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A B S T R A C T   

Short chain fatty acids (SCFAs) are produced by gut microbiota as fermentation products of digestion-resistant 
oligosaccharides and fibers. Their primary roles are functioning as major energy sources for colon cells and 
assisting in gut homeostasis by immunomodulation. Recent evidence suggests that they affect various organs 
both at cellular and molecular levels, and regulate functions in distance sites including gene expression, cell 
proliferation, cell differentiation, apoptosis and inflammation. In this study, we examined whether SCFAs are 
present in the mouse eye and whether SCFAs affect inflammatory responses of the eye and retinal astrocytes 
(RACs). We observed that intra-peritoneal injected SCFAs were detected in the eye and reduced intraocular 
inflammation induced by lipopolysaccharide (LPS). Moreover, SCFAs displayed two disparate effects on LPS- 
stimulated RACs – namely, cytokine and chemokine production was reduced, but the ability to activate T cells 
was enhanced. Our results support the existence of gut-eye cross talk and suggest that SCFAs can cross the blood- 
eye-barrier via the systemic circulation. If applied at high concentrations, SCFAs may reduce inflammation and 
impact cellular functions in the intraocular milieu.   

1. Introduction 

Short-chain fatty acids (SCFAs) such as acetate (C2), propionate 
(C3), and butyrate (C4) are solely metabolized by gut bacteria from 
otherwise indigestible carbohydrates, i.e., from fiber-rich diets (Sun 
et al., 2017). SCFA is important in not only maintaining intact gut 
permeability (Kim et al., 2014) but also regulation of inflammation in 
tissues/organs beyond the digestive system, such as lung (Theiler et al., 
2019), kidney (Andrade-Oliveira et al., 2015), and brain (Matt et al., 
2018). Oral SCFAs reduced mild experimental autoimmune uveitis 
(EAU) induced by immunization of retinal antigen and complete 
Freund’s adjuvant (CFA) in C57BL/6J (B6) mice (Nakamura et al., 2017) 
confirming that SCFAs produced by gut microbiota can regulate intra-
ocular inflammation. The reduction of immune-mediated uveitis by 

SCFA was partially attributed to altering migration of lymphocytes from 
the intestine to the eye (Nakamura et al., 2017). However, it is unknown, 
whether SCFAs can access the eye via the systemic circulation, execute 
direct effects in the eye and influence resident intraocular cells. 

The eye is an immune privileged site that cannot tolerate destructive 
inflammatory responses without significant visual loss. However, despite 
immune privilege the eye remains vulnerable to both innate and adaptive 
immune mediated inflammation. Resident intraocular cells play an 
important role in the initiation and progression of intraocular inflam-
mation following injury (Lozano et al., 2019; Slavi et al., 2018), hypoxia 
(Selvam et al., 2018), as well as in response to autoreactive T cells (Jiang 
et al., 2014), danger signals (such as cytokines) (Ke et al., 2009), and 
Toll-like receptor (TLR) ligands (Jiang et al., 2009, 2012). Retinal 
microglia, astrocytes, Müller cells, dendritic cells (DCs), and retinal 
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pigment epithelial (RPE) cells are all resident intraocular cells and play a 
role in inflammation because they express receptors that sense signals of 
injury and hypoxia, and recognize pathogen/damage-associated molec-
ular patterns (PAMPs/DAMPs). 

Our previous studies on retinal astrocytes (RACs) demonstrated they 
are a major subset of intraocular resident cells with the ability to pro-
duce a wide variety of cytokines and chemokines. For example, RACs 
can produce IL-6, TNF-α and chemokines (including CXCL1, CCL2 and 
CCL7) in response to ligands for TLRs (Jiang et al., 2009, 2012), and 
cytokines IFN-γ and IL-17 from activated uveitogenic Th1 and Th17 cells 
(Ke et al., 2009). After exposure to TLR ligands and pro-inflammatory 
cytokines (Jiang et al., 2008, 2009, 2012), RACs increase their expres-
sion of MHC class II and costimulatory molecules, enhancing uveito-
genic T cell activation and differentiation. RACs also release High 
Mobility Group Box 1 (HMGB1), an important DAMP, after direct 
interaction with activated uveitogenic T cells. HMGB1 is an early and 
critical mediator in induction of intraocular inflammation, which en-
hances chemokine CXCL12 release leading to chemoattraction of in-
flammatory cells (Jiang et al., 2014; Yun et al., 2017). Thus, RACs are 
involved in many ocular diseases including uveitis (Gardner et al., 
2017), glaucoma (Williams et al., 2017), diabetic retinopathy (Ly et al., 
2011) and age-related macular degeneration (Ramirez et al., 2001), and 
are an attractive therapeutic target. 

In this study, we explored whether SCFAs could directly affect 
intraocular inflammatory responses including RACs, since they are an 
important regulator of intraocular inflammation. 

2. Materials and methods 

2.1. Animals and reagents 

Pathogen-free female C57BL/6J (B6) mice, either bred in our animal 
facility or purchased from Jackson Laboratory, were housed and main-
tained in the animal facilities of the University of Louisville. We utilized 
the mice at 2–7 days of age for retinal astrocyte isolation and culture, 
and 6–8 weeks of age for uveitis experiments. All animal studies con-
formed to the Association for Research in Vision and Ophthalmology 
statement on the use of animals in Ophthalmic and Vision Research and 
were approved by Institutional Animal Care and Use Committee 
(IACUC), university of Louisville (IACUC #20765). Mouse TLR3 agonist 
Poly(I:C) and TLR4 agonist LPS-EK (E. coli K12) were obtained from 
Invivogen, and recombinant mouse IL-17 from R&D. SCFAs of sodium 
acetate (C2), propionate (C3), and butyrate (C4) were purchased from 
Sigma. All antibodies for flow cytometry were purchased from eBio-
sciences unless otherwise specified. 

2.2. SCFAs assay by gas chromatography mass spectrometry (GCMS) 

8-week old female B6 were intraperitoneally (ip) injected with so-
dium acetate 13C2 (Sigma) at 4 mg per mouse. After 30 min, mice were 
euthanized and eye, brain and liver were collected, cut into small pieces, 
frozen immediately in liquid nitrogen and stored in 1.5 mL Eppendorf 
tube at − 80 ◦C freezer. All sample processing was performed at 4 ◦C to 
minimize the loss of volatile SCFAs. After adding water at a ratio of 1 mg 
tissues/10 μL water, the mixture was homogenized for 20 min and then 
centrifuged at 4 ◦C and 12,000 rpm for 20 min. 200 μL supernatant of 
homogenized eye, brain and liver were derivatized with 80 μL 0.1M PB 
buffer (pH = 8.0) and 560 μL 100 mM PFBBR in acetone and incubated 
at 60 ◦C for 30 min. Samples were extracted by 200 μL hexane or 100 μL 
hexane. Both unlabeled and 13C labeled acetic acid in the supernatants 
of the samples were detected in our school core center using the method 
which they published previously (He et al., 2018). 

2.3. LPS induced uveitis and its evaluation 

EIU was induced in B6 mice using a previously described protocol 

(De Majumdar et al., 2017). In brief, Escherichia coli 055:B5 LPS (Sigma) 
dissolved in pyrogen-free PBS was intravitreally given to the eye (250 
ng/1μl/eye) using a 30-gage needle and a 10 μL syringe (Hamilton) 
(Rosenbaum et al., 2011). 18 h after LPS injection, eyes were examined 
by Leica stereo zoom microscope before and after pupil dilation using 
0.5% tropicamide and 1.25% phenylephrine hydrochloride ophthalmic 
solutions. The severity of clinical ocular inflammation was graded ac-
cording to a previously defined scoring system (Table 1) by Qiu et al. 
(2014). 

Some of the eyes were collected for histological examination (Jiang 
et al., 2008). Some of them were dissected following the published 
protocol (Chu et al., 2016) for inflammatory cell analysis by flow 
cytometry and cytokines/chemokine detection in aqueous humor (AqH) 
by ELISA. 

2.4. Immunofluorescence staining for histology 

This procedure was performed as we previously reported (Jiang 
et al., 2008). In brief, paraffin-embedded tissue slides were deparaffi-
nized and rehydrated with xylene and 100, 95, and 80% ethanol. After 
antigen retrieval in a citrate-buffered solution in a boiling water bath, 
the tissue was blocked by incubation with 3% BSA for 1 h at room 
temperature, then the slides were stained with Alexa Fluor 488 conju-
gated monoclonal Ab (mAb) against glial fibrillary acidic protein 
(GFAP) (1:50, eBioscience). After mounting with blue DAPI, the sections 
were viewed on a laser scanning confocal microscope (Olympus, 
FV3000). The photos representative of a single plane were taken under 
the same image acquisition parameters (laser gain, laser power, offset 
etc.) and analyzed using Fluoview software. 

2.5. Western blot for GFAP expression 

The retinas were extracted from the eyes of naïve, LPS and LPS plus 
C4-treated mice and washed thoroughly in cold PBS. Retina tissues were 
homogenized and lysed with cold RIPA buffer including protease in-
hibitors (Thermo) for 30 min on ice and then centrifuged at 12,000 g for 
15 min at 4 ◦C. The supernatants were collected for determining protein 
concentrations using a Pierce BCA protein assay kit (Thermo), aliquoted 
and stored at − 80 ◦C for further analysis. A total of 15 μg protein 
samples were electrophoresed on 10% or 12% SDS-PAGE gels and 
transferred onto PVDF membranes (Sigma). The blotting was performed 
using the “Mini PROTEAN Tetra Electrophoresis System” (Bio-Rad) for 
1.5 h at 85 V. Afterwards, the protein transferred membranes were 
blocked with 5% non-fat milk in Tris-buffered saline (TBST, pH 7.4) for 
1 h at room temperature (RT), and then incubated overnight at 4 ◦C with 
different primary antibodies. Antibodies for β-actin (1:5000) and GFAP 
(1:2000) were purchased from Cell Signaling Technology and Millipore, 
respectively. After washing with TBST for 3 times, membranes were 
incubated with secondary goat anti-rabbit or anti-mouse antibodies 
(Santa Cruz) for 1 h at RT, followed with washing for 3 more times. The 
blots were visualized using an enhanced chemiluminescence detection 

Table 1 
Criteria of EIU clinical scoring.  

Clinical signs Grade of Signs Score 

Iris hyperemia Absent 0 
Mild 1 
Moderate 2 
Severe 3 

Exudate in anterior chamber Absent 0 
Small 1 
Large 2 

Hypopyon Absent 0 
Present 1 

Pupil Normal 0 
Miosed 1 

Maximum possible score  7  

N. Chen et al.                                                                                                                                                                                                                                    



Experimental Eye Research 206 (2021) 108520

3

kit (Millipore). All bands were quantified using ImageJ software, and the 
band densities were normalized with respect to the β-actin values. 

2.6. Culture of mouse retinal astrocytes 

The isolation and culture of mouse RACs have been reported previ-
ously (Jiang et al., 2008, 2012) and modified. Briefly, eyes from B6 mice 
(ages of 2–7 days) were collected and single retinal neuronal cells were 
incubated for two weeks on poly-D-lysine–coated six-well plates, with 
the plates shaken for 2 h at room temperature. The supernatant, con-
taining floating dead cells and possible microglia, was discarded and a 
low concentration (0.05%) of EDTA trypsin added to adherent cells with 
additional shaking for 40 min. The cells removed by the low concen-
tration of EDTA trypsin were collected and transferred to a new flask. 
The detached cells (astrocytes) were collected and spin at 180×g for 5 
min and then stained with Alexa Fluor 488 conjugated mAb against 
GFAP followed by flow cytometry analysis. For GFAP (an intracellular 
molecule) staining, before antibody incubation, the cells were fixed and 
permeabilized using a kit (Cytofix/Cytoperm Plus; BD PharMingen) 
according to the manufacturer’s protocol. >95% GFAP positive cells will 
be used for experiments and cells cultured for 3–5 passages were used in 
experiments. 

2.7. Cell cytotoxicity assay 

RACs were treated with 10 mM of sodium acetate (C2), propionate 
(C3) and butyrate (C4) alone or in the combination of different doses of 

butyrate with 0.1 μg/ml of LPS for 6, 24, and 48 h. Positive control was 
1% of Triton-X treated RACs, which led to 100% cell death (Li et al., 
2018a). After treatments, supernatants were transferred into a new 
96-well plate, cytotoxicity was determined using a standard measure-
ment of lactate dehydrogenase (LDH) activity assay kit (Sigma). The 
results were quantified by a microplate reader (Molecular devise) at 
optical density (OD) 450 nm. 

2.8. RAC culture and characterization for cytokine/chemokine 
production by ELISA and cell surface molecules by flow cytometry 

The RACs in 12 or 24 well plates were cultured till 90% confluence 
and then treated with medium or C2, C3, C4 (1, 5, 10 mM) for 30 min 
followed by stimulation with LPS, Poly IC and IL-17 (all at the concen-
trations of 0.1 μg/ml). After 20 h, the culture supernatants were 
collected for cytokine assays of IL-6, TNF-α, CXCL1 and CXCL12 by 
ELISA (R&D). For surface expression of MHC class II and costimulatory 
molecules, RACs were cultured with LPS in the absence or presence of 
SCFAs as above for 48 h. The cells were then trypsinized, collected and 
incubated for 45 min at 4 ◦C in staining buffer (PBS containing 3% FCS 
and 0.1% sodium azide) containing isotype-matched control IgG or 
fluorescence-conjugated antibodies against mouse MHC class II mole-
cules, CD80, CD86, ICOSL or CD40. The cells were then washed, 
resuspended in staining buffer, and analyzed by flow cytometry 
(FACSCalibur; BD Biosciences) using appropriate software (CellQuest; 
BD Biosciences). 

Fig. 1. Both unlabeled and 13C labeled sodium acetate (C2) were detected in the eyes. 
B6 mice were ip injected with 4mg/mouse of 13C isotopomer labeled precursor of C2. Eyes, brain and liver were collected after 30 min and analyzed by gas 
chromatography mass spectrometry (GCMS). Peak area of 13C2 and unlabeled C2 of the blank, eye, liver and standard samples from mice were summarized in table 
(A) and in the Bar graph (B). Data are mean ± SD of 3 mice with 2 repeats and analyzed by one-way ANOVA. 
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2.9. Transwell cell migration assay 

Splenocytes (3 × 105 cells/well) were added to the upper wells of 
microchemotaxis devices (5-μm pore size; 24-well; Transwell; Corning- 
Costar), and medium with or without RAC culture supernatants was 

added to the lower wells (Liao et al., 2006). Cells that had migrated to 
the lower wells after 2 h were collected and counted and analyzed by 
flow cytometry. The relative chemotaxis was calculated as the ratio of 
the number of migrated cells in chemoattractant-containing wells 
divided by the number of migrated cells in medium-containing wells. All 

Fig. 2. Injection of B6 mice with butyrate (C4) reduced EIU. 
B6 mice were randomly separated into two groups for ip injection of 100 μl water (control), or 500 mg/kg of C4 in 100 μl water. After 30 min, all eyes were 
intravitreously given 250 ng/ul of LPS. Following LPS, eyes were evaluated 18 h later. A. Clinical score of each group; **p = 0.004 compared to the control group 
using the Mann-Whitney U test. The data reflect two combined experiments with 13–16 eyes per group. B–C. A representative image (B) and absolute numbers (C) of 
flow cytometry analysis of CD45+ leukocyte infiltration and their compositions of CD45+CD11b+Ly6Chi (monocytes/macrophages). 4–6 eyes per group were pooled 
for one experiment. Data from two independent experiments; means ± SEM are shown. ***P < 0.001 compared to ctrl using the Mann-Whitney U test. D: IL-6 and 
CCL2 levels in supernatants from the same eyes used for flow cytometry were determined by ELISA. Supernatants of 4–6 eyes per group were pooled for one 
experiment. Data from two independent experiments; Means ± SEM are shown. ***P < 0.001 compared to ctrl using the unpaired Student t-test. E. Representative 
histology of the mice with and without C4 treatment (n = 5 eyes). Magnification 2× in left panels and 10× in middle and right panels. 
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assays were performed in triplicate. 

2.10. IRBP-specific T cell proliferation and cytokine production following 
culture of RACs and T cells 

The RAC monolayer in 96-well plates was treated with LPS or LPS 
plus SCFAs for about 20 h, washed out and incubated for 68 h with T 
cells (4 × 105) isolated from IRBP1-20 immunized B6 (see below) in the 
presence of IRBP1–20. The culture supernatants were then collected for 
IFN-γ and IL-17 by ELISA kit (R&D). T cell proliferation was determined 
using the BrdU assay kit (Roche) from Sigma. The proliferation response 
was quantified by measuring the optical density (OD) at a wavelength of 
450 nm and a reference wavelength of 670 nm using an ELISA reader 
(Molecular Device) and expressed as mean ± SD of triplicate. 

2.11. IRBP1-20 specific T cells for co-culture with RACs 

The method to prepare IRBP1-20 specific T cells has been described 
previously (Jiang et al., 2012). In brief, B6 mice were subcutaneously 
immunized with human IRBP1–20 (350 μg) and 500 μg Mycobacterium 
tuberculosis H37Ra (Difco, Detroit, MI) in incomplete Freund’s adjuvant 
(Sigma) over six spots on the tail base and flank. Concurrently, 0.2 μg 
pertussis toxin was intraperitoneally injected. After day 10–13, T cells 
were isolated from the spleen of immunized mice by passage through a 
nylon wool column for co-culture with RACs. 

2.12. Data analysis 

Experiments were performed at least three times. Data were 

analyzed using the unpaired Student t-test and one-way or two-way 
ANOVA using GraphPad software. Clinical score of EIU was analyzed 
by Mann-Whitney U test. Values determined to be significantly different 
from those for control or LPS are marked with asterisks in the figures (*p 
< 0.05, **p < 0.01). 

3. Results 

3.1. Both unlabeled and 13C labeled sodium acetate were detected in the 
eye 

Since SCFAs are solely metabolized by gut bacteria (Sun et al., 2017) 
we ip injected 13C isotopomer labeled precursor of sodium acetate (C2) 
to determine if it plays a pivotal and direct role in microbiota-gut-eye 
cross talk. Tissues including the eye, brain and liver were collected 
from 3 mice after 30 min. Data in Fig. 1 showed that both labeled and 
unlabeled C2 were detected in each tissue but the peak area of labeled 
C2 was much lower than unlabeled C2. The ratio of labeled versus un-
labeled C2 was stable and highest in the eyes of each mouse compared to 
the brain and liver. 

3.2. SCFAs reduce LPS induced uveitis 

To determine whether ip injected SCFAs that enter the eye affect 
endotoxin-induced uveitis (EIU) in mice, a model resembling acute 
anterior uveitis in humans, we ip injected B6 mice with 500 mg/kg of 
butyrate (C4) 30 min prior to intravitreous injection of 250 ng/eye LPS 
in 1 μL PBS. After 18 h the eyes were clinically evaluated by microcopy 
(Fig. 2A) and then collected for determining infiltrating inflammatory 

Fig. 3. Treatment of EIU with butyrate (C4) reduced the increased expression of GFAP in the retina. 
A: After 18 h of EIU induction, paraffin-embedded sections of retina from naïve mice, EIU mice (ctrl) and EIU with C4 treated mice (n = 5 eyes) were stained with 
FITC-conjugated anti–GFAP mAb (green) and DAPI (blue for nuclei) followed by confocal microscopy analysis. Scale bar 20 μm was shown in each panel with 40×
magnification. GCL: Ganglion cell layer, INL: Inner nuclear layer; ONL: Outer nuclear layer. B–C: The expression levels of GFAP in the retinas of same mice in A were 
examined by Western blot. B: Retina lysates were subjected to immunoblot analysis using Abs recognizing GFAP and β-actin. C: The GFAP expression level was 
expressed as a ratio to β-actin (n = 4 samples). Results represent the means ± S.D of three independent experiments. *p < 0.05. **p < 0.01 using the unpaired Student 
t-test. 
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cells by flow cytometry (Fig. 2B &C), cytokine/chemokines by ELISA 
(Fig. 2D) and histology (Fig. 2E). We chose 500 mg/kg butyrate based on 
a previous protocol (Li et al., 2018c). As shown in Fig. 2, clinical signs of 
ocular inflammation in butyrate (C4) treated mice were significantly 
milder than control mice (Fig. 2A). Absolute numbers of infiltrating cells 
(CD45+), and subset of monocytes/macrophages (CD45+CD11b+

Ly6chi) (Fig. 2B and C) were significantly fewer in the treated group 
(total 8–12 eyes in each two individual experiments). Moreover, 
pro-inflammatory cytokines in the pooled AqH, such as IL-6 and CCL2, 
were significantly reduced in butyrate treated mice (Fig. 2D). Fig. 2 E 
showed representative histology in EIU, with and without C4 treatment, 
in which infiltrating inflammatory cells were lower in treated eyes. 

3.3. Butyrate (C4) and propionate (C3) reduced the production of IL-6 by 
RACs in response to LPS, poly I:C and IL-17 

Having shown the inhibitory effects of SCFA in EIU in vivo, we 
further examined whether SCFA affect functions of intraocular resident 
cells, such as RACs. As seen on confocal microscopy (Fig. 3A) and 
Western blot (Fig. 3B &C), the expression of GFAP in the retina was 
greatly increased in mice with EIU compared to naive mice. Treatment 
with C4 reduced the inflammatory responses of RACs dramatically. 

We then isolated RACs to determine the direct effect of SCFAs. We 
previously reported that RACs produce IL-6 (Jiang et al., 2009; Ke et al., 
2009) after exposure to TLRs and cytokines. Therefore, we treated RACs 
with increasing doses of SCFAs, followed by 0.1 μg/ml of LPS, Poly I:C or 

Fig. 4. SCFAs reduced IL-6 production by RACs in response to LPS, Poly I:C, and IL-17. 
RACs confluent in 24 well plates were incubated in medium alone or medium containing 0.1 μg/ml of LPS (A) or Poly I:C (B), or IL-17 (C) for 20 h in the presence or 
absence of different doses of SCFAs. SCFAs were added 30 min prior to LPS. The cell supernatants were then collected for testing IL-6 by ELISA. Data are mean ± SD 
of three independent experiments with triplets in each experiment. *p < 0.05 and **p < 0.01 compared to the LPS, PolyI:C or IL-17 using the unpaired Student t-test. 
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IL-17, after which secreted IL-6 levels were measured. As expected, 
untreated RACs produced very low levels of IL-6; however, RACs treated 
with LPS, Poly I:C or IL-17 (Fig. 4A–C) released statistically significant 
increases in IL-6. Importantly, SCFAs inhibited increased IL-6 produc-
tion in a dose dependent manner, with butyrate (C4) being the most 
potent inhibitor and acetate (C2) the least. The reduced IL-6 production 
by RACs upon SCFA treatment was not due to decreased cell prolifera-
tion and/or viability. RACs treated up to 48 h with 10 mM acetate, 
propionate, and butyrate alone or in combination with 0.1 μg/ml of LPS 
(Supplementary data 1) released a similar amount of LDH, an indicator 
of cytotoxicity, as the control group. 

3.4. SCFAs reduced the production of TNF-α, CXCL12 and CXCL1 by 
LPS-stimulated RACs 

LPS or IL-17 stimulated RACs also produce TNF-α (Jiang et al., 2009; 
Ke et al., 2009). Moreover, RACs release CXCL12 (Yun et al., 2017) upon 
encountering HMGB1 or activated uveitogenic T cells, in contrast to LPS 
stimulated brain astrocytes that release only CXCL1 (Karababa et al., 
2017; Liu et al., 2018a). As seen in Fig. 5A–C, LPS-stimulated RACs 
produced high levels of TNF-α, CXCL12 and CXCL1. However, these 
levels were markedly reduced by butyrate (C4) and propionate (C3) in a 
dose dependent manner. Although acetate (C2) did not inhibit TNF-α, it 
significantly reduced CXCL1 and CXCL12. 

Fig. 5. SCFAs reduced the production of TNF-α, CXCL12 and CXCL1 by LPS-stimulated RACs. 
The supernatants collected from RAC cultures performed as in Fig. 4A were tested for TNF-α (А), CXCL12 (B) and CXCL1 (C) by ELISA. Data are mean ± SD of three 
independent experiments. *p < 0.05 and **p < 0.01 compared to the LPS group using the unpaired Student t-test. 
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3.5. SCFAs reduced immune cell migration by LPS-stimulated RACs 

We next examined chemoattractive activity in culture supernatants 
of LPS-stimulated RACs, in the presence or absence of SCFAs, by 
measuring the migration of lymphocytes, monocytes, granulocytes and 
total leukocytes. Splenocytes from B6 mice were placed in the top 
chambers of culture wells separated from the bottom chamber by culture 
inserts, and the migration of cells to the lower chamber containing 
different culture supernatants was counted and phenotype determined 
by FACS analysis (Fig. 6A). As shown in Fig. 6B, significant numbers of 
leukocytes migrated to the lower chamber of LPS-stimulated RACs in 
contrast to non-LPS (control) stimulated RACs. However, the increased 
migration of lymphocytes and monocytes, but not granulocytes, was 
markedly reduced in the presence of SCFAs in the supernatants. All three 
SCFAs significantly inhibited the migration of total leukocytes. 

3.6. SCFAs promoted IRBP1-20 specific T cell activation 

We also investigated the effects of SCFAs on the ability of LPS- 
stimulated RACs to diminish IRBP-specific T cell proliferation and 
cytokine production (Jiang et al., 2009). We pre-treated RACs with LPS 
in the presence or absence of SCFAs for 20 h. We discarded the treatment 
supernatants and washed the cells thoroughly prior to culture with 
IRBP-specific T cells and immunizing Ag. These cells were then tested for 
proliferation using BrdU incorporation and supernatants collected to 
measure IFN-γ (Th1), IL-17 (Th17) and IL-10 (Treg) levels (Fig. 7). In 
contrast to the inhibition of C3 and C4 on cytokine/chemokine pro-
duction of LPS stimulated RACs, these SCFAs increased responder T cell 
proliferation (Fig. 7A) and production of IFN-γ (Fig. 7C) and IL-17 
(Fig. 7E), but not IL-10 (data not shown), lower than but comparable 
to professional APCs (Fig. 7B, D, F). 

Fig. 6. SCFAs reduced chemo-attraction of the supernatants of LPS-stimulated RACs. 
A: A diagram of the experimental setting of the immune cell migration assay. Splenocytes (3 × 105 cells/well) were added to the upper wells of microchemotaxis 
devices. Supernatants collected from RAC cultured with medium or medium containing 0.1 μg/ml LPS in the presence or absence of SCFAs (10 mM C2, 1 mM C3 and 
C4) were added to the lower wells. Cells that had migrated to the lower wells after 2 h were collected, counted and analyzed by flow cytometry. B. The number of 
migrated cells. All assays were performed in triplicate. Data are mean ± SD of three independent experiments. *p < 0.05 and **p < 0.01 compared to the LPS group 
using the unpaired Student t-test. 
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3.7. Butyrate (C4) increased the expression of costimulatory molecules on 
RACs 

MHC and costimulatory molecules are required for T-cell activation. 
Therefore, we studied the expression of these molecules on RACs after 
exposure to medium, LPS, C2, C4 and combinations of LPS and C2 or C4. 
After 48 h, the cells were stained with Abs against MHC II and cos-
timulatory molecules CD80, CD86, ICOSL and CD40 and isotype con-
trols. Fig. 8 shows that RAC exposure to LPS and C4 significantly 
upregulated the expression of MHC class II and costimulatory molecules 
CD86, ICOSL and CD40. 

4. Discussion 

The intestinal microbiome plays an important role in the pathogen-
esis of intraocular inflammation including uveitis (Horai et al., 2015; 
Janowitz et al., 2019; Nakamura et al., 2016). Drinking of microbiome 

metabolites such as SCFAs ameliorate immune-mediated uveitis 
partially by altering migration of lymphocytes from the intestine 
(Nakamura et al., 2017). Here, we report that a high dose of ip injected 
SCFAs can reach the eye and inhibit LPS-induced intraocular inflam-
mation. In addition, SCFAs have regulatory effects on RACs. Our 
observation underscores the importance of the interaction of gut 
microbiota and their metabolites with the eye, an organ distant from the 
gut, as well as with a resident intraocular immune regulatory cell, i.e. 
RACs. Thus, alteration of gut microbiota towards SCFA production or 
use of supplemental SCFAs may affect the course and severity of intra-
ocular inflammation. 

We detected both un-labeled and 13C labeled acetate in the eye. 
Intraocular unlabeled acetate may be produced in the gut by bacteria 
and be transported to the eye or be produced by intraocular cells from 
pyruvate, the product of glycolysis and a key node in the central carbon 
metabolism of mammalian cells (Liu et al., 2018b). Our data demon-
strates that 13C labeled acetate can enter the eye from the bloodstream 

Fig. 7. C3 and C4 enhanced the proliferation of IRBP-specific T cells and induction of Th1 and Th17 IRBP-specific T cells. 
RACs pre-treated with 0.1 μg/ml of LPS in the presence of C2, C3 or C4 for 20 h were washed to remove LPS and SCFAs before co-cultured with T cells (4 × 105) from 
IRBP1-20-primed B6 mice and 10 μg/ml IRBP1-20 (A,C and E). Positive control was the same T cells co-cultured with 1 × 105 syngeneic irradiated spleen cells and 
10 μg/ml IRBP1-20 (B, D, and F). Proliferation was measured by the incorporation of BrdU during the last 8 h of 68 h incubation period (A-B). The supernatants from 
triplicate cultures were collected and cytokines measured by ELISA (C–F). Data are mean ± SD of three independent experiments. *p < 0.05 and **p < 0.01 compared 
to the LPS and Ag group using the unpaired Student t-test. 
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and ip injected C4 had an anti-inflammatory effect. Others have also 
shown the entrance of SCFAs from the circulation into the eye – spe-
cifically, isotype labeled valeric acid (VA, C5), another short chain fatty 
acid, entered the eye following colon injection and decreased intraoc-
ular pressure (Skrzypecki et al., 2020); EAU in mice was inhibited by 
drinking water containing propionate (C3) and butyrate (C4) (Naka-
mura et al., 2017). These results suggest the existence of gut-eye cross 
talk and suggest that SCFAs can cross the blood-eye-barrier via the 
systemic circulation. 

Endothelial cells express abundant H-dependent monocarboxylate 
transporters in the brain that facilitate crossing of the blood brain barrier 
by SCFAs (Silva et al., 2020). Although we detected high 13C acetate 
levels in the eye compared to the brain, we do not know the concen-
tration of acetate or the other two SCFAs in ocular tissue. Interestingly, 
these three SCFAs were present and detectable in human cerebrospinal 
fluid (http://www.hmdb.ca/) and brain (Bachmann et al., 1979). The 
physiological concentration of SCFAs in the brain is very low; however, 
after mice were exposed to live Clostridium butyricum the levels of 
butyrate reached a range from 0.4 to 0.7 μmol/g (Liu et al., 2015), much 
higher than the concentration in peripheral blood. 

Our data demonstrated that ip injected SCFAs reduced not only IL-6 
and CCL2, both of which likely contribute to monocyte recruitment in 
EIU (Chu et al., 2016), but also the inflammatory response of a resident 
retinal cell, GFAP+ RACs. To further dissect the direct role of SCFAs on 
RACs, we treated isolated RACs with SCFAs and examined their effects. 
We previously reported that RACs produce multiple cytokines/chemo-
kines such as IL-6, TNF-α and CXCL12 in response to LPS (ligand for 
TLR4), Poly I:C (ligand for TLR3), bacteria lipoprotein (BLP, ligand for 
TLR2), muramyl dipeptide (MDP, ligand for NOD2) (Jiang et al., 2009, 
2012) and endogenous DAMPs(Yun et al., 2017). We have shown in this 
study that SCFAs can inhibit IL-6, TNF-α and chemokines CXCL1 and 
CXCL12 in response to in vitro inflammatory stimuli such as ligands of 
TLRs and IL-17. In addition, the increased in vitro migration of immune 
cells by supernatants of LPS stimulated RACs was inhibited by SCFAs. 
Thus, our in vitro data correlate with our in vivo observations. It should 
be emphasized that the inhibitory effects of SCFAs on LPS-induced EIU 
are broad and not just limited to RACs. Furthermore, systemic SCFAs can 
enter the eye and impact cellular function in the intraocular milieu 
possibly only at high concentrations. 

Butyrate (C4) is the most effective and acetate (C2) the least effective 
of the SCFAs tested on inhibition of cytokines and chemokines produced 
by LPS-stimulated RACs. Our culture system (range of SCFA concen-
trations and exposure to RACs) and results are similar to other cell lines 
reported in the literature – namely, mouse intestinal epithelial cells (Kim 
et al., 2013), human vascular endothelial cells(Li et al., 2018a, 2018b), 
and mouse chondrocytes (Pirozzi et al., 2018). The reduced production 
of cytokines and chemokines by RACs upon SCFA treatment was not due 
to decreased cell proliferation and/or viability, since the level of LDH 
was the same in the culture supernatants of RACs exposed to any tested 
concentration at 24 h and 48h (supplementary data 1). 

We did not study the mechanism by which SCFAs inhibit EIU and 
regulate LPS-stimulated RACs, but such investigations are underway in 
our lab. Using an in vitro model, Park et al. demonstrated SCFA- 
mediated pro- and anti-inflammatory effects through HDAC inhibition 
(Park et al., 2015). GPCRs, particularly GPR41, GPR43, and GPR109A 
are receptors for SCFAs and are expressed on immune cells, intestinal 
epithelial cells, and fatty tissues. Other cell types such as skeletal muscle, 
smooth muscle and neurons have been recently discovered to express 
GPR43 and 41 (Ohira et al., 2017). SCFAs can also be absorbed by many 
cell types and bypass cell-surface receptors to regulate intracellular 
function. 

In addition to the effects of SCFAs on production of cytokines and 
chemokines by LPS-stimulated RACs, we also examined the effects of 
SCFAs on antigen presenting functions of RACs. In contrast to the 
inhibitory effect of SCFAs on cytokine/chemokine production by LPS- 
RACs, SCFAs enhance the antigen presenting ability of LPS-RACs. 
When T cells from IRBP1-20 immunized mice were stimulated with 
IRBP1-20 and LPS-RACs pre-treated with butyrate or propionate, the 
proliferation of IRBP-specific T cells and the induction of IFN-γ and IL17- 
producing IRBP-specific T cells were significantly increased. Further-
more, treated RACs expressed increased levels of MHC-II and co- 
stimulatory molecules CD86, ICOSL and CD40, indicating that buty-
rate (C4) and propionate (C3) can enhance specific T cell responses 
without production of IL-12 and IL-23 (data not shown). The model of 
LPS-induced uveitis represents innate immunity to the endotoxin and 
not adaptive immunity to a self-antigen. Thus, our in vitro observation 
that SCFAs may enhance antigen presentation of LPS-RACs to autoim-
mune T cells is not relevant in this model. Indeed, the effect of SCFAs 
directly on immune cells including non-professional APCs such as RACs 
is variable, either enhancing or inhibiting function through activation of 
GPCR (GPR43, GPR41and GPR109A) or inhibition of HDAC (Sun et al., 
2017). 

5. Conclusions 

Our findings are the first to provide direct evidence of the presence of 
microbiota-gut-eye crosstalk and demonstrate the inhibitory roles of 
SCFAs on innate immunity – i.e. cytokines/chemokines from LPS- 
induced intraocular inflammation and LPS-stimulated RACs. Further 
studies are necessary to explore whether specific GPCRs and/or HDAC 
enzymes are involved in the bi-regulatory role of butyrate (C4) and 
propionate (C3) on RACs. Consequently, altered SCFA levels as a func-
tion of diet or microbiota may inhibit or enhance intraocular inflam-
mation depending on the relative effects on innate and adaptive 
immunity. 
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