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PURPOSE. Emerging data indicate that metformin may prevent the development of
age-related macular degeneration (AMD). Whereas the underlying mechanisms of
metformin’s anti-aging properties remain undetermined, one proposed avenue is the
gut microbiome. Using the laser-induced choroidal neovascularization (CNV) model,
we investigate the effects of oral metformin on CNV, retinal pigment epithelium
(RPE)/choroid transcriptome, and gut microbiota.

METHODS. Specific pathogen free (SPF) male mice were treated via daily oral gavage
of metformin 300 mg/kg or vehicle. Male mice were selected to minimize sex-specific
differences to laser induction and response to metformin. Laser-induced CNV size and
macrophage/microglial infiltration were assessed by isolectin and Iba1 immunostain-
ing. High-throughput RNA-seq of the RPE/choroid was performed using Illumina. Fecal
pellets were analyzed for gut microbiota composition/pathways with 16S rRNA sequenc-
ing/shotgun metagenomics, as well as microbial-derived metabolites, including small-
chain fatty acids and bile acids. Investigation was repeated in metformin-treated germ-
free (GF) mice and antibiotic-treated/GF mice receiving fecal microbiota transplantation
(FMT) from metformin-treated SPF mice.

RESULTS. Metformin treatment reduced CNV size (P < 0.01) and decreased Iba1+
macrophage/microglial infiltration (P < 0.005). One hundred forty-five differentially
expressed genes were identified in the metformin-treated group (P < 0.05) with a down-
regulation in pro-angiogenic genes Tie1, Pgf, and Gata2. Furthermore, metformin altered
the gut microbiome in favor of Bifidobacterium and Akkermansia, with a significant
increase in fecal levels of butyrate, succinate, and cholic acid. Metformin did not suppress
CNV in GF mice but colonization of microbiome-depleted mice with metformin-derived
FMT suppressed CNV.

CONCLUSIONS. These data suggest that oral metformin suppresses CNV, the hallmark lesion
of advanced neovascular AMD, via gut microbiome modulation.

Keywords: age-related macular degeneration (AMD), gut microbiome, angiogenesis,
metformin, retinal pigment epithelium (RPE)/choroid

Age-related macular degeneration (AMD) is the leading
cause of irreversible blindness in adults over 60 years of

age, with its prevalence expected to increase to 22 million
in the United States by 2050 and 288 million globally by
2040.1 Although twice as prevalent as Alzheimer’s disease,
and similar to invasive cancers combined, there are limited
preventative and therapeutic interventions with no cure.2

Metformin, the most common anti-diabetic medication,
has been found to be protective in several senescence-
related conditions, including heart disease and dementia,
leading to the Targeting Aging with Metformin (TAME)
clinical trial currently under development.3 Emerging data
from our team and other groups suggest that metformin
has similar protective effects in AMD, including advanced
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neovascular AMD (nAMD), characterized by choroidal
neovascularization (CNV).4–7 Preclinical studies also
describe the beneficial effects of metformin in animals
and cell lines exposed to stressors that recapitulate AMD
pathophysiology.8 Additionally, a mathematical drug-gene
association study from our group predicted metformin as
one of the top candidate compounds of value for AMD,
particularly nAMD.9

However, the underlying mechanism of metformin’s
beneficial effects remains elusive, as the majority of orally
ingested metformin remains confined to the intestinal tract.
Recent studies suggest that metformin acts primarily through
the reshaping of the gut microbiome, promoting benefi-
cial keystone taxa, and inhibiting harmful counterparts.10,11

Interestingly, recent studies have explored the effect of diet
and environmental stressors on the gut microbiota in nAMD
using clinical samples from patients with nAMD and animal
models of laser-induced CNV.12,13 Gut microbial influence in
AMD is mainly understood in the context of immune system
and angiogenesis modulation by the gut microbiota in the
retinal pigment epithelium (RPE) and choroid.12,14

Here, we tested the hypothesis that metformin inhibits
nAMD features by reshaping the gut microbiome and modu-
lating the gut-retina axis. We elucidate functional interac-
tions between metformin, microbial composition and func-
tions, fecal microbial metabolites, the chorioretinal tran-
scriptome, and CNV. Utilizing specialized germ-free (GF)
and colonized gnotobiotic CNV mouse models, we provide
evidence that oral metformin’s protective effects are medi-
ated mainly by the gut microbiome. The identification of
these mechanistic insights into the metformin-nAMD rela-
tionship contributes valuable supporting data for the poten-
tial repurposing of metformin as a novel therapeutic strategy
for AMD via the gut-retina axis.

MATERIALS AND METHODS

Study Approval

Experiments were performed in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research and approved by the Institutional Animal Care
and Use Committee of the University of Chicago (protocol
#727557).

Animals

Ten-week-old male wild-type C57Bl/6J specific pathogen-
free (SPF) mice were purchased from Jackson Laboratories
and bred at the Animal Resources Center at the Univer-
sity of Chicago. The mice were kept in sterile, flexible
film isolators to strictly control their housing environment.
All animals were fed a similar diet and exposed to 12:12
light-dark cycles. Temperature and humidity were main-
tained per The Guide for the Care and Use of Laboratory
Animals.15

GF C57Bl/6J mice were housed at the Gnotobiotic
Research Animal Facility at the University of Chicago. To
maintain sterility, diets (5K67 LabDiet) were autoclaved
(121°C for 40 minutes) and weekly fecal pellets were
collected for inoculum in bacterial cultures.16 As a confirma-
tory test, RT-PCR of the bacterial 16S ribosomal RNA gene
was performed on the fecal samples. There were no posi-
tive cultures or amplification of 16S bacterial rRNA in any
of the GF mice used in this study (Supplementary Fig. S12).

A full description of the sterility checks is available in the
Supplementary Materials.

Metformin Treatment

SPF mice were treated with either metformin (Sigma, St.
Louis, MO, USA) 300 mg/kg or reverse osmosis water (vehi-
cle control) by daily oral gavage. The control and treatment
groups were six mice in each group. After laser induction
at around 12 weeks of age, the mice were maintained on
metformin or vehicle for 1 week until euthanization. In GF
groups, metformin solution and vehicle were sterilized via
polyethersulfone syringe filtration, and oral gavages were
performed within the sterile flexible film isolators.

Microbiome Depletion Via Antibiotic and
Antifungal Administration

SPF mice at 9 weeks of age initially received 3-day
treatment of 0.01 mg/mL Amphotericin-B, administered
via drinking water, followed by 5-day treatment of an
antibiotic/antifungal cocktail (0.01 mg/mL amphotericin-
B, 1 mg/mL ampicillin, 1 mg/mL neomycin trisulfate
salt hydrate, 1 mg/mL metronidazole, and 0.5 mg/mL
vancomycin hydrochloride). Two days after discontinuing
the cocktail, microbiota transplantation was carried out as
described below.

Microbial Isolation and Colonization of Germ-Free
and Antibiotic/Antifungal-Treated Mice

To create the donor fecal material, fecal pellets were
collected from adult control SPF mice and metformin-treated
mice (300 mg/kg for 1 week). The pellets were homog-
enized in Eppendorf tubes containing freezing solution
(sterile saline with 12.5% glycerol), centrifuged at 200 g
for 5 minutes, and stored in −80°C until utilized. Recipi-
ent mice were 11 weeks old and either GF mice or SPF
mice treated with antibiotics/antifungals. Mice were fasted
24 hours prior to fecal microbiota transplantation (FMT).
To perform FMT, 200 μL of the fecal slurries were admin-
istrated via oral gavage to each mouse. In both the antibi-
otic/antifungal treated mice and GF mice, mice received FMT
with donor fecal material from both control SPF mice and
metformin-treated SPF mice. This generated four groups:
ABxFMT-CTRL (n = 12), ABxFMT-MET (n = 11), GFxFMT-
CTRL (n = 6), and GFxFMT-MET (n = 6), respectively. Two
rounds of FMT were performed, 1 week apart. At the age of
12 weeks, the mice underwent laser induction, followed by
CNV lesion/microglia infiltration analysis and microbiome
characterization via 16S rRNA analysis post-week 13.

Laser-Induced Choroidal Neovascularization

We used the laser-induced CNV mouse model, as previ-
ously described.17,18 At age 12 weeks, laser photocoagula-
tion was performed using an argon 532-nm laser (IRIDEX
Oculight GLx, Mountain View, CA, USA) attached to a slit-
lamp delivery system (Carl Zeiss 30SL-M, Jena, Germany).
Laser spots (50-μm spot size, 100-ms duration, and 150-mW
power) were applied at 3, 6, 9, and 12 o’clock positions
around the optic nerve head. The resultant “bubble” forma-
tion indicated rupture of the Bruch’s membrane, with the
presence of hemorrhage or failure to rupture excluded from
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further analysis. Intraperitoneal anesthesia was administered
with weight-adjusted dosages of ketamine 100 mg/kg and
xylazine 10 mg/kg. For GF studies, sterilization of the lami-
nar flow hood was maintained with chlorine dioxide solu-
tion with appropriate gowning, as described in our paper.18

Quantification and Immunostaining of CNV
Lesions and Iba1+ Macrophages/Microglia

To quantify CNV lesion size and Iba1+ macrophage /
microglia infiltration, we performed isolectin-IB4 and Iba1
immunostaining 1-week post-laser induction. Mice were
euthanized via a CO2 chamber and cervical dislocation at age
13 weeks. Eyes were enucleated, fixed in 4% paraformalde-
hyde at 4°C, and dissected to separate the choroid cup
and prepare the sclerochoroidal flatmount.19,20 Dissected
samples were incubated overnight at 4°C in 1:500 Iba1
antirabbit antibody (6A4; FUJIFILM Wako Chemicals, Rich-
mond, VA, USA). After 6 wash cycles (10 minutes/cycle) in
TBS-T (0.5% Tween 20), samples were incubated at room
temperature for 2 hours in the dark with 1:100 Griffonia
Simplicifolia Lectin I (B-1105-2; Vector Laboratories, Newark,
CA, USA). Afterward, the tissue was washed for six more
cycles in TBS-T and mounted on glass slides with ProLong
Gold antifade reagent (ThermoFisher Scientific, Waltham,
MA, USA). Flatmounts were visualized using a Leica SP5
confocal microscope (Leica Microsystems, Deerfield, IL,
USA) at 200 times magnification. Images were processed
in FIJI by performing a maximum-intensity Z-stack projec-
tion. Outlines of the isolectin-IB4/Iba1 channels were used
to quantify lesion area and Iba1+ macrophages/microglia
within the neovascular area, respectively. Data were quanti-
fied by two independent masked graders to ensure reliability
and validity of measurements.

16S rRNA Sequencing

The V4-V5 region of the 16S rRNA encoding gene was
amplified per the Earth Microbiome Project (EMP) 16S Illu-
mina Amplicon Protocol.21 Sequencing was performed at
the High-Throughput Genome Analysis Core (Institute for
Genomics and Systems Biology). Sequencing reads were
processed by QIIME222 pipeline with DADA2 denoising23

strategy to extract the biome abundance matrix for all
samples. A full description of the methodology is presented
in the Supplementary Materials.

RNA Sequencing of the Retina and RPE

After enucleation and dissection, the choroid and retina were
extracted on ice using a sterile technique. RNAse decon-
tamination solution (RNaseZAP; ThermoFisher Scientific,
Waltham, MA, USA) was used to treat all surfaces and equip-
ment. The tissues were then immediately stored in RNAlater
(Qiagen, Germantown, MD, USA) separately in RNase free
Eppendorf tubes and stored at −80°C until RNA extrac-
tion. Extraction was performed using RNeasy (Qiagen), and
analyzed using Nanodrop (NanoDrop 2000cc; Thermo Scien-
tific) to determine total RNA concentration before sequenc-
ing. RNA quality was assessed using the Bioanalyzer, which
confirmed that the samples had an RNA integrity number
greater than 9.0.

The RNA was then processed into cDNA and hybridized
to the Illumina MouseRef-8 version 2 array and scanned in

Illumina HiScan (Illumina, San Diego, CA, USA). FASTQ file
management and STAR24 (version 2.4.2a; Stanford University,
Stanford, CA, USA) alignment are described in the Supple-
mentary Materials. The raw gene expression count matrix
was generated by featureCounts25 (version subread-1.4.6-
p1) and normalized/analyzed by the R packages edgeR26

and Limma.27 Mean fold change in expression level among
groups was then calculated. Genes with a fold change of
at least 1.5 and adjusted P value < 0.31 were analyzed for
choroid. Multiple databases and platforms including Lynx,28

gene ontology, Kyoto Encyclopedia of Genes and Genomes
(KEGG),29 and STRING30 were used for annotation, visual-
ization, and integrated discovery.

Shotgun Metagenomic Sequencing

Fecal samples were collected from SPF mice for shot-
gun metagenomic sequencing. Sample collections occurred
before treatment and after sacrifice. Fecal pellets were frozen
and stored at −80°C until DNA extraction. Total DNA was
extracted using the Qiagen DNeasy PowerSoil Kit (47016;
Qiagen). High-throughput sequencing on Illumina NextSeq
produced around 7 to 8 million paired-end reads per sample
with a read length of 150 base pairs. A full description
of the taxonomic classification, assembly, and functional
profiling is presented in the Supplementary Materials. Anal-
ysis was done in R (version 4.1.2) using function run_lefse
in package microbiomeMarker.31 Linear discriminant anal-
ysis cutoff was set to be greater than 2.5, Kruskal-Wallis P
value cutoff at 0.05, and normalization method at counts per
million. Transformed count of the significant marker genes
was extracted from the matrix and used to calculate the log2

fold change to the overall mean.

Fecal Metabolomics

Fecal samples were collected at baseline, week 1, and week
2, flash frozen, and stored at −80°C. They were processed
for metabolomics analysis at the Duchossois Family Insti-
tute Host-Microbe Metabolomics Facility (DFI-HMMF) at
the University of Chicago. From fecal material, metabo-
lites were extracted with the addition of extraction solvent
(80% methanol spiked with internal standards and stored at
−80°C) to pre-weighed fecal samples at a ratio of 100 mg of
material per mL of extraction solvent in Bead Ruptor tubes
(Fisherbrand; 15-340-154). A full description of the method-
ology is presented in the Supplementary Materials.

Statistics

Statistical analyses were performed using R (version 4.0.3).
Quantitative metabolomic data were analyzed as follows.
Data were assessed for normality by visual inspection and
Shapiro-Wilks test (rstatix::shapiro_test). It was determined
to follow a log-normal distribution. To analyze differences
between groups, nonparametric Wilcoxon signed-rank tests
(rstatix::wilcox_test) were performed and P values were
adjusted, to control for the false discovery rate of multi-
ple comparisons, using the Benjamini-Hochberg method. To
determine effect sizes of experimental groups on metabo-
lites, Wilcoxon effects size analysis (rstatix::wilcox_effsize)
was performed where magnitudes 0.10 to < 0.30 are consid-
ered small effects, 0.30 to < 0.50 are considered moderate
effects, and > = 0.50 are deemed large effects. Relative-
quantitative data were compared to the median values for
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each compound. Log2 fold changes were then calculated as
the value divided by the median for that compound. All P
values < 0.05 were considered statistically significant.

RESULTS

Oral Metformin Suppresses CNV and Iba1+
Macrophages/Microglial Recruitment Around
CNV Lesions

We investigated the ability of oral metformin to inhibit the
development of nAMD using the laser-induced CNV mouse
model4 (Fig. 1). Body weight was not affected by treat-
ment (Supplementary Fig. S1A). Metformin suppressed CNV
lesion size by 2.1-fold (26,160.4 ± 4834.7 μm2 vs. 12,572.4
± 2757.4 μm2, P < 0.01; Fig. 2A). Similar results were
obtained when metformin was initiated 2 weeks prior to
laser but not when started on the day of laser (Supple-
mentary Figs. S1B–E). Metformin treatment decreased Iba1+

macrophage/microglia infiltration around CNV but not Iba1
signal within the lesion (see Figs. 2A, 2B). To investigate
whether these effects were sex-specific, experiments were
performed with 12-week-old female mice receiving daily
oral metformin 7 days prior and 7 days after laser-induced
CNV, which showed significant reduction in average lesion
size in the metformin-treated group by 2-fold (29,030.1 μm2

vs. 14,198.5 μm2, P < 0.05; Supplementary Fig. S2A) and
a nonsignificant reduction in Iba1 signal (Supplementary
Fig. S2B).

Metformin Modulates Chorioretinal Genes and
Pathways Related to Angiogenesis and AMD

We performed high-throughput RNA-sequencing of mouse
RPE/choroidal complexes and retinas of lasered mice 1 week
after laser treatment, with oral metformin and vehicle
controls starting 1 week prior. Detailed lists of differen-
tially expressed genes (DEGs) are available in Supplemen-
tary Tables S1A and S1B. In the RPE/choroid, 145 DEGs
were identified in the metformin-treated group (139 down-
regulated and 6 upregulated; Fig. 2C). Enrichment analysis
for gene ontology showed that the top 3 biological func-
tions altered are related to angiogenesis, of which 19 genes
are affected (Fig. 2E, see Supplementary Tables S1A, S1B).
Other pathways influenced by metformin treatment were
epithelial-to-mesenchymal differentiation and inflammatory
pathways, including chemokine signaling. Notch signaling
was altered by metformin treatment in the RPE/choroid (see
Fig. 2E, Supplementary Tables S1A, S1B). Upstream regu-
lator analysis revealed transcription factors influenced by
metformin treatment, including forkhead box C2 (FOXC2),
FOXC1, runt-related transcription factor 3 (RUNX3), and
Notch (Fig. 2D, Supplementary Table S1C). Transcription
factors and target genes were merged to create a graphi-
cal network representation (see Fig. 2D). High-throughput
RNA-sequencing of the retina revealed no genes significantly
affected by metformin treatment. However, 126 DEGs, of
which 53 were upregulated in the metformin group, were
identified with a relaxed P value of < 0.01 (Supplementary
Fig. S3).

FIGURE 1. Schematic of SPF-metformin experimental design. Specific pathogen-free (SPF) mice were administered either vehicle (control)
or metformin (300 mg/kg) via oral gavage daily for 1-week pre-laser induction and daily for 1-week post-laser induction.
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FIGURE 2. Metformin suppresses CNV size, Iba1+ macrophage/microglial infiltration, and alters RPE/choroid transcriptome.
(A) Metformin treatment decreases CNV size and Iba1+ macrophage/microglia infiltration around CNV but not Iba1+ macrophage/microglia
signal within CNV. **P < 0.005; error bars indicate SEM; n = 6 per group (SPF-CTRL and SPF-MET). (B) Representative RPE/choroid flat-
mounts stained with lectin and Iba1 in control vs. metformin-treated mice. +: Iba1+ macrophage/microglia; scale bars: 80 μm. (C) Heatmap
of the gene expression matrix for differentially expressed genes (DEGs) in the RPE/choroid between control and metformin treated groups
(values normalized by sample). One hundred forty-five (145) DEGs (139 downregulated and 6 upregulated) were identified in the metformin-
treated group. (D) Network of significantly enriched transcription factors and their target genes from RPE/choroid DEG analysis. Significantly
altered transcription factors included forkhead box C2 (FOXC2), transcriptional regulator ERG, and Notch. (E) Dot plot of top 10 enriched
functional terms from RPE/choroid DEG analysis. Top biological processes and molecular functions included angiogenesis regulation, notch
binding, and TLR4 binding. Dot size indicates the number of DEGs within the functional category, and dot color reflects adjusted P value
significance.
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FIGURE 3. Metformin alters gut microbiome composition. (A) Principal coordinate analysis (PCoA) at the OTU level. The two-dimensional
PCoA plot shows the beta diversity of the metformin and control samples at three time points (T0, T1, and T2). Metformin-treated mice (blue
ellipse) gathered together and separately from those in the control group (red ellipse) at both week 1 (T1) and week 2 (T2). (B) Representative
stacked bars of relative bacterial order abundance in gut microbiota of control vs. metformin-treated mice prior to treatment (T0), after
1 week of treatment (T1), and after 2 weeks of treatment (T2); n = 6 (control), n = 6 (metformin). Clostridiales order of Firmicutes phylum
decreased most significantly in the metformin group by T2, whereas the Verrucomicrobiales order increased. (C) Boxplots of centered log
ratio (CLR) abundances for select differentially detected taxa between metformin T0 and metformin T2 groups, including Verucomicrobiales
and Bacillales. The highlighted FDR value for each subplot is estimated by Limma linear model. (D) Heatmap of differentially detected
genera (FDR < 0.1) across all samples in two contrast groups: (1) Metformin treated samples at time 0 vs. 2; (2) Control samples versus
metformin treated samples at time 2. The abundance values are normalized by sample. Phylum and family level information for genera are
shown.
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Metformin Alters Gut Microbial Composition and
Pathways

The 16S rRNA sequencing was performed on fecal DNA at
3 timepoints: beginning of metformin treatment (T0), after
1 week (T1), and after 2 weeks (T2). Treatment affected
both alpha- and beta-diversity (Fig. 3A, Supplementary Figs.
S4A, S4B), with oral intake over 2 weeks altering micro-
bial composition. At the order level, Clostridiales of Firmi-
cutes phylum decreased most significantly in the metformin
group by T2, whereas Verrucomicrobiales order increased
(Fig. 3B). Clostridia was the most significantly decreased
Firmicutes class by metformin at T2 compared to control.
Additionally, the metformin T2 group showed an increased
abundance of genera Akkermansia and Bifidobacterium
(Fig. 3C). A detailed heatmap illustrating the changes in
the abundance of family, phyla, and genera after placebo
or metformin treatment is shown in Figure 3D.

Furthermore, we found that 2 weeks of metformin treat-
ment promoted an increased number of positive connec-
tions among microbial genera, especially those within
Bacteroidetes, Verrucomicrobia, Actinobacteria, and Firmi-
cutes phyla (Fig. 4A). A positive correlation was observed
between genera from Verrucomicrobia, Bacteroidetes, and
Actinobacteria with both the metformin T1 and metformin
T2 groups. The genera most associated with increased
CNV lesion size were Marvinbryantia and Roseburia, both
members of the Lachnospiraceae family (Supplementary Fig.
S5). In contrast, the genera Eubacterium and Ruminococ-
caceae were protective for CNV.

Twenty-seven (27) functional pathways were signifi-
cantly altered in mice treated with metformin for 2 weeks
compared to controls. Enriched pathway categories included
carbohydrate metabolism (pyruvate metabolism, citrate
cycle, and butanoate metabolism), energy metabolism
(oxidative phosphorylation and carbon fixation), and lipid
metabolism. Downregulated pathways included amino
acid metabolism, carbohydrate metabolism (starch and
sucrose metabolism, pentose phosphate pathway, and
C5-branched dibasic acid metabolism), energy metabolism
(nitrogen metabolism), and metabolism of cofactors, vita-
mins, terpenoids, polyketides, and nucleotides (Fig. 4C).

Microbiome-Transcriptome Networks in the
RPE/Choroid Show Negative Associations
Between Akkermansia and Choroidal
Neovascularization

We analogously constructed association networks
using ENSEMBLE version 3.032 with 16S microbial and
RPE/choroid transcriptome data (Fig. 4B). In this network,
the mean number of genes associated with each class was
20 and each genus was 16. Akkermansia was the clear
hub genus, associated with 26 genes. Genes Ccl11 and
Rspo3, which correlated with Akkermansia, participate
in DEG-enriched Gene Ontology (GO) term angiogenesis
(false discover rate [FDR] = 1.66E-11).

Microbial-Derived Short-Chain Fatty Acids and
Bile Acid Metabolites are Affected by Metformin

Targeted quantitative and qualitative metabolomic analy-
sis of fecal short-chain fatty acids (SCFAs) and bile acid
metabolites were performed at the T0, T1, and T2 time
points. Metformin for 2 weeks significantly increased fecal

concentrations of butyrate and propionate (Figs. 5A, 5B). A
heatmap was plotted using log2 fold changes relative to the
compound’s median value (Supplementary Fig. S8).

Fecal contents were also quantitatively analyzed for
an array of primary, secondary, and tertiary bile acids.
In the metformin T2 group, the fecal levels of cholic,
deoxycholic, and isodeoxycholic acids were significantly
elevated compared to metformin T0 (Figs. 5C–E). In contrast,
metformin treatment decreased fecal levels of lithocholic,
alloisolithocholic, and 3-oxolithocholic acids (Figs. 5F–H).
A heatmap was constructed using the relative quantita-
tion of fecal levels of 39 bile acids (Supplementary Fig.
S10). In fecal samples, metformin treatment elevated three
primary bile acids: cholic acid, chenodeoxycholic acid, and
muricholic acid. Elevated secondary bile acids included
deoxycholic acid and its derivatives: isodeoxycholic acid,
taurodeoxycholic acid (TDCA), tauroursodeoxycholic acid
(TUDCA), and ursodeoxycholic acid (UDCA). Derivatives of
chenodeoxycholic acid and muricholic acid were also
increased in the metformin-treated cohort, particularly by
week 2 (Supplementary Fig. S11).

Metformin’s Inhibitory Effects on CNV are
Mediated by the Gut Microbiome

To assess whether metformin’s ability to inhibit CNV was
dependent on the gut microbiome, we investigated whether
metformin treatment remained protective in the absence of
the microbiome. The 11-week-old male GF mice were treated
with either daily metformin or vehicle starting 1 week prior
to laser and maintained for 1 week post-laser, similar to
the SPF experiments (Fig. 6A). Metformin treatment did not
suppress CNV or Iba1+ macrophages/microglia infiltration
in the absence of the microbiome in GF mice (Figs. 7A, 7B).

Meanwhile, FMT was performed on antibiotic/antifungal-
treated and GF mice using feces from 2-week metformin-
treated and vehicle-treated SPF donor mice (Figs. 6B, 6C).
In the antimicrobial/antifungal groups, mice transplanted
with fecal material from metformin-treated SPF mice exhib-
ited a 2.1-fold decrease in CNV size and decreased Iba1+
macrophages/microglia around CNV (Figs. 7C, 7D). In GF-
FMT mice, results were largely congruent; GF mice receiv-
ing FMT from metformin-treated mice exhibited a 2-fold
decrease in CNV size along with significant decreases
in Iba1+ macrophages/microglia both in and around the
lesion (Figs. 7E, 7F). Post-FMT 16S sequencing of fecal
pellets in mice that received FMT from donors treated
with metformin confirmed successful transplantation and
showed changes in microbial profiles compared to controls
(Figs. 8, 9). Antibiotic-treated mice receiving FMT showed
moderate separation on principal coordinates analysis
(PCoA; see Fig. 8A), with p(F) < 0.001 (Supplementary
Fig. S13). Specific compositional changes included a signif-
icant decrease in order Clostridiales alongside multiple
genera under Clostridia, including Murimonas, Papillibac-
ter, and Ruminococcus. Genus Clostridium_XVIII of class
Erysipelotrichia also decreased (see Figs. 8B–D). GF mice
receiving FMT showed less separation on PCoA compared
to antibiotic-treated mice (see Fig. 9A), with p(F) = 0.060
(Supplementary Fig. S14). In the GF group, metformin
FMT resulted in a decrease in genera Butyrivibrio, Muri-
monas, and Anaerobacterium – all of which belong to class
Clostridia. Other changes included a decrease in family
Enterococcaceae of class Bacilli and phylum Firmicutes
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FIGURE 4. Metformin-associated alterations in microbiome composition are tied to transcriptomic and functional changes.
(A) Network illustrating significant (P < 0.05) microbiome genera co-abundances within the metformin treated group as determined by
Pearson’s correlation. Metformin treatment for 2 weeks promoted an increased number of positive connections among microbial genera,
especially those within Bacteroidetes, Verrucomicrobia, Actinobacteria, and Firmicutes phyla. Network edges indicate positive (red) and
negative (blue) correlations. Network nodes are colored by phylum origin. (B) Network illustrating significant (P < 0.05) Pearson’s correla-
tion between RPE/choroid RNA-seq gene expression and 16S microbiome genus level abundance at T2 in matched mice. Genes Ccl11 and
Rspo3 (highlighted in red) are involved in angiogenesis and correlate with hub genus Akkermansia. (C) LEfSe rank plot of differentially
abundant pathways in the gut microbiomes of mice treated with metformin for 2 weeks (metformin T2, n = 4) versus the same mice prior to
treatment (metformin T0, n = 4) and control mice after 2 weeks (control T2, n = 4). Twenty-seven (27) abundant pathways were significantly
altered, including enrichment in pyruvate and lipid metabolism and downregulation in CoA biosynthesis and amino acid metabolism.
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FIGURE 5. Metformin alters fecal levels of short-chain fatty acids, bile acids, and other metabolites. Levels of short-chain fatty acids
(SCFAs), branched-chain fatty acids, amino acids, bile acids, and phenolic metabolites were measured in fecal samples of mice at baseline
(Met0), after 1 week of metformin treatment (Met1), after 2 weeks of metformin treatment (Met2), and for age-matched controls of Met2
(Cntrl2). (A) Elevated levels of fecal butyrate were detected in Met2 compared to Met0. (B) Fecal propionate was increased in Met2 compared
to Cntrl2. (C–E) Quantitative boxplots comparing Met0 to Met2 revealed elevations of fecal (C) cholic acid, (D) deoxycholic acid, and (E)
isodeoxycholic acid in Met2 compared to Met0. (F–H) In contrast, metformin treatment decreased fecal levels of (F) lithocholic acid, (G)
alloisolithocholic acid, and (H) 3-oxo-lithocholic acid. Statistical testing was performed using the Wilcoxon signed-rank tests, with P values
adjusted by false discovery rate using the Benjamini-Hochberg method.

(see Figs. 9B–D). A full list of all differential abundance
changes is included in Supplementary File S1. Targeted
QT-PCR of the genes Dll4, C5ar1, Ccl11, Pgf, and Tie1
did not reveal statistically significant differences between
GF control and metformin-treated mice (Supplementary
Table S2).

DISCUSSION

The potential protective effects of metformin on AMD
have attracted considerable interest in recent years. In
this study, we demonstrate that a short course of oral
metformin inhibits CNV in mice and alters angiogenesis- and
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FIGURE 6. Schematic of GF-metformin and fecal microbiota transplantation (FMT) experiments. (A) Germ-free (GF) mice were given
metformin or vehicle via oral gavage 1 week prior to laser induction. (B) Fecal microbiota transplantation (FMT) was performed using feces
collected from donors treated with either metformin or vehicle for 2 weeks. (C) GF and antibiotic (AB)-treated mice received FMT for 1
week followed by CNV laser induction and euthanization 1-week post-laser.

AMD-related chorioretinal pathways via modulation of gut
microbiota and microbiota-derived metabolites. These find-
ings are in line with emerging data of a link between the
gut microbiome and CNV pathogenesis and provide exciting
insight that modulating the gut microbiome with interven-
tions, such as metformin, can reduce CNV features.

Effects of short-term metformin intake on gut micro-
biota composition have not been investigated to date. Inter-
estingly, several human and animal studies have linked
the gut microbiome to metformin’s mechanism of action,
citing its ability to maintain the gut barrier and promote
butyrate-producing bacteria (e.g. Akkermansia), as seen
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FIGURE 7. Metformin’s inhibitory effects on CNV are mediated by the gut microbiome. (A,B) GF mice treated with metformin showed no
difference in CNV and Iba1+ macrophages/microglia infiltration compared to vehicle-treated counterparts. However, FMT from metformin-
treated SPF mice (FMT-MET) reduced CNV size and Iba1+ macrophages/microglia infiltration in (C, D) antibiotic-treated and (E, F) GF
mice.

in our study. Notably, this was shown to improve reti-
nal neuroprotection.33,34 Bifidobacterium, a known probi-
otic that improves gut immunity and barrier function,35,36

is diminished in patients with severe AMD, indicating that
metformin may be protective through its increased abun-
dance.14 Furthermore, multiple species of Akkermansia and
Bifidobacterium are decreased in other ocular inflamma-
tory diseases, such as uveitis.37 Clostridia’s relative abun-
dance was most influenced by metformin intake and is asso-
ciated with AMD features in patients and animal models.38

In our study, however, not all subgroups of Clostridia were
decreased by metformin intake. Interestingly, families of
Clostridia decreased by metformin treatment have been
associated with worsening of retinal diseases. Specifically,
Roseburia is more abundant in patients with proliferative
diabetic retinopathy and retinal artery occlusion.39,40 The
distinct influence of oral metformin intake on other fami-
lies of Clostridia is also uncovered by the co-occurrence
network, which is not readily appreciated by relative abun-
dance analyses. For instance, Oscillibacter and Oscillospira,
also associated with AMD, are decreased by metformin treat-
ment.41 Similarly, patients with nAMD have shown increased

microbial functional pathways including L-alanine fermen-
tation, glutamate degradation, and arginine biosynthesis.41

Our results indicate that metformin treatment may reverse
these characteristic profiles – a key change since amino
acids and polyunsaturated fatty acids play crucial roles in
retinal function.42–49 Thus, metformin alters the microbial
metagenome in a potentially beneficial manner, leading to
modulated functional pathways that are integral to AMD
pathogenesis.42,47,50

Meanwhile, metformin’s effects on the RPE/choroidal
transcriptome demonstrate that most of the metformin-
regulated genes encoded angiogenesis-related functions,
including downregulation of pro-angiogenic genes Tie1, Pgf,
and Gata2. Tie1 is a major player in pathologic angiogen-
esis pathways and a suggested target of therapeutic inter-
vention in retinal vascular diseases including nAMD.51–53

Besides the association of Pgf and Gata2 with VEGF path-
ways, Pgf has been identified as a susceptibility gene in
specific nAMD populations.54–56 This transcriptomic effect
extends to inflammatory and immune processes in the retina
as well, potentially regulating CNV progression. Meanwhile,
it is well-documented that the complement system plays
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FIGURE 8. FMT from metformin-treated SPF mice changes microbiome composition in antibiotic-depleted mice (Abx). (A) Principal
coordinate analysis (PCoA) at the OTU level for antibiotic-treated mice receiving FMT shows moderate separation after two treatments
(post-FMT2, n = 11). (B) Representative stacked bars of relative bacterial order abundance in gut microbiota show a decrease in Clostridiales
and upward trend in Bacteroidales and Verrucomicrobiales with metformin FMT. (C) Boxplots of CLR abundances for select differentially
detected taxa. FMT from metformin-treated SPF mice resulted in a significant decrease in order Clostridiales (logFC = −0.95) alongside
multiple genera under Clostridia, includingMurimonas (logFC = −2.76), Papillibacter (logFC = −2.08), and Ruminococcus (logFC = −6.03).
Genus Clostridium_XVIII of class Erysipelotrichia also decreased (logFC = −2.17). (D) Heatmap of differentially detected microbiome genera
(FDR < 0.1). Abundance values are normalized by sample. Phylum and order level information for genera are shown.

an integral role in the pathogenesis of AMD and CNV
formation.57 Thus, the metformin group’s downregulation of
complement component C5AR1 may function in a protective
role when paired with C3 inhibition. The downregulation
of cytokine CCL11, a ligand for CCR3, further supports the

protective role of metformin as evidenced by CCR3’s expres-
sion in AMD-induced CNV lesions.58 When compared to
results from prior literature, such as Xu et al., our results did
not show significant change in specific genes related to mito-
chondrial function, including Parp14,Gadd45b, and Coxii.59
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FIGURE 9. FMT from metformin-treated SPF mice changes microbiome composition in germ-free (GF) mice. (A) Principal coordinate
analysis (PCoA) at the OTU level for GF mice receiving FMT shows less separation after two treatments (post-FMT2, n = 6) compared
to antibiotic-treated mice. (B) Representative stacked bars of relative bacterial order abundance in gut microbiota show a decrease in
Clostridiales and upward trend in Bacteroidales, Bifidobacteriales, and Lactobacillales with metformin FMT. (C) Boxplots of CLR abundances
for select differentially detected taxa. FMT from metformin-treated SPF mice resulted in a significant decrease in genera Butyrivibrio (logFC
= −5.82), Murimonas (logFC = −6.58), and Anaerobacterium (logFC = −5.53) from class Clostridia. Other changes included a decrease
in family Enterococcaceae (logFC = −4.96) of class Bacilli and phylum Firmicutes (logFC = −0.86). (D) Heatmap of differentially detected
microbiome genera (FDR < 0.1). Abundance values are normalized by sample. Phylum and order level information for genera are shown.

However, our transcriptomic data stems from oral metformin
delivery compared to subcutaneous delivery with Xu et al.
This suggests that metformin may differentially impact tran-
scriptomic expression in the RPE/choroid depending on its
systemic availability with subcutaneous delivery or recruit-
ment of the microbiome with oral delivery. Additionally,

Xu et al. specifically analyzed retinal tissue, whereas here
we focused on the RPE/choroid, suggesting spatial tran-
scriptomic differences may exist in response to metformin
treatment.

Although it is unclear how metformin drives these
changes in peripheral tissues, there are a number of possibil-
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ities. The absent protective effects of metformin in GF mice,
and reconstituted protection with microbial transplantation
from donors treated with metformin, imply a direct role
for the microbiome in mediating metformin’s actions. One
explanation may lie with metformin-mediated alterations in
the metabolome. With metformin treatment, we identified
significant elevations in fecal SCFAs, butyrate and propi-
onate, which is consistent with human metformin studies
demonstrating similar shifts in microbial composition.60–62

SCFAs regulate intestinal epithelial integrity and host immu-
nity, with studies suggesting that regulation of retina-specific
T-cells may rely on gut microbiota interactions.63 In addition
to regulating immune and inflammatory responses, butyrate
has also been shown to diminish CNV lesion size, with
supporting in vitro evidence of reduced VEGFA and VEGFR2
signaling.64,65 SCFAs may also contribute to RPE-choroid
transcriptional changes. For example, SCFAs can downregu-
late complement system expression, including C5AR1, which
was found downregulated in the RPE-choroid.66 There-
fore, metformin’s protective effects on CNV lesion size
and macrophage/microglia recruitment may partly result
from increased levels of butyrate and propionate, which
can modulate angiogenesis, immunity, and/or transcriptional
pathways in the eyes.

In addition to SCFAs, bile acids were also altered
by metformin, including increased relative abundances of
microbiota-associated metabolites UDCA and TUDCA. These
molecules’ neuroprotective effects have been examined
in various neurologic diseases and may extend to reti-
nal pathology.67 For example, UDCA has been shown to
attenuate blood-retinal barrier breakdown and inflamma-
tion by modulating expression of tight junction proteins,
VEGF, NFκB, and iNOS.68 In nAMD mouse studies, oral
UDCA significantly reduced laser-induced CNV lesion size
and decreased VEGF protein expression.69 These findings
are corroborated in nAMD rat models, where TUDCA or
UDCA treatment before and after laser-induced CNV success-
fully reduced lesion size.70 Altogether, the increased rela-
tive abundance of TUDCA and UDCA following metformin
treatment may partly explain the microbiome-dependent
protection of oral metformin on CNV lesion size and
macrophage/microglia recruitment.

Our study has several limitations. One cannot be sure if
the protective effects of metformin against CNV are from
direct effects of systemically absorbed metformin, as the
quantity of drug present in ocular tissue was not determined.
Nevertheless, our GF and FMT experiments demonstrate
that metformin’s effects are at least partially mediated by
gut-retina axis modulation. Second, the laser-induced CNV
model does not completely represent nAMD, as the human
retina’s anatomy and physiology differ from animal models.
Similarly, these changes in the mouse microbiome may not
translate to changes in the human microbiome. Studies
that assess functional changes and incorporate proteomics
within the RPE/choroid are needed. Furthermore, laser-
induced CNV lesions only represent a small portion of
chorioretinal tissue analyzed for transcriptomics, which may
have diluted the number and fold-changes of the affected
DEGs. Finally, it is important to acknowledge that our study
included only male mice. Previous studies have shown
increased susceptibility to CNV among female mice, postu-
lated to be tied to expression levels of estrogen and its pro-
angiogenic effects.71–73 Additionally, cellular and molecular
response to metformin varies by sex across multiple tissue
types, including neurologic tissue.74,75 Levels of metformin

achieved in plasma and the brain also depend on sex.76

Furthermore, it has been shown that metformin alters gut
microbiome composition and metabolic markers differently
by sex.77,78 Given this, further study is needed to elucidate
sex-specific differences in CNV progression and rescue in
the context of metformin use.

Our report provides an initial description of the inhibitory
effects of oral metformin on CNV, the hallmark lesion
in nAMD, by modulating microbial composition, fecal
metabolomics, and RPE/choroid transcriptomics. This study
provides new insight into a potential novel treatment strat-
egy for AMD by harnessing metformin’s protective effects
on the gut-retina axis. Future studies are needed to further
delineate the underlying mechanisms of how metformin
induces changes to specific microbial populations and inter-
acts with nAMD-related pathogenesis.
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