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Purrose. Age-related macular degeneration (AMD) is a multifactorial disease, and studies
have implicated the role of gut microbiota in its pathogenesis. However, characterization
of microbiome dysbiosis and associated microbial-derived metabolomic profiles across
AMD stages remains unknown. In this pilot study, we explored how gut microbiome
composition and gut-derived metabolites differ in AMD.

MerHoDs. Our pilot study analyzed fasted stool samples that were collected from 22
patients at a tertiary academic center. Subjects were classified as control, intermediate
AMD, or advanced AMD based on clinical presentation. 16S rRNA amplicon sequenc-
ing and standard chromatography-mass spectrometry methods were used to identify
bacterial taxonomy composition and abundance of short-chain fatty acids (SCFAs) and
bile acids (BAs), respectively. Genetic testing was used to investigate the frequency of
14 high-risk single nucleotide polymorphisms (SNPs) associated with AMD in the AMD
cohort.

Resurrs. Forty-three differentially abundant genera were present among the control, inter-
mediate, and advanced groups. Taxa with known roles in immunologic pathways, such as
Desulfovibrionales (g = 0.10) and Terrisporobacter (q = 1.16e-03), were in greater abun-
dance in advanced AMD patients compared to intermediate. Advanced AMD patients had
decreased abundance of 12 SCFAs, including acetate (P = 0.002), butyrate (P = 0.04),
and propionate (P = 0.01), along with 12 BAs, including taurocholic acid (P = 0.02) and
tauroursodeoxycholic acid (P = 0.04). Frequencies of high-risk SNPs were not signifi-
cantly different between the intermediate and advanced AMD groups.

Concrusions. This pilot study identifies distinct gut microbiome compositions and
metabolomic profiles associated with AMD and its stages, providing preliminary evidence
of a potential link between gut microbiota and AMD pathogenesis. To validate these find-
ings and elucidate the underlying mechanisms, future research with larger cohorts and
more comprehensive sampling is strongly recommended.
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ge-related macular degeneration (AMD) is a progressive

multifactorial disease that affects the macula, the central
region of the retina, and it is the third leading cause of
blindness in adults over 50 years old worldwide.'~*> Depend-
ing on its presentation, AMD is generally classified in three
stages. The early stage involves the buildup of extracel-
lular substances beneath the retinal layer, termed drusen,
which compromise the functionality of the retinal pigment
epithelium (RPE) and disturb metabolic exchange between

Copyright 2025 The Authors
iovs.arvojournals.org | ISSN: 1552-5783

the RPE and choroid. The intermediate stage presents as
larger drusen, and the advanced stage manifests as either
geographic atrophy (GA) or choroidal neovascularization
(CNV) that can cause hemorrhage and fluid leakage. All
stages of AMD have been associated with chronic low-
grade inflammation and oxidative stress, which over time
contribute to retinal damage and photoreceptor death.*>
Currently, no curative treatment exists for AMD, and the
therapies that are available for advanced stages only are
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invasive, expensive, high risk, and limited in their long-term
effectiveness. Therefore, the identification of new preven-
tive strategies and therapeutic approaches for AMD is of
great clinical and public health importance. Several modi-
fiable environmental and lifestyle factors, such as smok-
ing, obesity, and a high-fat diet (HFD), have been impli-
cated in AMD pathogenesis and progression; however, the
underlying mechanisms of such factors remain poorly under-
stood.>™® For these reasons, a better understanding of the
mechanisms connecting environmental risk factors and AMD
development has the potential to unveil new therapeutic
targets for safe and non-invasive treatment, potentially lead-
ing to significant public health benefits and cost savings.
Recent evidence has suggested that the gut microbiome
may serve as the missing link connecting diet and lifestyle
with AMD. The complex community of microorganisms
that inhabit the gastrointestinal tract has been shown to
play a critical role in the modulation of systemic and local
inflammation, immunity, and metabolism.!*-# Moreover, the
disruption of its normal composition and function (dysbio-
sis) has been associated with several chronic diseases,
including inflammatory bowel disease, type 2 diabetes, and
neurodegenerative disorders such as Alzheimer’s disease.!®
Emerging evidence using in vivo mouse models has specif-
ically demonstrated the key role of the gut-retina axis
and diet-induced changes to the gut microbiome in AMD
pathogenesis.!’'31¢ The gut microbiota has demonstrated
the ability to modulate the expression and pathways of
multiple genes in the retina and choroid/RPE and have
known key roles in AMD pathogenesis such as AMP-
activated protein kinase (AMPK), mitogen-activated protein
kinase (MAPK), mitochondrial biogenesis, oxidative stress,
autophagy, cell adhesion/chemotaxis, and choroidal neovas-
cularization, which is the hallmark sign of advanced wet
AMD.!? Finally, recent case—control studies have shown
dysbiosis in the gut microbiome of neovascular AMD
patients compared to healthy controls, with the former
having higher abundance of pathogenic bacteria genera
within the Firmicutes phylum that have been shown to
contribute to disruptions in metabolic and immune func-
tion.'*'%17 However, little is known about how these find-
ings differ between stages of AMD in patients or how the
abundance of gut-derived metabolites such as short-chain
fatty acids (SCFAs) and bile acids (BAs), which are powerful
signaling molecules implicated in various retinal diseases,
may be affected.'® In this pilot study, we investigated the gut
microbiota composition and fecal levels of microbial-derived
SCFA and BA metabolites in AMD patients at different stages
compared to age-matched controls without AMD.

METHODS
Recruitment

Participants were recruited from The University of Chicago
Eye Center. This study was conducted in accordance with
the tenets of the Declaration of Helsinki and approved by
the Institutional Review Board of The University of Chicago
Medicine. All eligible patients underwent standard retinal
evaluation and, after receiving oral and written informa-
tion, gave written informed consent to participate in the
study. Standard eligibility criteria required participants be
over the age of 18 years and meet the requirement for writ-
ten consent. Participants were excluded if they presented
with other vitreoretinal diseases or a current known infec-
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tion; had a history of antibiotic use less than 3 months
prior to their sample collection visit; were currently under-
going radiation therapy, stem cell transplantation, or cyto-
toxic cancer treatments or had a history of such treatments
within 1 year prior to sample collection'®; had a history
of solid organ transplantation; or had active uncontrolled
or relapsing gastroenteric diseases or recent gastroenteric
surgery that in the judgement of the principal investigator
would affect the gut microbiome.?*:2! Participants recruited
to the disease cohort had clinically confirmed diagnoses of
AMD. AMD status in each eye was classified using a five-
step severity scale, and patients were further categorized as
either advanced or intermediate based on clinical guidelines
from the American Academy of Ophthalmology and the Age-
Related Eye Disease Study (AREDS)/AREDS2, which require
evaluation of drusen and GA within 2 disc diameters of the
center of the macula.??~?* GA was indicated if the lesion had
a diameter > 433 pm (AREDS circle I-2) and exhibited at least
two of the following features: absence of RPE pigment, circu-
lar shape, or sharp margins. Intermediate AMD was charac-
terized by the presence of extensive intermediate drusen,
at least 1 large drusen (>125 pm in diameter), or GA not
involving the foveal center (500 pm centrally). Advanced
AMD was characterized by GA involving the foveal center
or having a total area > 1.27 mm? (equivalent to a 1500-um
circle) or any features of neovascular AMD/CNV and any of
its potential sequelae. The severity level of subjects was clas-
sified based on the worse eye. Control subjects were selected
to represent an age- and sex-matched group with no diag-
noses of AMD, retinopathy or maculopathy, glaucoma, or any
systemic, metabolic, autoimmune, gastrointestinal, hepato-
biliary, or cardiovascular diseases that in the judgment of the
principal investigator and based on current literature would
affect the gut microbiome.?

Sample Collection

Following recruitment and consent, all participants were
given a stool sample collection kit and instructed to provide
fasted stool samples at their next scheduled visit or at any
time following the formal signing of the informed consent
form. All patients produced samples on the morning of the
collection visit and immediately sealed them in our collec-
tion kits along with cold packs and an Oxoid AnaeroGen
anaerobe gas generator sachet (Thermo Fisher Scientific,
Waltham, MA, USA) to preserve metabolite concentrations.
The coded samples without protected health information
were immediately aliquoted inside the anaerobic chamber
upon retrieval, frozen, and transferred to The University
of Chicago Duchossois Family Institute (DFI) Microbiome
Center, where they were stored at —80°C until the initia-
tion of processing for metagenomic and metabolomic test-
ing. Buccal surface samples were also collected from AMD
subjects for use in the commercial Macula Risk genetic
test (Arctic Medical Laboratories, Grand Rapids, MI, USA),
which assesses commonly occurring genetic variations asso-
ciated with the progression of AMD.?*?” Subject partici-
pation concluded when all samples and data had been
collected.

Sample Processing

DNA Extraction From Fecal Material. Fecal
samples were aliquoted within 24 hours into 1.5-mL freezer
vials and stored at —80°C. DNA was extracted using
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the QIAamp PowerFecal Pro DNA kit (QIAGEN, Hilden,
Germany). Prior to extraction, samples were subjected to
mechanical disruption using a bead-beating method. Briefly,
samples were suspended in a QIAGEN bead tube along
with lysis buffer. All samples were homogenized on the
QIAGEN TissueLyser II. Samples were then centrifuged,
and supernatant was resuspended in CD2, which effectively
removes inhibitors by precipitating non-DNA organic and
inorganic materials, including polysaccharides, cell debris,
and proteins. DNA was purified routinely using a silica spin
column filter membrane. By adding solution CD3, a high-
concentration salt solution, DNA selectively binds to the
membrane which is recovered using elution buffer. DNA is
then quantified using Qubit.

Metabolite Extraction From Fecal Material.
Metabolites were extracted with the addition of extraction
solvent (80% methanol spiked with internal standards and
stored at —80°C) to pre-weighed fecal/cecal samples at a
ratio of 100 mg of material per milliliter of extraction solvent
in Fisherbrand Bead Mill tubes (15-340-154; Thermo Fisher
Scientific). Samples were homogenized at 4°C on a Bead Mill
24 homogenizer (15-340-163; Thermo Fisher Scientific), set
at 1.6 m/s with six 30-second cycles, 5 seconds off per cycle.
Samples were then centrifuged at —10°C and 20,000g for
15 minutes, and the supernatant was used for subsequent
metabolomics analysis.

Microbiome Taxonomic Analysis

16s rRNA Amplicon Sequencing. The V4-V5
region of the 16S rRNA gene was amplified using universal
bacterial primers: 563F (5-nnnnnnnn-NNNNNNNNNNNN-
AYTGGGYDTAAA-GNG-3) and 926R (5-nnnnnnnn-
NNNNNNNNNNNN-CCGTCAATTYHT-TTRAGT-3"), where N
represents the barcodes, and n is an additional nucleotide
added to offset primer sequencing. The approximately
~412-bp amplicons were then purified using a spin
column-based method (MinElute; QIAGEN), quantified, and
pooled at equimolar concentrations. Illumina sequencing-
compatible combinatorial dual index (CDI) adapters were
ligated onto the pools using the QIAseq 1-Step Amplicon
Library Kit (QIAGEN). Library quality control (QC) was
performed using Qubit (Thermo Fisher Scientific) and
TapeStation (Agilent Technologies, Santa Clara, CA, USA)
and sequenced on the Illumina MiSeq platform at the DFI
Microbiome Center to generate 2 x 250-bp paired-end
reads.

We used dada2 1.18.0 as the default pipeline for process-
ing MiSeq 16S rRNA reads with minor modifications in
R 4.0.3 (R Foundation for Statistical Computing, Vienna,
Austria). Specifically, reads were first trimmed at 190 bp
for both forward and reverse reads to remove low-quality
nucleotides. Chimeras were detected and removed using
the default consensus method in the dada2 pipeline. Then,
amplicon sequence variants (ASVs) with length between 320
bp and 365 bp were kept and deemed as high-quality ASVs.
Taxonomy of the resultant ASVs was assigned to the genus
level using the RDP 2.13 classifier with a minimum bootstrap
confidence score of 80. Raw sequence data, ASV abundance,
and taxonomy tables, in addition to bar plots, were gener-
ated.

Shotgun Metagenomic Sequencing. Libraries were
prepared with 100 ng of genomic DNA using the QIAGEN
QIAseq FX DNA Library Kit, with the exception of
samples having low DNA vyields. For samples with ultra-
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low DNA concentrations (10 ng or less), FX Signal Enhancer
ReadyProbes Reagent (Thermo Fisher Scientific) was used.
Briefly, DNA was fragmented enzymatically, and the desired
insert size was achieved by adjusting fragmentation condi-
tions. Fragmented DNA was end repaired and A’s were
added to the 3’ ends to stage inserts for ligation. During
the ligation step, Illumina unique dual index (UDI) adapters
were attached to the inserts, and the prepared library
was PCR amplified. Amplified libraries were purified, and
QC was performed using Agilent TapeStation. Normalized
libraries were sequenced on an Illumina NextSeq 1000/2000
at the DFI Microbiome Center to generate 2 x 150-bp reads
at a throughput of 5 to 10 million reads per sample.

Adapters were trimmed from the raw reads, and their
quality was assessed and controlled using Trimmomatic
0.39.8 The reads mapping to the reference human genome
were identified and removed by kneaddata 0.7.10. Taxo-
nomic classification and relative abundance estimation was
performed using Kraken2 2.1.1,%° Bracken,*® and MetaPhlAn
4.0.23' Functional analysis was performed using HUMAnN
3.8.32 All analyses were performed using R 4.2.2 with the
tidyverse 2.0.0 package.?®

Metabolite Analysis by Mass Spectrometry

Short-Chain Fatty Acids. SCFAs were derivatized as
described by Haak et al.>* with the following modifications
and analyzed by gas chromatography-mass spectrometry
(GC-MS). The metabolite extract (100 pL) was added to 100
pL of 100-mM borate buffer, pH 10 (28341; Thermo Fisher
Scientific), 400 pL of 100-mM pentafluorobenzyl bromide
(90257; MilliporeSigma, Burlington, MA, USA) in acetonitrile
(A955-4; Thermo Fisher Scientific), and 400 pL of n-hexane
(160780010; Acros Organics, Geel, Belgium) in a capped
mass spectrometry autosampler vial (09-1200; Microliter,
Millville, NJ, USA). Samples were heated in an Eppendorf
ThermoMixer C to 65°C for 1 hour while being shaken at
1300 rpm. After cooling to room temperature, samples were
centrifuged at 4°C and 2000g for 5 minutes, allowing phase
separation. From the hexanes phase (top layer), 100 uL was
transferred to an autosampler vial containing a glass insert,
and the vial was sealed. Another 100 pL of the hexanes phase
was diluted with 900 pL of n-hexane in an autosampler vial.
Concentrated and dilute samples were analyzed using an
Agilent GC-MS (7890A GC system with 5975C MS detec-
tor) operating in negative chemical ionization mode with
an Agilent HP-5ms Ultra Inert column (19091S-433UI; 30 m
x 0.25 mm, 0.25 pm), methane as the reagent gas (99.999%
pure), and 1-pL split injection (1:10 split ratio). Oven ramp
parameters were as follows: 1 minute hold at 60°C, 25°C per
minute up to 300°C with a 2.5-minute hold at 300°C. Inlet
temperature was 280°C, and the transfer line was 310°C. A
10-point calibration curve was prepared with acetate, propi-
onate, butyrate, 5-aminovalerate, glycine, proline, succinate,
and tyramine, with nine subsequent 2x serial dilutions for
quantitative analysis. Data analysis was performed using
Agilent MassHunter Quantitative Analysis software (version
B.10). Metabolite identities were confirmed by comparison
of retention time and m/z to authentic standards. Normal-
ized peak areas were calculated by dividing raw peak areas
of targeted analytes by averaged raw peak areas of internal
standards.

Bile Acids. BAs were analyzed wusing liquid
chromatography-mass spectrometry.®> The metabolite
extract (75 pL) was added to prelabeled mass spectrometry
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autosampler vials (09-1200; MicroLiter) and dried down
completely under a nitrogen stream at 30 L/min (top) and
1 L/min (bottom) at 30°C (SPE Dry 96 Dual, 3579M; Biotage,
Uppsala, Sweden). Samples were resuspended in 50:50
water:methanol (750 pL). Vials were added to an Eppendorf
ThermoMixer C to resuspend analytes at 4°C and 1000 rpm
for 15 minute with an infinite hold at 4°C. Samples were
then transferred to prelabeled microcentrifuge tubes and
centrifuged at 4°C and 20,000g for 15 minutes to remove
insoluble debris. The supernatant (700 pL) was transferred
to a mass spectrometry autosampler vial. Samples were
analyzed on an Agilent 1290 Infinity II liquid chromatog-
raphy system coupled to an Agilent 6546 LC quadrupole
time-of-flight mass spectrometer, operating in negative
mode, equipped with an Agilent Jet Stream ion source.
The sample (5 pL) was injected onto an XBridge BEH C18
column (3.5 um, 2.1 x 100 mm; Waters Corporation, Milford,
MA, USA) fitted with an XBridge BEH C18 guard (Waters
Corporation) at 45°C. Elution started with 72% A (water,
0.1% formic acid) and 28% B (acetone, 0.1% formic acid)
with a flow rate of 0.4 mL/min for 1 minute and linearly
increased to 33% B over 5 minutes, then linearly increased
to 65% B over 14 minutes. The flow rate was then increased
to 0.6 mL/min and B was increased to 98% over 0.5 minute,
and these conditions were held constant for 3.5 minutes.
Re-equilibration of the column was then completed at a
flow rate of 0.4 mL/min of 28% B for 3 minutes. A 10-point
calibration curve was used for quantitation of 16 bile
acids (3-oxolithocholic acid, allocholic acid, alloisolitho-
cholic acid, alpha-muricholic acid, beta-muricholic acid,
chenodeoxycholic acid, cholic acid, deoxycholic acid,
glycochenodeoxycholic acid, glycocholic acid, isodeoxy-
cholic acid, lithocholic acid, taurochenodeoxycholic acid,
taurocholic acid, ursocholic acid, and ursodeoxycholic acid).
The electrospray ionization conditions were set with the
capillary voltage at 3.5 kV, nozzle voltage at 2 kV, and
detection window set to 100 to 1700 m/z with continuous
infusion of a reference mass (Agilent ESI-TOF Biopolymer
Analysis reference mix) for mass calibration. A 10-point
calibration curve was used for quantitation. Data analysis
was performed using Agilent MassHunter Quantitative
Analysis software (version B.10). Metabolite identities were
confirmed by comparison of retention times, m/z ratios, and
fragmentation patterns to authentic standards. Normalized
peak areas were calculated by dividing raw peak areas of
targeted analytes by averaged raw peak areas of internal
standards.

Genetic Testing. The Macula Risk test reports on the
presence of 14 single nucleotide polymorphisms (SNPs) on
12 genes of interest that have been linked to the devel-
opment of AMD, including CFH, CFI, C3, C2, CFB, LIPC,
ABCA1, CETP, COL8A1, APOE, TIMP3, and ARMS2.26:27:36.37
DNA was isolated from each patient’s buccal swab speci-
men, and the 14 genetic regions associated with AMD were
amplified using PCR. Allele-specific primer extension was
performed for SNP determination using the MassARRAY
System (Agena Bioscience, San Diego, CA, USA), and geno-
types were assigned. The reported genotype represents the
combination of alleles that each subject had at that particular
genomic position inherited from both parents. The presence
of a minor allele at an SNP is indicative of genetic variation
and is positively correlated with increased risk. If a patient
is found to have no copy of the minor allele, that SNP is
considered to represent a low risk for contributing to the
development of AMD; one copy of the minor allele indicates
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intermediate risk, and two copies of the minor allele from
both parents are indicative of high risk compared to individ-
uals with other genotypes.?’

Statistical Analysis

The raw ASV counts were normalized by relative abun-
dance and center-log transformation (CLR) using the R
packages phyloseq and ALDEx2.38:% Alpha diversity metrics
of observed operational taxonomic units (OTUs), Shannon
index, Simpson index, evenness, and genus number were
used from the phyloseql library to dissect the complex-
ity within each sample. The two-sided pairwise I-test was
used to estimate the difference for contrast groups of control
versus intermediate, intermediate versus advanced, and
control versus advanced. Beta diversity was based on prin-
cipal coordinate analysis (PCoA) of the Euclidean distance
between CLR-normalized microbiome compositions. Multi-
variate statistical tests of permutational multivariate analy-
sis of variance (PERMANOVA) were used to measure signif-
icance on the compositional difference among the three
groups. The beta diversity of all 16S samples was visualized
on the top two principal coordinates analysis (PCoA) dimen-
sions, highlighting the separation for the three AMD groups.
Significant changes in ASV abundance were assessed using
edgeR on relative log expression normalized counts aggre-
gated on multiple taxonomy levels, and taxa exhibiting a
false discovery rate (FDR)-adjusted P < 0.05 were consid-
ered significant.

The box plots of relative abundance demonstrate the
microbiome variation among the three groups for selected
taxa. Analysis of metabolomics data was performed in R
using one-sided Wilcoxon rank-sum tests without assump-
tion of normality in a pairwise fashion to compare concen-
trations of control to intermediate AMD, control to advanced
AMD, and intermediate AMD to advanced AMD. P < 0.05
was considered statistically significant. Genetic association
analyses were conducted by comparing frequencies of each
risk allele between intermediate and advanced AMD cohorts
using Fisher’s exact test. Multiple testing was corrected
using the Benjamini-Hochberg procedure, and Haldane-
Anscombe correction was utilized to circumvent values of
zero when calculating odds ratios of risk alleles between
cohorts.

Pathway abundance was identified using HUMAnN, and
the normalized copies per million (CPM) was used as the
relative abundance metric (here, CPM is analogous to tran-
scripts per million [TPM] used in RNAseq). Most significantly
different pathways were identified using the Kruskal-Wallis
rank-sum test with P < 0.05, and the Wilcoxon rank-sum test
was used for each comparison.

REsuLts
Study Demographics

To investigate the association of intestinal microbiome with
the occurrence of AMD, we analyzed the gut microbiota of 16
patients with clinically confirmed AMD and six healthy age-
and sex-matched controls. AMD patients and controls were
similar with regard to age at sample collection, body mass
index (BMI), sex, smoking habit, race, and best-corrected
visual acuity (BCVA) (Table 1). Snellen visual acuity (VA)
measurements were converted to logarithm of the mini-
mum angle of resolution (logMAR) VA for standardized inter-
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Feature Control (n = 6) Intermediate (n = 8) Advanced (n = 8) P
Age (y), mean + SD 76.3 + 8.8 75.9 &+ 4.9 79.1 + 7.2 0.61"
Male, n (%) 2(33.3) 4(50.0) 4 (50.0) 0.76"
BMI (kg/m?), mean + SD 28.5 £+ 5.0 28.8 + 4.4 27.1 £5.6 0.79"
Smoker, 7 (%) 1(16.7) 3 (37.5) 3 (37.5) 0.72f
VA (logMAR), mean + SD 0.27 +0.21 0.21 +0.18 0.45 £ 0.46 0.30"
Race, n (%) 0.06"
Black 2(33.3) 0 (0.0) 0 (0.0)
White, non-Hispanic 4 (66.7) 8 (100.0) 8 (100.0)
Smoker feature includes current smokers and previous smokers.
* ANOVA.
 Fisher’s exact test.
TaBLe 2. SNPs in AMD
Gene SNP Al A2 F_Adv F_Int P OR 95% CI FDR BH
CFH rs3766405 C T 0.63 1.00 0.02 0.05 (0-1.04) 0.28
rs412852 C T 0.56 0.94 0.04 0.09 (0.01-0.82) 0.28
ABCA1 151883025 C T 0.63 0.94 0.08 0.11 (0.01-1.07) 0.37
APOE rs429358 T C 0.94 0.69 0.17 6.82 (0.69-66.9) 0.60
rs7412 T C 0.19 0.25 1.00 0.69 (0.13-3.76) 1.00
ARMS2 372_815del443ins54 D N 0.25 0.38 0.75 0.56 (0.12-2.54) 1.00
c2 159332739 G C 1.00 1.00 1.00 1.00 (0.02-53.55) 1.00
c3 rs2230199 G C 0.19 0.31 0.69 0.55 (0.11-2.83) 1.00
CETP rs3764261 A C 0.44 0.56 0.72 0.6 (0.15-2.45) 1.00
CFB rs541862 A G 1.00 0.94 1.00 2.13 (0.07-68.36) 1.00
CFI 1510033900 T C 0.75 0.63 0.7 1.8 (0.39-8.22) 1.00
COL8A1 rs13095226 T C 0.75 0.81 1.00 0.69 (0.13-3.75) 1.00
LIPC rs10468017 C T 0.81 0.69 0.69 1.97 (0.38-10.17) 1.00
TIMP3 rs9621532 A C 0.94 1.00 1.00 0.47 (0-15.02) 1.00

A1, minor allele; A2, major allele, F_Adyv, frequency of Al in advanced AMD; D, deletion; F_Int, frequency of Al in intermediate AMD; N,
normal; OR, odds ratio for A1, FDR BH, rate correction using the Benjamini-Hochberg procedure. P values were calculated with the Fisher’s
exact test and are for comparisons of allele frequencies between advanced and intermediate cohorts.

vals. In total, eight AMD patients were determined to be in
the advanced stage (three with GA and five with exudative
AMD), and eight patients were in the intermediate stage.

Genetics

Genetic information was collected only for the enrolled AMD
patients (advanced, n = 8; intermediate, n = 8). After correc-
tion, none of the 14 tested genetic polymorphisms was
present at significantly different frequencies between the
intermediate and advanced AMD cohorts (Table 2).

16s: Taxonomic Characterization of Gut
Microbiome

Following 16s rRNA sequencing of stool samples and
data normalization using relative abundance, the advanced
cohort demonstrated a significantly greater alpha diversity
than the intermediate cohort, as well as marginally signif-
icant beta diversity separation compared to the control
group (Figs. 1A, 1B). The phylum Firmicutes was found
to dominate the microbiome composition in all cohorts,
with Clostridia, Erysipelotrichia, and Bacilli among the most
abundant classes within this phylum (Figs. 2A, 2B). Bacilli
was found to be significantly more abundant in the inter-
mediate cohort compared to controls (FDR = 0.046) and
the advanced group (FDR = 0.034). However, at the class
level, Clostridia and Erysipelotrichia were not found to

Downloaded from iovs.arvojournals.org on 06/21/2025

differ significantly between groups. At the order level, the
advanced group had a marginally significant increase in rela-
tive abundance of Desulfovibrionales compared to controls
(FDR = 0.114) and the intermediate group (FDR = 0.102)
(Fig. 3). Although the relative abundance of order Clostridi-
ales was not significant between groups, the advanced group
had significantly higher abundance of several key taxa
within this order compared to the intermediate group. These
included the families Peptococcaceae (FDR = 0.021) and
Gracilibacteraceae (FDR = 0.031), and the genera Butyrvib-
rio (FDR = 0.012), Lachnotalea (FDR = 0.017), Paludicola
(FDR = 8.90e-03), and Terrisporobacter (FDR = 1.16e-03)
(Figs. 4, 5).

Fecal Metabolomics

Targeted quantitative and qualitative metabolomic anal-
ysis of various fecal SCFAs and bile acid metabolites
were performed. A heatmap was plotted using log, fold
changes relative to the median value of the compound
(Fig. 6).

Short-Chain Fatty Acids. As products of gut bacte-
ria fermentation pathways, SCFAs are used as fuel for
gut epithelial cells. Recent findings, however, show that
SCFAs also have important roles in immunomodulatory func-
tions.3® Among our subjects, seven key SCFAs were found
to be in significantly lower concentrations in the advanced
group compared to the intermediate group. These included
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and 14.7% in advanced).

2-methylbutyrate (P = 0.04), acetate (P = 0.002), butyrate (P
= 0.04), isobutyrate (P = 0.02), isovaleric acid (P = 0.04),
phenylacetate (P = 0.01), and propionate (P = 0.01) (Fig. 7).
Of these, 2-methylbutyrate (P = 0.03), isobutyrate (P = 0.02),
isovaleric acid (P = 0.04), and phenylacetate (P = 0.001)
were also elevated in the intermediate AMD group relative to
the control cohort. 5-Aminovalerate (P = 0.01) was greatest
in controls. Additional differentially expressed metabolites
can be found in Supplementary Figure S1.
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Bile Acids. Several other classes of gut microbiota-
associated metabolites have been shown to be power-
ful signaling molecules and are being studied for their
role in modulating neurologic and retinal diseases, among
them BAs.*! We found that the control group had higher
concentrations of key primary BAs compared to patients
with advanced AMD, including taurochenodeoxycholic acid
(TCDCA) (P = 0.001) and taurocholic acid (TCA) (P = 0.001),
as well as key secondary BAs such as taurolithocholic acid
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(TLCA) (P = 0.001), taurodeoxycholic acid (TDCA) (P =
0.002), tauroursodeoxycholic acid (TUDCA) (P = 0.006), and
tauro-alpha or tauro-beta muricholic acid (T« MCA/TSMCA)
(P = 0.01). TCA, TDCA, TUDCA, and TeMCA/TSMCA were
also found in greater concentrations in the intermediate
cohort compared to the advanced AMD group (Fig. 8).

Functional Profiling of Gut Microbiota

To describe the microbial functional profiles, we applied
HUMAnN on each sample and assessed the relative abun-
dance of functional pathways assigned based on organism-
specific gene hits.”> From the total 2611 assigned organism-
specific pathways and 466 aggregated pathways, 13 abun-
dant pathways were screened to significantly differ between
cohorts (Fig. 9). The superpathway of glycolysis integrated
with the Entner—-Duodoroff pathway was upregulated in the
intestinal microbiome of advanced AMD patients compared
to controls (P = 0.013), whereas galactitol degradation
(P = 0.003), superpathway of hexitol degradation
(P = 0.008), hexitol fermentation (P = 0.043), formalde-
hyde fermentation (P = 0.003), and guanosine nucleotide
degradation (P = 0.043) pathways were enriched in the
microbiome of controls. Advanced AMD patients also had a
decrease in bacterial genes connected to the non-oxidative
branch of the pentose phosphate pathway (P = 0.01), hexitol
fermentation (P = 0.005), pyruvate fermentation (P = 0.038),
D-galactose degradation (P = 0.01), guanosine nucleotides
degradation (P = 0.005), dTDP—N-acetylthomosamine
biosynthesis (P = 0.018), purine ribonucleosides degrada-
tion (P = 0.021), and 1-tryptophan biosynthesis (P = 0.002)
compared to intermediate AMD patients.

Di1scuUsSION

In this study, we identified several novel differences in
gut microbiome composition and metabolite concentrations
that associate with AMD disease status. In particular, we
found that patients with advanced AMD had increased abun-
dance of order Desulfovibrionales compared to intermediate
AMD cases and controls. An increased presence of Desul-
fovibrionales has been linked to diets high in saturated
fat (Western diet) and has been implicated in several non-
infectious systemic diseases ranging from ulcerative colitis
to ankylosing spondylitis through damaging DNA, inhibit-
ing lysozyme enzymatic functions in the gut microenvi-
ronment, and blocking mitochondrial respiration.*?=#* Most
notable has been its strong link to the development of
Parkinson’s disease through induction of the oligomeriza-
tion and aggregation of a-synuclein protein.> In retinal
diseases, such as diabetic retinopathy and AMD, clinical
studies have highlighted dysregulation of Desulfovibrionales
compared to healthy controls.®%7 Polysaccharides derived
from Desulfobacterota generate inflammatory injuries, trig-
ger abnormal equilibrium of metabolism, and inhibit endo-
toxin tolerance, all of which are related to the pathogen-
esis of retinopathy. An order of sulfate-reducing anaero-
bic bacteria, Desulfovibrionales, is also known to produce
toxic hydrogen sulfide, which can compromise gut barrier
function by directly reducing mucosal thickness.*® Compro-
mised gut epithelium due to hydrogen sulfide can also
result in increased circulating gut microbial products such as
lipopolysaccharides, peptidoglycan, or SCFAs that have been
shown to activate proinflammatory Th1l and Th17 adaptive



Investigative Ophthalmology & Visual Science

Microbial and Metabolomic Profiles in AMD Patients

A

intermediate

control

I0VS | April 2025 | Vol. 66 | No.4 | Article 21 | 8

advanced

I Tt condttion

Terrisporobacter Paludicola
FDR = 0.07 FDR =0.10
0.04
FDR = 1.16-03** FDR = 8.90e-03**
(O]
o FDR = 0.28 NS
c . oooe] 0.003
®© 003
©
3 .
| 0.002
© o002 0:006
o
>
=
®© .
© 001 0.003 0.001
o
-
0.001 ~=v 4 I3 0.000] —em - 0.000

R RN

o & ® @) 54
o PN
N N

()
&

Dialister
Flintibacter
Fournierella
Leuconostoc
Lutispora
Colidextribacter
Paludicola Relative abundance Condition
Lachnotalea Row Z score M control
‘ - Butyrivibrio I 6 M intermediate
| ] Holdemanella 4 M advanced
Massiliprevotella 2
Muribaculum 0
Haemophilus 2
[ | Peptococcus —

Absicoccus e
Catenibacterium Eﬁ:’;&'&'g:‘es
Acidaminococcus B Fusobacteria
Megamonas Proteobacteria

B Odoribacter [ synergistetes

I _ Cloacibacillus
Barnesiella Order
Faecalitalea I Acidaminococcales
Parabacteroides | gaﬁﬁ‘;g’:r';fes
Butyricimonas LMK
M Clostridiales
gzizr;zr;afz:rer;smans I Enterobacterales
B Erysipelotrichales

Hydrogeniiclostridium [ Fusobacteriales
Granulicatella I Lactobacillales
Peptacetobacter
Fusobacterium
Enterococcus
Ligilactobacillus
Citrobacter

W Pasteurellales

B selenomonadales
Synergistales

M Veillonellales

Klebsiella
Turicibacter
Parasutterella
Anaerobacterium
Terrisporobacter

Butyrivibrio Lachnotalea
FDR =0.10 FDR =0.10
FDR = 0.012* 0.0031 FDR = 0.017*
NS NS
0.002 1
0.001 .
oo oal 0.0001 57 ¢t

S P S QP

s

00 (@) 00
& 6@0 &06“6@0
v A2

Ficure 5. Relative abundance difference at the genus level. (A) Hierarchical clustering of bacterial genera among controls and intermediate
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Lachnospiraceae (1ogFC = 3.59) were all significantly greater in the advanced group compared to the intermediate group and marginally

significant compared to controls.

immunity pathways and lead to the onset of various inflam-
matory ocular diseases, such as uveitis, diabetic retinopathy,
and AMD_43,46,47

Advanced AMD patients also had significant increased
abundance of several taxa within the Clostridia class,
including the families Peptococcaceae and Gracilibacter-
aceae and genera Butyrvibrio, Lachnotalea, Paludicola,
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and Terrisporobacter compared to intermediate AMD and
controls. Current literature suggests that these taxa poten-
tially represent a cluster of major immune activity via down-
regulation of IL-12B and upregulation of IL-4.* The pres-
ence of Terrisporobacter has even been implicated in the
autoimmune disease rheumatoid arthritis.>® Furthermore,
these bacteria all belong to the order Clostridiales, which
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has been linked to retinal disease. Specifically, Rowan et
al.’® induced AMD-like features using a high-glycemic diet
in mice and showed that the presence of microbiota belong-
ing to Clostridiales was associated with the high-glycemic
diet-induced retinal changes that mimicked advanced dry
AMD.

Our findings indicate a lower representation of
Bacteroidetes (<5% across all groups) compared to other
human gut microbiome studies, potentially reflecting
methodological differences or specific cohort characteris-
tics. Rigorous sample collection and preservation protocols
were applied to enhance the reliability of our microbial
profiles. Samples were promptly processed and stored
at —80°C to minimize compositional shifts, and multiple
analytical approaches were used to ensure robustness in
taxonomic patterns. Morning collection of all samples, as
detailed in the results, may have influenced composition
due to circadian effects on the gut microbiome.>'~5*

Beyond the microbiota—metabolic associations with AMD,
certain microbiota may be related to the genetic suscep-
tibility of this disease. Polymorphisms of genes involved
in complement signaling, such as complement factor H
(CFH) and complement component 3 (C3), are strongly
implicated with differential risk for AMD development and
progression.’”-5>% Involved in mediating immune function,
genetic variants of these proteins can lead to dysregula-
tion of the complement system and promotion of retinal
inflammation.”’->® For example, Zysset-Burri et al.!” analyzed
the gut microbiomes of C3-deficient and wild-type mice in
terms of taxonomic and functional profiles. They found that
C3-deficient mice had enriched Firmicutes and expression
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of genes involved in the 5-aminoimidazole ribonucleotide
biosynthesis pathway, an intermediate molecule implicated
in AMD pathogenesis. Furthermore, clinical metadata was
used to demonstrate positive correlation of SNPs within the
CFH gene with the taxa Negativicutes and Clostridiales, both
of which serve as potential biomarkers for AMD.!” In our
study, however, we did not find significant differences in the
frequency of high-risk alleles associated with AMD between
our intermediate and advanced disease cohorts. The SNPs
with the two lowest p-values (Benjamini-Hochberg corrected
q = 0.28) were rs3766405 and rs412852, both within the CFH
gene, and have been shown to contribute to a small portion
of AMD progression rate from intermediate to advanced.>®>
Additionally, while CFH variants have been associated with
alterations of gut microbiota in the literature, such stud-
ies were limited in comparing controls to subjects with
general disease phenotype and did not discriminate between
severity. Our findings suggest that the gut microbial differ-
ences present between the intermediate and advanced AMD
groups in our study cohort are likely driven more by envi-
ronmental factors than genetic susceptibility though this is
a pilot study, and larger confirmatory studies are needed as
small sample sizes may be masking potentially significant
differences.

Metabolomics

Gut microbiota-derived metabolites play diverse roles in
regulating nutrient metabolism, immune function, and
angiogenesis.'®%-%1 Using targeted metabolite panels, we
found seven protective SCFAs were significantly reduced
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in the advanced cohort compared to intermediate AMD
patients: acetate, propionate, butyrate, isobutyrate, 2-
methylbutyrate, phenylacetate, and isovaleric acid (Fig. 7).
Acetate, propionate, and butyrate constitute over 95% of
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SCFAs in humans.®> Among many neurologic cell types that
respond to SCFA signaling, CNS microglia have been shown
to rely on the SCFA acetate for proper maturation, phago-
cytic function, and metabolism. Deficiency of acetate results
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in dysfunctional microglia that are characteristic of neurode-
generative states.®> Because SCFAs can cross the blood-brain
barrier and regulate signaling between the gut and the brain,
changes in their normal levels is linked with several neuro-
logic diseases a perspective in the brain that may also be
applicable to the blood retina barrier.®>% In this regard
Horai et al.®> showed that a population of retina-specific
CD4+ T cells were trained through their interactions with
the gut microbiome in a mouse model of uveitis. While
the mechanism underlying these interactions is unclear, the
signaling provided by SCFAs may be important in dampen-
ing pathologic ocular inflammation, as oral administration of
acetate, propionate, or butyrate has been shown to modulate
the severity of uveitis in mice by altering immune-trafficking
of effector T cells and induction of regulatory T cells.®®
Beyond regulation of host immunity and metabolism at
gut-level interactions, studies also point to direct effects of
SCFAs in ocular tissue, affecting nearly all cellular compo-
nents of the retina. The wet form of advanced AMD is char-
acterized by choroidal neovascularization (CNV). SCFAs have
been shown to be anti-angiogenic; for example, in laser-
induced mouse models of CNV, administration of butyrate

Downloaded from iovs.arvojournals.org on 06/21/2025

reduces CNV lesion size, which is supported by in vitro
evidence of decreased VEGFA and VEGFR2 signaling.®”%
Recent studies have begun looking into optimizing the deliv-
ery of butyrate in nanoparticles as a potential modality of
treating nAMD,® a concept that goes beyond the scope of
our study.

Interestingly, we found that isomers of these SCFAs
isobutyrate and isovaleric acid, as well as functionally
similar compounds such as 2-methylbutyrate and pheny-
lacetate, were highest in intermediate patients but had
similar concentrations in controls and advanced. Although
their exact roles are less known, this discrepancy may
suggest their ineffectiveness in serving as biomarkers for
AMD disease progression, although further studies would
be necessary to validate this finding.

In addition to SCFAs, we determined that the control
group had greater concentrations of protective conju-
gated BAs, including conjugated primary bile acids TCA
and TCDCA, along with conjugated secondary bile acids
TLCA, TUDCA, TDCA, and TaeMCA/TBMCA (Fig. 8). Many
detailed studies have identified functional and molecular
changes of retinal cell types in response to these specific



AMD (n = 8), and red represents advanced AMD patients (n = 8).
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BA signals. TCA has shown to inhibit features of AMD
in vitro, promoting RPE integrity and decreasing VEGF-
induced choroidal endothelial migration.”” TCDCA has been
shown to inhibit astrocyte inflammation by downregulating
mRNA expression of inflammatory genes such as cyclooxy-
genase 2 (COX2), tumor necrosis factor-o (TNF-o), and
IL-6 likely through TGR5-mediated nuclear factor kappa B
(NFkB) signaling.”! TaMCA/TBMCA are natural farnesoid
X receptor (FXR) antagonists and therefore regulate path-
ways involved in lipid metabolism, energy homeostasis, and
inflammation.”> TUDCA, a neuroprotective BA, appears to
affect multiple age-related processes, including reducing
age-dependent accumulation of amyloid in the brains of
mice.”® Additionally, TUDCA reduces human endothelial cell
proliferation and has been shown to protect against retinal
degeneration and diabetic retinopathy.”*~7® Regarding clin-
ical data, in a case—control study with 85 AMD subjects by
Kiang et al.,”” metagenomics analysis showed that control
patients demonstrated enrichment in microbial pathways of
both primary and secondary bile acid synthesis, as well as
peroxisome proliferator-activated receptor (PPAR) signaling,
which is important in maintaining RPE and overall retinal
health.”” This finding has been corroborated by another
metabolomics study, demonstrating lower levels of bile acids
in serum of patients with nAMD.”® These studies, coupled
with our data, suggest that BAs may serve a modulatory role
in AMD pathology, though further study is required.

Metabolic Pathways

Functional annotation analysis indicated that genes
involved in metabolic pathways related to carbohydrate
and nucleotide metabolism were differentially expressed
between our cohorts (Fig. 9). Regarding carbohydrate
metabolism and assimilation, advanced AMD patients had
an increase in bacteria responsible for the Entner-Doudoroff
(ED) pathway and a decline in pathways of galactitol and
hexitol degradation, formaldehyde assimilation, pentose
phosphate pathways, and the fermentation of pyruvate and
hexitol to acetate and lactate end products compared to
other groups. Chronic oxidative stress redirects glucose
catabolism in various microbes by inhibiting key enzymatic
pathways.”” For example, many virulent microorganisms
such as Entamoeba bistolytica and Salmonella enterica
show an increased dependency on fatty acids and acetate
utilization by the enriched ED pathway.””'%° The increase of
the ED pathway among our advanced AMD cohort, along
with the reduction in fermentation of pyruvate and hexitol
to lactate and acetate end products, correlates with the
decreased presence of acetate and other protective SCFAs
among these patients.

Advanced AMD patients also demonstrated a decrease in
degradation pathways of various sugar compounds. Sugars
in excess are converted to polyols by lens aldose reduc-
tase and have been implicated in diabetic hyperglycemia-
associated abnormalities and retinal vascular changes due to
degeneration of capillary pericytes.8!~% Furthermore, galac-
tose and other monosaccharides can auto-oxidize under
physiological conditions and form dicarbonyl compounds
and hydrogen peroxide, both of which are toxic and have
been linked to the formation of early cataracts.?

Moreover, intestinal microbiomes of the intermediate
AMD patients were enriched in genes of purine ribonucle-
oside degradation but advanced AMD patients showed a
decrease in guanosine nucleotide degradation compared to
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controls. Anomalous purine signaling pathways have been
linked to the development of various autoimmune diseases
through immune dysregulation and consequent antibody
production.®® Although autoimmunity and the generation of
autoantibodies are associated with ocular diseases including
AMD, the specific triggers for ocular autoimmunity remain
unidentified. In a previous study comparing functional
features between control and AMD cohorts, Zysset-Burri and
associates!” also found that pathways of purine ribonucle-
oside degradation were elevated in fecal samples of AMD
patients, suggesting that immune dysregulation in AMD may
occur via abnormal purine signaling. Finally, advanced AMD
patients had a significant decrease in bacteria responsi-
ble for i-tryptophan biosynthesis. L-Tryptophan is an essen-
tial component of the human diet that induces long-term
immune tolerance, and alterations in its metabolism have
been linked to states of hyperinflammation.557

As a pilot study, our objectives focused on investigat-
ing shifts in gut microbiome composition and metabolomic
profiles across different AMD disease states. This study has
not established direct causal links between altered intestinal
microbiota and AMD onset or progression. Key limitations
include a small sample size, which restricts the ability to
confirm consistent differences across groups, the absence
of longitudinal data, the lack of genetic data for control
patients, and limited statistical testing of metabolomic data
without adjustments for multiple comparisons. Additionally,
the relatively older age of participants across groups may
not fully represent the wider AMD population. Potential
confounding factors include coexisting systemic diseases
and dietary differences between patients and controls.
Finally, general limitations of studying the microbiome using
stool samples include the inherent heterogeneous compo-
sition of stool, making the samples susceptible to changes
during collection and processing. Consequently, the micro-
biome profiles may be misrepresented due to subsampling
of incompletely homogenized stool, which can lead to vari-
ations in bacterial abundance and can be exacerbated in
metabolomic analyses.

CONCLUSIONS

The differential abundance of specific orders and genera
within major bacterial classes may serve as a means of
identifying key players in the pathogenesis of advanced
AMD. Although the findings may have been limited by
low power, the presence of a higher diversity of bacterial
genera in advanced AMD patients and the significant differ-
ences in key microbiota-associated SCFA and BA metabo-
lites between cohorts—especially among intermediate and
advanced groups—add further support to links between gut
dysbiosis and AMD progression. However, it is essential to
note that increased diversity alone does not universally indi-
cate pathology; rather, its implications vary depending on
microbial taxa involved and the host’s context, particularly
in immune-mediated diseases such as AMD.

In addition, we acknowledge that the small sample size
and group heterogeneity in terms of sex, race, and AMD
subtype may have contributed to the variability in the
observed taxonomic composition. Although some of the
observed differences in bacterial abundances were influ-
enced by patients with more severe AMD, the significant
findings predominantly arise from this subset, highlighting
an essential characteristic of our AMD cohort. Despite these
limitations, we believe the data presented here accurately
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reflect preliminary insights into potential AMD-specific gut
microbial alterations, warranting further investigation.
Continued research with broader patient populations and
longitudinal follow-up may help to validate these findings,
develop new strategies for discovery of novel biomarkers of
risk for AMD progression, and explore potential therapeu-
tic interventions targeting the gut microbiome to influence
AMD outcomes. Integrating functional and clinical data in
future studies will be crucial to determine whether observed
microbiome changes correspond to true dysbiosis or adap-
tive alterations in response to AMD pathology. Future vali-
dation in larger, more diverse cohorts will also be critical to
confirm these observations and reduce the potential influ-
ence of outliers, ensuring robust and reproducible findings.
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