological processes from RNA sequencing. 

Through RNA sequencing and morphological observations of laser lesions, we speculate 

that SCFAs exhibit protective effects during the progress of laser induced CNV. Addition-

ally, the effects above also vary by sex, with a greater reduction in CNV size observed in 

males, and a greater reduction in choroidal lesion observed in females. 
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A sex-specific effect of SCFA on the CNV was observed at the transcriptomic level. 
Specifically, at 7 dpl, SCFAs targeted more genes in males than in females, with nearly 

three times more DEGs identified in males. Conversely, DEGs identified in females were 

nearly three times more than those in males at 14dpl. Enrichment analysis reveals that 

SCFAs regulate many vascular-related biological processes at 7 dpl and 14 dpl in males. 

However, the number of processes regulated in corresponding female cohort is relatively 

lower, suggesting that the modulation may not be as strong in females as males. Among 

all the DEGs identified from bulk RNA sequencing, Junb, Fos, Cyr61, Erg4, Erg1, and 

Nr4a1 were recognized as hub genes at both 7 dpl and 14 dpl.  

Junb, a member of the activator protein-1 (AP-1) transcription factor family, closely related 

to neovascularization. Research on Junb in ocular diseases has primarily focused on its 

function in retinal endothelial cells. It is found in nuclei of endothelial cells at the vascular 

front and in blind-ended vascular sprouts in the retina, as well as in endothelial cells that 

vertically invade the deep layer. Additionally, its expression can be induced by VEGF-A, 

suggesting a promotion of angiogenesis (Yanagida et al., 2020, Yoshitomi et al., 2021), 

the expression of Junb increases after stimulating the freshly isolated endothelial cells 

with TNFα (Ma et al., 2023).  

Fos, also known as c-Fos, is another member of the AP-1 family, and closely interacts 

with Junb. It binds to the AP-1 complex to promote cell death. C-fos is positive correlated 

with light-induced photoreceptor apoptosis (Hafezi et al., 1997). Its expression has been 

observed to increase in a N-methyl-D-aspartate-induced retina neuronal apoptosis model 

(Lambuk et al., 2021). In another pathological angiogenesis mouse model, Fos’s expres-

sion significantly rises in all retina layers, along with inflammation-related cytokines, such 

as IL6, IL1 beta and TNF. Pharmacologic inhibition of Fos alleviates the retinal neovas-

cularization and reduce the expression of IL6, IL1 beta and TNFα (Sun et al., 2017). 

Cyr61 is an angiogenic factor whose expression is increased in a hypoxia-induced retinal 

vascular endothelial cell model through modulation by c-Jun/AP-1 (You et al., 2010). A 

recent study using a similar laser injury-induced CNV mice model demonstrated that 

Cyr61 is strongly upregulated by endothelial cells in CNV lesions. The produced Cyr61 

then recruits and activates monocyte-derived macrophages. Furthermore, many of the 



Discussion 55 

genes responsive to Cyr61 treatment in macrophages are related to inflammation and 

angiogenesis, such as Saa3, Mmp9, Mmp14, Ccl4, etc(Lin et al., 2024). 

Erg4 and Erg1, which are part of the E-26 gene family, are expressed in endothelial cells 

and play a crucial role in regulating endothelial homeostasis and angiogenesis in the ret-

inal vasculature (Birdsey et al., 2015, Shah et al., 2016). While there is limited knowledge 

about the impact of Erg4 on retina diseases or cells, a study revealed that the expression 

of Erg1, along with the inflammatory-related gene TXNIP, increases in UV-B induced hu-

man retinal endothelial cells. Conversely, silencing Erg1 results in a decrease of TXNIP, 

indicating that Erg1 is involved in mediating inflammation in endothelial cells (Shi et al., 

2021a).  

The downregulation of these hub genes suggested that SCFAs treatment decreases the 

expression of neovascular-associated genes expression ex vivo, indicating that SCFAs 

treatment may have the ability to suppress neovascularization.  

4.2 SCFAs treatment suppress inflammation in retina. 

4.2.1 SCFAs treatment ameliorate inflammation in vivo. 

SCFAs possess anti-inflammatory properties in ocular diseases. One study has demon-

strated that SCFAs decrease the secretion of cytokines and chemokines in LPS-stimu-

lated retinal astrocytes (Chen et al., 2021). Although the amount of research on the anti-

inflammatory effects of SCFA in ocular diseases is limited, some studies have indicated 

that the systematic administration of butyrate alone inhibits inflammation in ocular surface 

and fundus diseases. Butyrate has been shown to mitigate retinal thinning and reduce 

blood glucose levels in a type 1 diabetic mouse model induced by intraperitoneal injection 

of streptozotocin(Huang et al., 2023). Administration of tributyrin (a stable and rapidly 

absorbed form of butyrate) protects against corneal barrier disruption and restores con-

junctival goblet cells(Schaefer et al., 2022). Butyrate treatment also reduces the secretion 

of IL-6 and TNFα in corneal explants induced by TLR ligands (such as LPS) in vitro, as 

well as the secretion of IL-8 in corneal epithelial cells under the same stimulation (Wu et 

al., 2024).  
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Our study elucidated the protective effect of SCFAs against inflammation in laser-induced 

CNV mice, as evidenced by the decrease of Iba1+ cells (including microglial cells and 

monocytes) density at and near the laser spots with a more ramified morphology, the 

reduction of GFAP at a protein level, and the gene expression related to inflammatory 

response throughout the entire pathological wound healing process following laser induc-

tion.  

GFAP is typically expressed exclusively in retinal astrocytes, however, it was also found 

to express in Müller cells under pathological conditions, for instance, in experimental 

mouse model of photoreceptor degeneration (constant light exposure) and oxygen-in-

duced retinopathy (Eisenfeld et al., 1984, Nurnberg et al., 2018), GFAP is used to assess 

subretinal fibrotic tissue on choroidal flat mounts (Jo et al., 2011) and the extent of gliosis 

in retina diseases, such as proliferative vitreoretinopathy(Lee et al., 2020) and retinal de-

tachment(Luna et al., 2010). Downregulation of GFAP represents a low gliosis and dam-

age of Müller cells and astrocytes, indicating a low level of inflammation and better wound 

healing.  

The downregulation of inflammatory response was only detected in male retina after 

SCFA treatment at both 7 dpl and 14 dpl. Studies have demonstrated that SCFAs may 

have anti-inflammatory effects in both sexes through independent mechanisms(Shah et 

al., 2021, Spichak et al., 2021). For example, one study demonstrated that butyrate acti-

vates HDACi activity specifically in primary cortical astrocytes derived from females, while 

acetate and propionate are implicated in the anti-inflammatory response solely in astro-

cytes derived from corresponding males  (Spichak et al., 2021). Our study underscores 

the beneficial effect of SCFAs treatment on inflammation in nAMD-featured model and 

indicates potential sex-specific regulation in this aspect. 

4.2.2 SCFAs treatment suppress microglial activation in vivo. 

Butyrate has been shown to promote neuroprotection by modulating the inflammatory 

response of microglia in a mouse model of middle cerebral artery occlusion. It reduces 

the expression of pro-inflammatory cytokines like TNFα and increases the expression of 

anti-inflammatory cytokines like IL-10 (Patnala et al., 2017). One of the hub gene that was 

mentioned above, Nr4a1 has been linked to microglial activation. A study reported an 
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increase in microglial cell density and recruitment of pro-angiogenic macrophages in CNV 

Nr4a1se2/se2 mice(Droho et al., 2023b). Additionally, targeted deletion of Bace-1 in micro-

glial cells enhanced the expression of Junb, Fos, and Egr1(Singh et al., 2022), which are 

three of the hub genes that regulated by SCFAs. Therefore, we hypothesized that SCFAs 

may potentially alleviate the inflammation of retina by influencing, among other cells, the 

activation of retinal microglial cells.  

The density of Iba1+ cells at the laser spots in the OPL decreased at 7 dpl, the density of 

ramified Iba1+ cells also decreased in both the IPL and OPL near the laser spots, with a 

more ramified morphology, indicating that SCFAs treatment suppress both the migration 

and activation of Iba1+ cells in the laser-induced neuroretina. Analysis of sex differences 

revealed that SCFAs treatment had a more pronounced effect on Iba1+ cells in males 

compared to females, because of a significant reduction in Iba1+ cell numbers at and near 

the laser spots was only observed in males. Need to mention that a significant increase 

of the density of Iba1+ cells was observed at 3dpl, especially in females, this may be due 

to a higher inflammatory response induced by SCFAs at the acute phase, but the under-

lying mechanism remains unclear. 

Iba1+ cells in the retina consist of monocytes and microglial cells. To investigate whether 

SCFAs treatment has a specific impact on microglial cells, the expression of genes re-

lated to microglial cell activation from RNA sequencing was analyzed at 7 dpl and 14 dpl. 

Results show that microglial cell activation-related genes such as Trem2 and C1qa were 

modulated by SCFAs treatment at both timepoints. Although there was no clear regulation 

pattern of genes at 7 dpl, mostly of them were down-regulated at 14 dpl. Notably, no 

differential expression of microglial activation-related genes was observed in the female 

cohort. 

While limited studies have investigated the impact of SCFAs on retinal microglial cells, 

Wang et al. demonstrated that fenofibrate prevented retinal microglial cell accumulation 

in high-fat diet mouse and restored SCFAs levels in the retina, serum, and feces(Wang 

et al., 2022). Furthermore, individually administration of sodium butyrate inhibited both 

the number and activation of microglial cells in diabetic mouse, highlighting a direct influ-

ence of SCFAs on retinal microglia(Huang et al., 2023).  
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4.3 The impact of SCFAs on microglial cells. 

4.3.1 SCFAs may have a protective effect against inflammation in vitro only in 
males. 

Microglial cells are present in both the brain and retina, originating from primitive yolk sac 

progenitors(Alliot et al., 1999). In mouse, microglial cells can be earliest identified in the 

brain at embryonic day 7.5 - 8.5 (E7.5 - E8.5)(Ginhoux et al., 2010), and in the retina at 

E11.5(Santos et al., 2008). Various studies have analyzed the sequencing profile of mi-

croglial cells during development in both the brain(Hammond et al., 2019, Matcovitch-

Natan et al., 2016) and the retina(Anderson et al., 2019). A comparison of these profiles 

suggests that while some genes are similarly expressed in both the retina and brain, the 

cluster patterns are distinct during development (Anderson et al., 2019). While brain and 

retina microglia exhibit differences in RNA expression, they both perform similar funda-

mental functions, including phagocytosis and debris clearance. Due to the technical chal-

lenge of obtaining a large quantity of retinal microglia from mice, we chose to use micro-

glial cells isolated from neonatal mouse cortex for our initial investigation. 

C-X-C Motif Chemokine Ligand 10 (CXCL10) is a 10kDa protein known for its “inflamma-

tory”(Taub et al., 1993) and “angiostatic”(Strieter et al., 1995) properties. The mRNA ex-

pression of CXCL10 increases in microglial cells derived from hippocampus in hypergly-

cemia rats.(Satrom et al., 2018). The mRNA and protein expression of CXCL10 both in-

creases in LPS induced BV2 cells (Shen et al., 2006). Chemokine (C–C motif) Ligand 2 

(CCL2) and chemokine (C–C motif) Ligand 4 (CCL4) belong to a group of chemotactic 

cytokines(Zlotnik and Yoshie, 2000). The concentrations of CCL2 in cortex and serum 

are upregulated after intraperitoneal injection of thioacetamide, led to an increase in mi-

croglial activation. Moreover, inhibiting the CCL2 receptor could suppress microglial acti-

vation induced by supernatant collected from TNFα-treated neurons(Zhang et al., 2017). 

Both CCL2 and CCL4 expression levels were elevated in primary microglia and the mi-

croglial cell line (Ra2 cells) after stimulation with amyloid - β peptide in vitro(Ito et al., 

2006), indicating a close association in CCL2/CCL4 and microglia. 

ELISA was used to measure the secretion levels of CXCL10, CCL2 and CCL4 in micro-

glial supernatant in this study. The findings showed that pretreatment of primary microglial 
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cells with SCFAs did not affect the secretion of these cytokines. Moreover, TNFα was 

observed to notably enhance the secretion of CXCL10, which was attenuated by SCFAs 

pretreatment, suggesting an anti-inflammatory effect of SCFAs on microglial cells. 

Interestingly, TNFα did not impact the secretion of CCL2 and CCL4, regardless of SCFAs 

pretreatment. Previous studies have suggested an upregulation of CCL2 and CCL4 in 

TNFα-induced microglial cells (Human microglial cell line HMC3)(Wang et al., 2021), 

which contrasts with the results of this study. Possible reasons could be variations be-

tween primary microglial cells and cell lines, as well as differences in TNFα concentra-

tions (10ng/ml vs 300ng/ml(Wang et al., 2021)). However, the exact underlying causes 

remain unknown. 

4.3.2 SCFAs inhibit phagocytosis in microglial cells in vitro. 

Phagocytosis is one of the main functions of microglial cells. Activated microglia may kill 

degenerated photoreceptors and neurons through phagocytosis and exacerbate retinal 

injury by releasing proinflammatory mediators(Fan et al., 2022). Our RNA sequencing 

results indicate that SCFAs treatment led to a decrease in the expression of a majority of 

phagocytosis – related genes in the retina at 7 dpl. Hence, further exploration is warranted 

to determine the impact of SCFAs treatment on the phagocytic activity of microglial cells. 

While the impact of SCFAs on phagocytosis in retinal microglial cells is not well under-

stood, supplementation with SCFAs was found to inhibit microglia from phagocytosing 

the synapse in male hippocampus(Shi et al., 2021b). Our data indicates that the phago-

cytic activity was reduced by SCFAs in the male retina, as well as the reduction of micro-

glial cell activation and Iba1+ density. Since microglia are not the only type of cells capable 

of phagocytosis in the retina, and Iba1+ cells include monocytes and microglia, whether 

this reduction of phagocytosis is directly associated with SCFAs remains unclear. 

Our study then aimed to explore the potential direct impact of SCFAs on phagocytosis in 

vitro, beginning with neonatal microglial cells. In contrast to a previous study that sug-

gested SCFAs had no direct effect on the phagocytic capacity of primary microglia derived 

from wildtype mice(Colombo et al., 2021), our study demonstrated that SCFAs directly 

inhibit phagocytosis in microglial cells derived from male mouse under pathological con-

ditions (TNFα stimulation) in vitro, with no such inhibition observed in the corresponding 
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female group. Limited information exists regarding the direct effects of SCFAs on phago-

cytosis. Specifically, two other SCFA components, valerate and formate, were found to 

inhibit phagocytosis in human THP-1 microglia-like cells stimulated with LPS and IFN-

γ(Wenzel et al., 2020). Our study shows that a mixture of SCFAs directly alleviates mi-

croglial phagocytosis, additionally highlighting a sex-specific response. 

4.4 SCFAs suppress O-GlcNAcylation in microglia derived from female. 

O-GlcNAcylation, short for O-linked-N-acetylglucosaminylation, is a post-translational 

modification where a GlcNAc molecule is attached to serine/ threonine sites on proteins 

by O-GlcNAc transferase (OGT), and can be removed by GlcNAcase (OGA)(Holt et al., 

1987, Chang et al., 2020). The role of O-GlcNAcylation varies in different conditions and 

organs(Baudoin and Issad, 2014). In the retina, O-GlcNAcylation is significantly up-regu-

lated under pathological conditions like aging in rats(Zhao et al., 2014) and in db/db mice 

(type 2 diabetic mice model)(Xu et al., 2014). Enhanced O-GlcNAcylation can protect 

against oxidative stress by reducing reactive oxygen species in ARPE cells(Zhao et al., 

2014), while inhibiting it in endothelial cells decrease VEGF-A expression and protect the 

blood-retina barrier(Xu et al., 2014).  

Our data demonstrated that the expression of OGT existed in almost all type of retina 

cells including microglial cells and was increased after SCFAs treatment but only in males, 

yet the inflammatory state was attenuated under this condition. Although the up-regula-

tion of OGT does not necessarily indicate an increase in O-GlcNAcylation, further inves-

tigation is needed to understand how SCFAs modulate O-GlcNAcylation in the retina.  

While research in this area is limited, current studies suggest an interaction between 

SCFAs and O-GlcNAcylation. SCFAs up regulate O-GlcNAcylation levels in several dis-

eases and cells, such as in colonic epithelial cells (Zhao et al., 2020) and in a hepatocel-

lular carcinoma mouse model(Zhou et al., 2023). 

We then shifted our focus to O-GlcNAcylation in microglial cells. Strikingly different from 

the results observed in vivo, the protein level of O-GlcNAc did not respond to SCFAs in 

microglial cells derived from males. However, it was significantly downregulated with or 

without TNFα stimulation in microglial cells derived from females. O-GlcNAcylation was 
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found to be dramatically up-regulated in the LPS-induced BV2 cells (a mouse microglial 

cell line). LPS stimulation increased the O-GlcNAcylation of c-Rel via NF-κB, while glu-

cosamine (GlcN) attenuated the effect caused by LPS. NF-κB serves as the principal 

regulator of pro-inflammatory genes, such as inducible NOS (iNOS). The O-GlcNAcyla-

tion of total nucleocytoplasmic proteins was suppressed by GlcN, along with the level of 

iNOS and NF-κB, indicating that the promotion of O-GlcNAcylation was observed in mi-

croglial cells under pathological conditions, while inhibition of these conditions resulted in 

a decrease in O-GlcNAcylation(Hwang et al., 2013), Our data further verified this finding 

in primary isolated microglial cells.  

Although, we revealed that SCFAs might affect O-GlcNAcylation pathways in the retina 

of laser-induced CNV males, this was not specific to microglial cells. Additionally, alt-

hough SCFAs treatment did not exhibit any modulation to O-GlcNAcylation in female ret-

ina overall, the inhibitory effect was found in female microglial cells.  

Our study provides initial insights into the correlation between SCFAs and O-GlcNAcyla-

tion in the retina. Nevertheless, the precise regulatory effects and underlying mechanisms 

remain unclear, and it is uncertain whether different effects may exist in various types of 

retinal cells. Further research is essential to fully understand these relationships. 

4.5 SCFAs has no impact on calcium (Ca2+) pathway in microglia 

Many functions of microglia have been found to be associated with intracellular calcium 

pathway (Farber and Kettenmann, 2006). For instance, the administration of a specific 

Ca2+ - ATPase inhibitor of endoplasmic reticulum, thapsigargin have been shown to pre-

vent LPS-induced microglial activation and migration ex vivo (Sunkaria et al., 2016). In 

vitro experiments demonstrated that thapsigargin significantly inhibits the phagocytosis in 

both microglial cell line and isolated primary microglial cells (Morales-Ropero et al., 2021). 

Furthermore, microglial activation leads to a persistent elevation of intracellular calcium 

levels (Farber and Kettenmann, 2006). 

SCFAs were found to raise intracellular calcium levels in the intestinal secretin tumor cell-

1 cell line in vitro (Kumar et al., 2021) and enhance cecal calcium fluxes in vivo 

(Thammayon et al., 2024), this may due to the specifically activation of SCFAs receptor 
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GPR43(Xu et al., 2019).  This study aimed to investigate the impact of SCFAs on calcium 

signaling in microglia. The results indicated that SCFAs did not affect the binding of Ca2+ 

to the membrane of microglia derived from both male and female, possibly due to the 

lower presence of GPR43 on the microglia membrane. Additionally, given the large devi-

ation in this experiment and the use of only one experimental method for detection, further 

investigation is needed to determine whether SCFA acts on Ca2+ pathway in microglia. 

4.6 Limitations and outlook 

This study primarily investigated the impact of SCFAs on the CNV mouse model and 

primary microglial cells. However, there are limitations to consider.  

While RNA sequencing analysis revealed that SCFAs treatment modulates the expres-

sion of genes that associated with vascularization and inflammatory response, the spe-

cific target genes within different retinal cell types or the activation of pathways could not 

be further elucidated through this method. Additionally, regulation at the RNA level can 

serve as a valuable reference for understanding the effects of SCFAs, but it cannot cap-

ture changes in protein levels or elucidate specific mechanisms.  

Hub genes analysis aims to identify a set of genes that exhibit the strongest correlation 

among DEGs, serving as initial targets for further investigation. It is important to note that 

the identification of these 15 genes does not imply that they are the most critical, nor does 

it render other DEGs irrelevant. Rather, they will be utilized as a starting point for subse-

quent discussions within this study. Future plans involve utilizing experimental methods 

to assess the impact of SCFAs treatment on the protein expression of these hub genes 

in retinal cells, as well as exploring the upstream and downstream pathways to delve 

deeper into the mechanism of action of SCFAs.  

SCFAs have been shown to impact various types of retinal cells during treatment. Spe-

cifically, it regulates genes associated with inflammatory responses and microglial cell 

activation at the RNA level, as well as decrease the density of Iba1+ cells in the retina. 

Given the challenges in obtaining retinal microglia and their limited quantity, we initiated 

our in vitro studies using neonatal microglia which possess similar functions and are more 
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readily available in larger quantities. Through a series of experiments, we aimed to iden-

tify the most promising direction for further investigation, ultimately discovering that 

SCFAs can directly influence the phagocytic activity of microglia. Further investigation is 

warranted to understand the direct effects of SCFAs on adult retina microglial cells. 

Furthermore, our study revealed that SCFAs treatment elicits different responses in 

males and females, both in vivo and in vitro. Whether it be attributed to sample size limi-

tations or distinct underlying mechanisms remain unclear and needed to be further inves-

tigated. 

Lastly, the research specifically focused on one mixture of SCFAs including acetate, bu-

tyrate, and propionate. Future studies will explore whether individual components of 

SCFAs can provide protection against laser-induced retinal damage.
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5. Summary  

Age-related macular degeneration (AMD) is a leading cause of blindness worldwide. Cho-

roidal neovascularization (CNV) in late AMD, known as neovascular AMD, results in reti-

nal degeneration and exudation. Retinal microglial cells play a crucial role in local inflam-

mation, potentially impacting vision in nAMD. SCFAs have emerged as potential treat-

ments due to their anti-neovascularization and anti-inflammatory properties. Using a la-

ser-induced CNV mouse model, we investigated the effects of SCFA treatment.  

We found that SCFAs treatment suppresses both neovascularization and inflammation in 

a nAMD-featured mouse model. SCFA reduced CNV area in retina and lesion volume in 

choroid, attenuated retinal inflammation, and decreased retinal Iba+ cells density and mi-

croglial activation in vivo. When considering sex differences, the effect of SCFAs on mi-

croglial cells was more pronounced in males comparing with females. SCFAs suppressed 

phagocytosis in male microglial cells and O-GlcNAcylation in female microglial cells in 

vitro.  

Our findings highlight the beneficial effect of SCFA treatment on the progression of retinal 

neovascularization and inflammation, suggesting a promising avenue for targeted thera-

peutic intervention.  
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