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Maternal microbiome perturbation alters neonatal retinal vascular development
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Abstract

Background: Maternal and early-life microbial exposures can influence developmental
physiology, but whether perinatal microbiome perturbation affects neonatal vascular
development remains poorly understood. We investigated whether perinatal microbiome
perturbation alters retinal angiogenesis and explored maternal milk metabolic signals
associated with this phenotype.

Methods: Maternal microbiota were perturbed
metronidazole, amphotericin B and ampicillin (VNMAA), with germ-free mice included as
a microbiota-deficient comparator. Retinal vascular development was assessed at
postnatal day (P)6 and P12. Reciprocal faecal microbiota transplantation (FMT) was used
to modify maternal microbial state. Maternal and pup caecal communities were
characterised by whole-genome shotgun sequencing, and maternal milk was analysed by
metabolomic profiling. Choline was assessed in human umbilical vein endothelial cells
using metabolic activity and tubule formation assays.

using vancomycin, neomycin,

Results: VNMAA and germ-free conditions were associated with reduced P6 retinal
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vascular extension, while this difference was no longer evident at P12. Persistent abnormalities in P12 deep plexus
density, descending branches and vascular complexity were observed. Reciprocal FMT modified offspring vascular
density. Maternal and pup microbiomes differed in community structure (permutational multivariate analysis of
variance, P < 0.001), whereas the four maternal groups did not (P = 0.186). Milk metabolomic profiling identified
glycerophospholipid metabolism as a recurrent metabolic signature. Choline was not significantly altered but
increased endothelial tubule formation in vitro.

Conclusion: Perinatal microbiome perturbation is associated with delayed retinal vascular development and
persistent abnormalities in vascular maturation. These findings identify maternal milk glycerophospholipid-
associated metabolism as a candidate link between microbial state and neonatal vascular development and support
choline as an endothelial-active metabolite requiring in vivo investigation.

INTRODUCTION

Vascular development is a fundamental component of organogenesis and early postnatal tissue maturation.
The formation, expansion, and remodelling of vascular networks ensure oxygen delivery, nutrient transport,
immune surveillance, and metabolic homeostasis during periods of rapid growth. Disruption of vascular
development during early life can therefore have consequences that extend beyond the immediate
developmental window. This concept is consistent with the developmental origins of health and disease
framework, which proposes that environmental exposures during critical windows of development can shape

[1-3

later physiological function and disease susceptibility"*. While this framework has traditionally focused on
maternal nutrition, placental insufficiency, hypoxia, and endocrine signalling, increasing evidence suggests
that the maternal microbiome may represent an additional and underexplored determinant of offspring

developmental programming.

Angiogenesis, the process by which new vessels sprout from pre-existing vasculature, is tightly regulated by
growth factors, metabolic cues, extracellular matrix interactions, and endothelial cell-intrinsic signalling
pathways™*. The neonatal mouse retina provides a particularly powerful model for studying physiological
angiogenesis because its vascularisation occurs postnatally in a stereotyped and temporally defined manner.
During the first postnatal week, vessels expand radially from the optic nerve head to form the superficial
vascular plexus. Subsequently, endothelial sprouts descend into the retina to form the deep and intermediate
plexuses, generating a three-dimensional vascular network that supports the metabolic demands of the
developing neural retina . This predictable sequence allows investigators to distinguish early defects in
vascular extension from later abnormalities in plexus formation, branching, and vascular maturation. The
mouse retina is therefore widely used to study mechanisms of developmental angiogenesis and to model
pathological retinal vascular disorders, including oxygen-induced retinopathy!”'*2.

Endothelial cells are highly responsive to their metabolic environment. During sprouting angiogenesis,
endothelial cells must proliferate, migrate, extend filopodia, remodel membranes, and form lumenised
networks. These processes require coordinated regulation of energy metabolism, lipid synthesis, membrane
turnover, and redox balance. Canonical angiogenic pathways such as vascular endothelial growth factor
(VEGF) and Notch signalling are increasingly understood to act in concert with endothelial metabolic
programmes!*'*"'*l. For example, PFKFB3-driven glycolysis regulates endothelial tip-cell behaviour,
cytoskeletal remodelling, and vessel branching, demonstrating that metabolic state is not merely supportive
but functionally instructive during angiogenesis'”*). Although much attention has focused on glucose
metabolism, lipid and phospholipid metabolism are also essential for endothelial proliferation, membrane
biogenesis, and signalling"*'*. These observations raise the possibility that maternal or neonatal metabolic
environments could directly influence angiogenic capacity during early development.
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The gut microbiota is increasingly recognised as a regulator of host metabolism, immune maturation, and
developmental physiology. In adults, microbial metabolites influence systemic metabolic tone, inflammatory
pathways, and vascular function!"'. In early life, the microbiome is particularly important because
microbial colonisation occurs alongside rapid maturation of immune, metabolic, neurological, and epithelial
systems. The infant gut microbiome is dynamic and undergoes functional maturation over the first months
and years of life”***). Maternal microbial communities contribute to this process through vertical
transmission at birth, contact during nursing, and exposure to maternal-derived microbial products and
metabolites. However, the neonatal gut microbiome is not immediately equivalent to the mature maternal
microbiome; instead, it is sparse, dynamic, and shaped by delivery mode, feeding, antibiotics, and
environmental exposure. This distinction is important when interpreting early postnatal phenotypes:
maternal microbial effects on offspring development may occur before the offspring microbiome is fully
established.

A growing body of experimental work supports the idea that maternal microbiota can shape offspring
development through mechanisms that do not require a mature offspring microbiome. Transient
colonisation of germ-free pregnant mice demonstrated that the maternal microbiota can drive early postnatal
innate immune development in offspring*”. Maternal gut microbiota-derived short-chain fatty acids have
been shown to influence offspring metabolic phenotypes through embryonic GPR41 and GPR43
signalling””!. Maternal microbiome depletion and selective reconstitution can also alter foetal
neurodevelopment in mice, with effects on axonogenesis and brain metabolite availability”®®. More recent
metabolomic studies in germ-free and specific pathogen-free pregnancies have shown that maternal
microbial status influences metabolite profiles in foetal intestine, brain, and placenta”*"!. Together, these
studies establish maternal microbiota as a developmental regulator acting through microbial metabolites,
maternal physiology, and maternally transferred molecular cues.

Despite these advances, the role of maternal microbiota in vascular development remains poorly understood.
Prior studies have implicated maternal microbial status in immune, metabolic, and neurodevelopmental
outcomes, but whether maternal microbiota regulates developmental angiogenesis has not been defined. This
represents a major gap because vascular development is essential for organ maturation and may represent an
intermediary mechanism linking maternal exposures to long-term cardiometabolic and neurovascular risk.
Moreover, because retinal vascularisation in mice occurs largely during the postnatal lactation period, it
provides an opportunity to examine whether maternal microbial signals influence angiogenesis after birth
through maternal-derived factors.

Human milk is a biologically active interface between maternal physiology and neonatal development.
Beyond macronutrient delivery, milk contains lipids, phospholipids, amino acids, oligosaccharides, immune
mediators, hormones, microbial products, and small metabolites that contribute to immune maturation,
microbial colonisation, growth, and organ development”' . Human milk composition varies with
gestational age, lactational stage, maternal metabolic status, and other maternal factors™ “°!. Metabolomic
studies have shown that milk contains dynamic low-molecular-weight metabolite profiles and that these
profiles are associated with infant growth and developmental outcomes***!l. Maternal adiposity and obesity
have also been associated with changes in the human milk metabolome, supporting the concept that
maternal physiology can alter milk-derived biochemical signals"*”**. These observations make milk a
plausible conduit through which maternal microbiome-dependent metabolic changes could influence
neonatal vascular development.

Among milk-derived metabolic pathways, glycerophospholipid metabolism is particularly relevant to
developmental biology and angiogenesis. Human milk phospholipids, including phosphatidylcholine and
related lipid species, vary with gestational and lactational age and are recognised as bioactive components
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important for infant development®***. Glycerophospholipids provide structural components for cellular
membranes and act as precursors for signalling molecules involved in proliferation, migration, and cellular
stress responses. Choline is a central metabolite within this pathway. It contributes to phosphatidylcholine
synthesis, methyl-donor metabolism through betaine, acetylcholine production, and membrane
biogenesis!***”). Choline availability is especially important during development, when rapid cellular
proliferation and tissue growth increase demand for membrane synthesis and one-carbon metabolism.

Choline also has precedent in developmental angiogenesis. Maternal dietary choline deficiency has been
shown to alter angiogenesis in the foetal mouse hippocampus, decreasing endothelial cell proliferation and
reducing vessel number while modifying expression of angiogenic genes such as VEGFc and Angpt2"**. In
endothelial cells, phosphatidylcholine metabolism is an active and regulated pathway, and exogenous
phosphocholine can influence choline uptake and phosphatidylcholine synthesis'*”. Choline availability has
also been shown to influence retinal development directly, with reduced maternal choline availability during
pregnancy disrupting retinal progenitor cell differentiation and retinal structure in offspring"*’. In addition,
choline insufficiency has been reported to alter angiogenic and inflammatory responses in cultured human
trophoblasts””’. These findings support the biological plausibility that altered choline or phosphatidylcholine-
related metabolite availability could affect endothelial function during vascular development. However,
whether maternal microbiota regulates milk choline-related metabolites, and whether these metabolites
influence neonatal angiogenesis, has not been established.

Here, we investigate whether perinatal microbiome perturbation is associated with neonatal retinal
angiogenesis and whether maternal milk metabolites may contribute to this relationship. Using antibiotic-
induced microbiome perturbation, germ-free animals, reciprocal faecal microbiota transplantation, whole-
genome shotgun sequencing, retinal vascular phenotyping, targeted metabolomic profiling, and endothelial
functional assays, we investigate a proposed microbiota-milk metabolite-vascular axis. We show that
perinatal microbiome perturbation delays early retinal vascular expansion and is associated with persistent
abnormalities in deep plexus maturation, that reciprocal faecal microbiota transplantation (FMT) modifies
neonatal vascular development, and that maternal microbial state is associated with differences in milk
glycerophospholipid metabolism. Finally, we identify choline as an exploratory candidate metabolite capable
of modulating endothelial metabolic activity and angiogenic behaviour in vitro.

MATERIALS AND METHODS

Mice

Animal studies were designed and reported in line with ARRIVE 2.0 recommendations. All animal
procedures were conducted in accordance with the UK Animals (Scientific Procedures) Act 1986 and
approved by the UK Home Office, in line with Directive 2010/63/EU on the protection of animals used for
scientific purposes. C57BL/6] mice were purchased and maintained in-house at the Disease Modelling Unit
(DMU), University of East Anglia, under project licence PP8873233 and under specific pathogen-free
conditions, with ad libitum access to food and water and appropriate environmental enrichment. Female
mice were weighed when breeding trios were established and then weighed weekly to estimate gestational
stage. Once approximately two weeks pregnant, females were transferred to a fresh cage for treatment and
weighed each time treatment was administered.

Germ-free animals (also on a C57BL/6] background) were maintained in sterile isolators under gnotobiotic
conditions at the DMU. Germ-free pups were collected at matched developmental time points for retinal
vascular analysis and were used as an independently maintained microbiota-deficient comparator group.
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Pregnant dams were randomly allocated to experimental groups, with allocation performed at the dam/litter
level, with breeding date and litter age considered when allocating animals to minimise imbalance between
groups. Where experiments were performed across multiple experimental days, treatment groups were
distributed across experimental blocks. Reciprocal FMT donor and recipient groups were processed in
parallel. Experimental processing, staining, imaging, sequencing, and analysis were performed in a manner
designed to minimise confounding by experimental day, cage location, batch, and processing order.

For in vivo experiments, the dam/litter was considered the unit of treatment allocation because microbiome
depletion and FMT were applied at the maternal/litter level, while individual pups/retinas represented the
unit of measurement for retinal vascular outcomes. Where multiple pups from the same litter were analysed,
litter or biological repeat structure is indicated in the corresponding colour-coded plots so that litter-to-litter
variation can be visualised. Both male and female pups were included. Sex was recorded where possible but
was not used as a stratification factor because experiments were not powered to detect sex-specific effects.

Sample sizes were based on previous experience with neonatal retinal angiogenesis assays and microbiome-
manipulation studies, using the minimum number of animals required to detect biologically meaningful
differences while accounting for litter-to-litter variability and maintaining ethical reduction of animal use.
No formal a priori power calculation was performed. Exact n values for each analysis are reported in the
relevant figure legends, where n indicates the number of individual retinas, pups, dams, wells, fields, or
biological repeats analysed, as appropriate. N indicates the number of independent litters, dams, or biological
repeats, where applicable.

Where possible, pregnant dams were allocated to treatment groups to balance breeding date, litter age, and
experimental processing order. For reciprocal FMT experiments, donor and recipient groups were processed
in parallel to minimise confounding by collection date, cage location, staining batch, imaging batch, or
analysis order. Germ-free animals were analysed as an independently maintained microbiota-deficient
comparator group and were collected at matched developmental time points.

Microbiome-manipulation experiments in mice are sensitive to litter, dam, and cage effects™”.. In this study,
antibiotic treatment and FMT were applied at the maternal/litter level, and offspring retinal measurements
were therefore nested within maternal/litter-level exposure groups. For retinal vascular analyses, individual
retinas were used as the measurement unit, while biological repeat/litter identity was retained and visualised
in the corresponding colour-coded plots. For microbiome analyses, the number of maternal and pup caecal
samples was limited, and these data were therefore interpreted primarily as treatment-associated microbial
profiles rather than as a fully powered analysis of cage-dependent microbiome variation. Where possible,
experimental groups were processed in parallel to reduce confounding by collection date, staining batch,
imaging batch, sequencing batch, and analysis order.

Antibiotic-induced maternal microbiome depletion

Two-week gestational females were administered 0.2 mL of a broad-spectrum antibiotic cocktail consisting
of vancomycin, neomycin, metronidazole, amphotericin B, and ampicillin (VNMAA) by oral gavage three
times weekly until the pups were born. Treatment continued to be administered to both mothers and pups
until P6 or P12. Pups received the VNMAA solution by placing a 10 pL drop directly into the mouth using a
pipette. This non-invasive oral administration method was approved by the local animal facility veterinary
team. Pups were not weighed at the time of administration; therefore, pup antibiotic exposure is reported as
administered volume rather than mg/kg.
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The antibiotic cocktail contained vancomycin (5 mg/mL, Merck Life Science), metronidazole (10 mg/mL,
Merck Life Science), neomycin (10 mg/mL, Merck Life Science), amphotericin B (0.2 mg/mL, Merck Life
Science) and ampicillin (1 mg/mL) prepared in drinking water.

Pups born to control and VNMAA-treated dams were collected at Pe6 or P12 for retinal vascular analysis.
Maternal and pup caecal contents were collected for microbiome analysis in designated experiments.

Faecal microbiota transplantation

Faecal pellets were collected separately (at P1) from both control and antibiotic-treated dams in sterile
Eppendorf tubes and kept on ice. Pellets were weighed, a sterile solution of 10% glycerol (Merck) in normal
saline (0.9% NaCl) was added to the pellets at a 30:70 faecal material to glycerol/normal saline solution, then
centrifuged to produce a slurry which was stored at -80 °C until use*’.

Animal experiments were set up as above with treatment ceasing when pups were P6. At P7, recipient
mothers were administered by oral gavage (0.2 mL) with a reciprocal FMT. Experimental groups included
control, VNMAA-treated, VNMAA dams receiving control FMT, and control dams receiving VNMAA-
associated FMT. Retinas were collected from offspring at P12 for vascular phenotyping.

Tissue collection

Pups were culled at P6 or P12. Eyes were enucleated and fixed in 4% paraformaldehyde for 1 h at 4 °C, then
transferred to 2X PBS for 30 min at 4 °C. Retinas were dissected in phosphate-buffered saline (PBS) under a
stereomicroscope, with care taken to remove the hyaloid vasculature and preserve retinal structure.

Maternal and pup caecal contents were collected aseptically at the time of sacrifice, snap-frozen in liquid
nitrogen, and stored at -80 °C until DNA extraction. Maternal milk was collected at P12 for metabolomic
analysis as described below.

Inclusion and exclusion criteria

The prespecified primary in vivo outcomes were retinal vascular extension at P6 and P12 and P12 deep
plexus vascular density, selected on the basis of established measures of neonatal retinal angiogenesis.
Secondary retinal outcomes included superficial plexus vessel density and descending branch density. No
single outcome was used for an a priori power calculation because no formal power calculation was
performed. For microbiome analyses, outcome measures included genus-level relative abundance profiles in
maternal and pup caecal samples. For milk metabolomics, outcome measures included pathway enrichment
and relative abundance of metabolites, with particular focus on glycerophospholipid metabolism and
choline-related metabolites. For endothelial assays, outcome measures included human umbilical vein
endothelial cell (HUVEC) metabolic activity and HDF/HUVEC tubule formation.

Inclusion and exclusion criteria were defined before quantitative analysis. Pups were included if they were
collected at the specified developmental stage, had intact eyes/retinas suitable for dissection, and belonged to
the relevant experimental group. Retinas were included in plexus analysis only if staining quality, tissue
integrity, and z-stack acquisition were sufficient to distinguish the superficial, intermediate/descending
branch, and deep vascular layers. Images or regions were excluded only where technical artefacts prevented
reliable quantification.

No animals or samples were excluded based on the observed vascular phenotype. Where exclusions
occurred, they were due to technical failure during tissue collection, staining, imaging, or image analysis.
Exact n values after exclusion are reported in the corresponding figure legends. Samples failing library



Dreger et al. Microbiome Res Rep. 2026;5:28 Page 7 of 27

preparation or producing insufficient sequencing data for reliable analysis were excluded from microbiome
analysis.

Retinal whole-mount immunostaining

Retinas (P6/P12) were stained for immunofluorescence as described previously by Benwell et al.**. Briefly,
after dissection, retinas were fixed for 20 min in ice-cold methanol prior to blocking and immunostaining.
Retinas were first permeabilised in 0.3% Triton/PBS three times for ten min at room temperature (RT),
washed twice (15 min each) in PBLEC in the dark, then blocked for 30 min in Dako Block (Agilent Dako
#X090930-2) for 30 min in the dark at RT. Retinas were incubated overnight at 4 °C in FITC-conjugated
B4/BS1-lectin (made up in PBLEC) (L9831, Sigma 1:250). The retinas were washed three times for ten min in
0.1% Triton/PBS in the dark at RT, then mounted with Fluoromount (Thermo Fisher). Retinas were imaged
using a Zeiss LSM880 Airyscan Confocal microscope with identical acquisition settings across comparable
groups. Whole-retina images were obtained for vascular extension analysis, while higher-magnification z-
stack images were obtained for superficial, intermediate (descending vessel), and deep analyses. Vascular
extension analysis (P6) and percentage of vascularisation (P12) were performed using Image] while vessel
density analysis of z-stacks (P12) was performed using Image] first to convert images then analysed in
AngioTool.

Quantification of retinal vascular development
P6 vascular extension was quantified as the radial distance from the optic nerve head to the angiogenic front.
Measurements were taken in three quadrants per retina and averaged to generate a single value per retina.
P12 vascular extension was quantified similarly to assess whether the early delay in superficial vascular
outgrowth persisted at later developmental stages.

For P12 plexus analysis, confocal z-stacks were separated into superficial, intermediate/descending branch,
and deep vascular layers. Z-stacks were opened as TIFF files in Image]/Fiji, and a representative image for
each vascular layer was generated using Image > Stacks > Z Project, with the first and last image numbers
selected to encompass the corresponding plexus. Images were adjusted using Image > Adjust >
Brightness/Contrast to reduce background and improve visualisation of the vasculature, then saved as TIFF
tiles using coded sample and plexus identifiers. The same image-processing approach and analysis settings
were applied across experimental groups.

Plexus-specific vessel density and branching were quantified using AngioTool. Images were imported into
AngioTool and the image resolution was set in pixels per millimetre. Analysis settings were optimised to
accurately map the vasculature and then kept consistent across all samples. Vessel density and branch-point
measurements were obtained from the analysed images. Where multiple regions were analysed within a
retina, measurements were averaged to generate a single value per retina. Vessel density was expressed as a
percentage relative to water-treated controls.

For quantification of overall deep plexus vascularisation at P12, tiled confocal images of whole-retina flat
mounts were analysed using Image]/Fiji. The image scale was set using Analyse > Set Scale and applied
globally to all images. Images were adjusted using Brightness/Contrast and converted to an RGB stack. The
retinal boundary was outlined using the polygon selection tool and the total retinal area was measured.
Images were subsequently converted to 8-bit, and a threshold was applied to identify the vascular signal.
Vessel area was measured using Analyse > Measure with area and limit-to-threshold measurements enabled.
The percentage vascularisation was calculated as vessel area divided by total retinal area x 100, and values
were subsequently normalised to water-treated controls and expressed as percentage vascularisation relative
to control.
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Quantification was performed using identical image-processing and thresholding parameters across
comparable experimental groups. Investigators performing retinal image acquisition and quantitative image
analysis were blinded to experimental group wherever technically feasible. Group identities were coded
during image analysis, and quantitative measurements were performed before treatment identities were
revealed. Investigators administering VNMAA or FMT were necessarily aware of treatment allocation.

DNA extraction and whole-genome shotgun sequencing

Caecal material was weighed into MPBio Lysing Matrix E bead-beating tubes (MPBiomedical, Germany);
then, DNA extraction was completed according to the manufacturer’s protocol for the MPBio FastDNA™
SPIN Kit for Soil (MPBiomedical, Germany) with an increase in the bead-beating time to 3 min. DNA
recovered from these samples was assessed using a Qubit® 2.0 fluorometer (Thermo Fisher).

Whole-genome shotgun sequencing was performed as described previously”. Briefly, DNA was extracted
from caecal material using the MPBio FastDNA SPIN Kit for Soil, with an extended bead-beating step.
Sequencing libraries were prepared using a modified Illumina Nextera low-input tagmentation approach.
Genomic DNA was normalised to 0.5 ng/pL, and 1 ng total DNA was used for tagmentation. Libraries were
amplified using Nextera XT index primers, quantified, pooled in equimolar amounts, and size-selected using
KAPA Pure Beads. The final library pool was quantified using Qubit and assessed using an Agilent
Tapestation prior to sequencing. Whole-genome shotgun sequencing was performed using 2 x 150 bp
paired-end sequencing, generating approximately 8-10 GB of sequence data per sample, corresponding to
approximately 30-40 million paired-end reads per sample.

Libraries were sequenced on an Illumina NextSeq 500 using a Mid Output v2 300-cycle flow cell, with a 1%
PhiX spike-in. Raw data were converted to FASTQ files using Illumina BaseSpace. FASTQ reads were
quality-filtered (adapter sequences removed) using fastp v0.21.0"°.. Host-associated reads were removed
using Kraken2 v2.1.2""”). Metagenomic purified reads were parsed into Kraken2 v2.1.2 for taxonomic
profiling (Kraken2 standard RefSeq indexes retrieved from https://benlangmead.github.io/aws-indexes/k2),
with confidence level set at 0.1. Bracken v2.6.2*" was then utilised to re-estimate the relative abundance of
taxa at both genus and species level (-t set at 10) from Kraken2 outputs as recommended.

For functional analysis, clean reads were concatenated for each sample prior to analysis. Taxonomic profiling
was performed using MetaPhlAn v4.0""" with the --unknown_estimation and --add_viruses options and the
ChocoPhlAn v30 database. Functional profiling was performed using HUMAnN v3.0.0°"" alpha with
UniRef90 translated search mode and DIAMOND vo0.9.24. Taxonomic and pathway outputs were
normalised to relative abundance. Relative abundance data were analysed in R and visualised using ggplot2.
Where applicable, differential taxa or pathway abundance was assessed using Wilcoxon-Mann-Whitney
tests, with Benjamini-Hochberg correction for multiple testing.

Maternal milk collection

Maternal milk was collected from lactating dams at P12. Dams were separated from pups for 4 h prior to
milk collection to allow milk accumulation. Dams were administered oxytocin [0.1 mL (2 TU/kg)]
intraperitoneally to stimulate milk let-down for 5 min then anaesthetised. Before collection, the dam was
gently restrained and the ventral mammary area was wiped with 70% ethanol to minimise potential external
contamination. Milk was then expressed manually from the mammary glands using a sterile collection tube
and collected directly into the tube. Approximately 100uL of whole milk was obtained from each dam for
metabolomic analysis. Samples were immediately placed on ice and subsequently stored at -80 °C until
analysis. After milk collection, dams were culled. Samples were collected from control, VNMAA-treated,
VNMAA + control FMT, and control + VNMAA FMT dams.
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Targeted milk metabolomics

Targeted metabolomic profiling of maternal whole milk (5-25 pL of milk in a sterile Eppendorf tube) was
performed by BIOCRATES Life Sciences AG (Innsbruck, Austria) using the MxP® Quant 500 assay to
measure endogenous metabolites. Flow injection analysis-tandem mass spectrometry (FIA-MS/MS) using a
SCIEX API 5500 QTRAP was used to measure lipids and hexoses, while liquid chromatography-tandem
mass spectrometry (LC-MS/MS) was used to measure small molecules. Sciex Analyst® software was used to
calculate metabolite concentrations and Biocrates® MetIDQ™ software was used for further data analysis.
MetaboAnalyst (free online software) was used to analyse the returned Biocrates metabolomic data.
Metabolite concentrations were determined by Biocrates using the internal-standard-based quantification
procedure incorporated within the MxP® Quant 500 assay. Stable-isotope-labelled internal standards are
included within the assay for quantitative correction of analytical variability and are used according to the
manufacturer’s validated workflow. No additional sample-level normalisation to total protein, lipid content,
milk volume, or another biological denominator was applied. The returned quantitative metabolite data were
subsequently analysed in MetaboAnalyst.

Pathway enrichment analysis was performed to identify metabolic pathways altered across experimental
groups. Comparisons included control versus VNMAA and reciprocal FMT conditions. Particular attention
was given to glycerophospholipid metabolism and associated metabolites, including choline, serine,
methionine, total diacylglycerides, total lysophosphatidylcholine, and total phosphatidylcholine.

Endothelial cell culture

(HUVEGCs, C-12203, Merck) were cultured in M199 media (Merck) supplemented with 20% foetal bovine
serum (FBS), 1% penicillin-streptomycin, 1% L-glutamine, 0.1 mg/mL Endothelial Cell Growth Supplement,
0.1 mg/mL heparin (Merck) in a humidified incubator at 37 °C with 5% CO,. Cells were used between

passages 7-11 and were routinely monitored for morphology and confluence.

For co-culture tubule formation assays, HUVECs were cultured with human dermal fibroblasts (HDFs,
C-12302, Merck). HDFs were cultured in high-glucose DMEM with 10% FBS, 1% penicillin-streptomycin,
and 1% L-glutamine (Merck) under the same conditions as above. Cells were treated with choline at
concentrations ranging from o pM to 20 uM. VEGF at 30 ng/mL served as a positive pro-angiogenic control,
and suramin at 30 M served as a negative control.

To assess both endothelial cell metabolic activity and co-culture tubule formation assays, cells were grown in
serum free/Choline Free IMMLEC media (CFM) prepared using Dulbecco’s MEM (DMEM) High Glucose,
w/ L-Glutamine, Pyridoxine HCI, Sodium Bicarbonate, w/o Glycine, Serine, Choline, Chloride
(D9800-14-25L, Generon) supplemented with varying concentrations of choline chloride (C7017-5G, Merck)
made from a 100mM stock solution.

Endothelial metabolic activity assay

HUVEC metabolic activity was assessed following treatment with varying concentrations of choline. In brief,
96-well plates were coated with 10 pg/mL of fibronectin (FN, F0895-5MG, Merck), incubated for 30 min
then FN was removed. HUVECs were seeded at a density of 2 x 10" cells/well, incubated overnight at 37 °C,
5% CO, in 150 uL/well of complete IMMLEC media (contains 10% FBS). After 24 h, media was removed and
wells were washed twice with sterile PBS. Cells were serum starved for 3 hours in 150 uL/well of serum
free/Choline Free IMMLEC Media (CFM), media was removed then 100 pL of assay medium (Choline Free
IMMLEC (CFM) +/- Choline concentrations (0 pM, 0.1 pM, 0.5 uM, 1 pM, 2.5 uM, 5 uM, 10 uM, 15 uM, 20
uM); complete IMMLEC; 30 ng/mL VEGF in CFM; 30 uM Suramin in CFM) in columns of eight and
incubated for 24 h.
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Endothelial metabolic activity was assessed using the CellTiter 96 AQueous One Solution Cell Proliferation
Assay (Promega, Madison, WI, USA) according to the manufacturer’s instructions. Warmed reagent was
prepared 1:5 in choline-free medium, and 120 uL was added directly to each well containing HUVECs. After
incubation for 1 h at 37 °C, absorbance was measured at 492 nm using a VersaMax microplate reader
(Molecular Devices, USA). Absorbance values were used as a measure of cellular metabolic activity and were
normalised to untreated or vehicle-treated controls and expressed as percentage metabolic activity relative to
control.

Tubule formation assay

Endothelial tubule formation was assessed using an HDF-HUVEC co-culture assay. Briefly, 24-well plates
were coated with FN as above, then HDFs were seeded at a density of 5 x 10" cells/well and incubated in HDF
media at 37 °C/5% CO, for 72 h. Next HUVECs (1 x 10" cells/well) were seeded onto the HDF layer in either,
assay medium (Choline Free IMMLEC (CFM) +/- Choline concentrations (see above); complete IMMLEC;
30 ng/mL VEGF in CEFM; 30 pM Suramin in CEM) in triplicate. Plates were incubated at 37 °C/5% CO, (Day
1) then fed as above on Days 3 and 5. On Day 8, wells were fixed with ice-cold 70% ethanol for 30 min at
room temperature, washed three times for 5 min with PBS then incubated with mouse anti-human CD31
primary antibody (BioRad, MCA1738) for 1 h at 37 °C. Wells were washed again with PBS (as above) then
incubated with goat anti-mouse IgG1 secondary antibody (BioRad, STAR132A) for 1 h at 37 °C followed
with another wash with distilled water (dH,0), 3 times for 5 min. Finally, 1 BCIP/NBT tablet (#B5655,
Merck) was added to 10 mL of water, filtered with a 0.2 pm filter, added to wells, incubated at 37 °C for 15
min then washed with dH,O and air-dried. Images were taken using an SP-105 Inverted Fluorescent
microscope (Brunel Microscopes Ltd), then tubule formation was quantified using ImageJ/AngioTool to
assess the tubule formation percentage, total tubule length and number of branch points. Three independent
biological experiments were performed. Each experiment included three technical repeats per condition,
each comprising three wells, giving nine wells per condition per experiment and 27 wells per condition
before technical exclusions. Tubule formation was quantified across the entire well. Wells were excluded
where imaging artefacts obscured the endothelial network and prevented reliable segmentation of tubules
and junctions.

Statistical analysis

Data are presented as mean + 95% confidence interval (CI). Statistical analyses were performed using
GraphPad Prism version 11.1 and R where indicated for microbiome analyses. For datasets other than
whole-genome shotgun sequencing, a one-way nested analysis of variance (ANOVA) (hierarchical ANOVA)
was used for comparisons involving a single experimental factor, with individual measurements nested
within the corresponding biological repeat or litter. This approach accounted for the hierarchical structure of
the experimental data while retaining individual measurements within each biological repeat. Tukey’s
honestly significant difference (HSD) test was used for post-hoc pairwise comparisons following significant
omnibus effects.

The distribution of data was assessed using the Shapiro-Wilk test and inspection of the data distributions.
Although some individual groups showed evidence of deviation from normality, most datasets showed
broadly compatible distributions. Given the hierarchical experimental design and limited numbers of
independent biological replicates, formal tests of variance homogeneity were not considered sufficiently
informative for all datasets. The suitability of the nested ANOVA was therefore considered in conjunction
with the observed data distributions and biological replicate structure.

For retinal vascular and endothelial assays, the litter or independent biological repeat was retained as the
independent experimental level, while individual retinas, wells, fields, or technical replicates were treated as
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observations nested within the corresponding biological repeat. Each colour in the corresponding plots
represents an independent litter or biological repeat and the mean + 95% CI are shown. Exact sample sizes
and numbers of independent biological repeats are provided in the figures.

Whole-genome shotgun sequencing data were analysed separately in R. For microbiome beta-diversity
analyses, differences in community structure were assessed using permutational multivariate analysis of
variance (PERMANOVA) based on distance matrices'***), PERMANOV A results were interpreted
cautiously given the limited sample size and the potential influence of differences in within-group dispersion.
Differential abundance analyses were corrected for multiple testing where applicable. For metabolomics
pathway analyses, multiple-testing correction was applied using the provider-recommended or false-
discovery-rate approach; missing values were assumed to be Missing Completely At Random (MCAR) and
imputed using the mean value of the remaining samples for that metabolite. For microbiome analyses,
community composition was assessed using ordination and PERMANOVA based on distance matrices.
Given the limited number of microbiome samples, these analyses were interpreted as supportive and
hypothesis-generating.

Statistically significant P values are indicated on the graphs; comparisons for which no P value is shown were
not statistically significant. P < 0.05 was considered statistically significant.

RESULTS

Maternal microbiome depletion impairs early postnatal retinal angiogenesis

To determine whether perinatal microbiome perturbation influences neonatal vascular development, we
depleted the maternal microbiome using VNMAA administered across the perinatal period, with retinal
angiogenesis assessed at P6 and P12. Germ-free animals were included as an independent microbiota-
deficient comparator (Figure 1A, schematic).

At Ps, representative retinal whole-mount images showed reduced radial vascular outgrowth in pups from
microbiome-depleted groups, with a shorter distance between the optic nerve head and angiogenic front
compared with controls [Figure 1B]. Quantification showed that both VNMAA-exposed and germ-free
animals had reduced vascular extension compared with water-treated controls. Pup body weight was also
modestly reduced in the microbiome-depleted groups at this time point [Figure 1C].

By P12, representative retinal whole-mount images showed that the difference in radial vascular extension
was no longer apparent [Figure 1D]. Quantification confirmed that radial vascular extension did not differ
significantly among groups. Pup body weight did not differ significantly between water-treated controls and
VNMAA-treated animals, whereas germ-free pups remained significantly lighter than water-treated controls
[Figure 1E]. No pup mortality was observed during the experimental periods.

We next examined whether the apparent recovery in radial vascular extension was accompanied by
persistent abnormalities in retinal vascular architecture. Confocal imaging of P12 retinas enabled assessment
of the superficial plexus, the intermediate plexus, and the deep plexus [Figure 1F]. Quantitative analysis
showed that superficial plexus vessel density was relatively modestly affected, whereas deep plexus vessel
density was reduced in microbiome-depleted animals compared with controls. Intermediate plexus vessel
density was also reduced, consistent with altered formation of the deeper retinal vascular network [Figure
1GJ.

Together, these findings indicate that perinatal microbiome perturbation is associated with an early delay in
superficial retinal vascular expansion that is no longer evident at P12, alongside persistent abnormalities in
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Figure 1. Perinatal microbiome perturbation delays retinal vascular extension and alters retinal vascular plexus development. (A)
Experimental design. Mid-gestation dams were orally gavaged with water or the VNMAA broad-spectrum antimicrobial cocktail at the
indicated time points during pregnancy, shown by red arrows. Following birth, dams and pups were orally administered water or VNMAA
until the indicated experimental endpoint. VNMAA comprised vancomycin, neomycin, metronidazole, amphotericin B and ampicillin. In
the schematic, “OA" denotes oral administration and “Abc"” denotes the VNMAA cocktail; “OA Water or Abc” therefore indicates oral
administration of water or VNMAA. The label “"Harsh Abc” in the image panels refers to this same broad-spectrum cocktail and does not
indicate a separate treatment. Retinas were collected at postnatal day (P)6 or P12. Germ-free mice were analysed in parallel as an
independently maintained microbiota-deficient comparator. Created in BioRender. Robinson, S. (2026) https://BioRender.com/p6zsidr;
(B) Representative Bandeiraea simplicifolia lectin (BS-1)-labelled whole-mount P6 retinas from water-treated control, VNMAA-treated and
germ-free mice. "BS1” in the figure labels denotes the same lectin referred to as BS-1throughout the text and legend. Retinal vasculature is
shown in green; white outlines indicate the retinal edge and dashed white lines indicate the vascular front used to measure radial vascular
extension. Scale bar, 1.0 mm; (C) Quantification of P6 vascular extension, measured as the radial distance from the optic nerve head to the
vascular front (left), and pup body weight (right). VNMAA-treated and germ-free mice showed reduced vascular extension compared
with water-treated controls, accompanied by a modest reduction in body weight. Each point represents an individual retina or pup, as
appropriate; black horizontal lines indicate mean = 95% confidence interval (Cl). n = 11-19 retinas for vascular extension and n = 11-20
pups for body weight, from N = 3 independent litters per group; litters are colour-coded.; (D) Representative BS-1-labelled whole-mount
P12 retinas from water-treated control, VNMAA-treated and germ-free mice. Retinal vasculature is shown in green; white outlines indicate
the retinal edge and dashed white lines indicate the vascular front. Scale bar, 1.0 mm; (E) Quantification of P12 vascular extension,
measured as the radial distance from the optic nerve head to the vascular front (left), and pup body weight (right). Radial vascular
extension did not differ significantly among groups at P12. Body weight did not differ significantly between water-treated controls and
VNMAA-treated pups, whereas germ-free pups had significantly lower body weight than water-treated controls (P = 0.0019). Each point
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represents an individual retina or pup, as appropriate; black horizontal lines indicate mean £ 95% Cl. n = 18—25 retinas for vascular
extension and n = 18—25 pups for body weight, from N = 3 independent litters per group; litters are colour-coded; (F) Representative
confocal z-stack images of BS-1-labelled P12 retinal vasculature showing the superficial, intermediate/descending branch and deep
vascular layers. Scale bar, 500 um; (G) Quantification of P12 retinal vascular architecture. Vessel density was quantified in the superficial,
intermediate and deep plexuses; values are expressed as percentages relative to water-treated controls. Each point represents an
individual analysed retina; black horizontal lines indicate mean £ 95% CI. n = 3 mice per group from N = 3 independent litters per group.
Statistically significant P values are indicated on the graphs. Comparisons for which no P value is shown were not statistically significant.
Cl: Confidence interval; Abc: VNMAA antimicrobial cocktail; BS-1: Bandeiraea simplicifolia lectin; OA: oral administration; P: postnatal day;
VNMAA: vancomycin, neomycin, metronidazole, amphotericin B and ampicillin. “Harsh Abc" is an alternative figure label for VNMAA.

deeper retinal vascular architecture. The reduction in pup body weight was no longer significant in
VNMAA-treated animals at P12 but persisted in germ-free animals.

Reciprocal FMT modifies neonatal retinal angiogenesis

The retinal phenotype raised a key question: could the vascular defect be modified by altering the maternal
microbial community after microbiome depletion? To test this, we performed reciprocal FMT experiments
during the postnatal period. VNMAA-treated dams received microbiota from control donors, while control
dams received microbiota from VNMAA-treated donors (Figure 2A, schematic). Retinal vascular
development was then assessed in offspring at P12, focusing on deep plexus vascular density because this
compartment showed the clearest defect after microbiome depletion (see Figure 1).

Representative P12 retinal whole-mount images showed reduced vascular density in pups from VNMAA-
treated dams, with a similar impairment observed in germ-free animals. In contrast, pups from VNMAA-
treated dams that received control FMT showed improved vascularisation, with deep plexus architecture
more closely resembling that of control animals [Figure 2B].

Quantification confirmed that average deep plexus vascular density was reduced in VNMAA-treated and
germ-free groups compared with controls [Figure 2C]. In the reciprocal FMT experiment, transfer of control
microbiota to VNMAA-treated dams increased offspring vascular density toward control levels, whereas
transfer of VNMAA-associated microbiota to control dams shifted offspring vascular density toward the
VNMAA-associated phenotype [Figure 2D].

These data indicate that altering the maternal microbial state is associated with changes in neonatal retinal
angiogenesis. However, because FMT is a community-level intervention, these experiments do not identify
the specific taxa, microbial genes, or microbial products responsible for the vascular phenotype, nor do they
establish FMT engraftment in the offspring. Instead, they show that altering the maternal microbial
ecosystem is sufficient to modify the direction of offspring retinal vascular development.

Maternal and pup caecal microbiome profiles following perinatal perturbation and reciprocal FMT

We next asked whether the retinal vascular phenotype was associated with changes in the maternal
microbiome or with establishment of distinct caecal communities in pups. To address this, whole-genome
shotgun sequencing was performed on maternal and P12 pup caecal samples following VNMAA treatment
and reciprocal FMT. The experimental design included four groups: control, VNMAA-treated, control-to-
VNMAA FMT, and VNMAA-to-control FMT. Reciprocal FMT was performed at P7, after which no further
treatment was administered, and maternal and pup caecal samples were collected at P12 (Figure 3A,
schematic).

Non-metric multidimensional scaling (NMDS) analysis demonstrated a clear separation between maternal
and P12 pup caecal microbial communities [Figure 3B]. PERMANOVA confirmed a significant difference in
overall community composition between maternal and pup samples (P < 0.001). In contrast, PERMANOVA
comparison of the four maternal experimental groups did not identify a statistically significant difference in
overall community structure (P = 0.186). Given the limited number of microbiome samples, these analyses
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were considered descriptive and hypothesis-generating.
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Figure 2. Reciprocal FMT modifies neonatal retinal angiogenesis. (A) Experimental design. Dams were orally gavaged with water or the
VNMAA broad-spectrum antibiotic cocktail at the indicated time points during pregnancy, shown by red arrows. Following birth, dams and
pups were orally administered water or VNMAA from P0O.5 to P6 at the indicated time points, shown by red arrows. VNMAA consisted of
vancomycin, neomycin, metronidazole, amphotericin B, and ampicillin. At P7, reciprocal FMT was performed, with VNMAA-treated dams
receiving control microbiota and control dams receiving VNMAA-associated microbiota. No further treatments were administered after
FMT. Retinas were collected at P12. The black arrow indicates oral FMT. Created in BioRender. Robinson, S. (2026) https://BioRender.co
m/isf8z0b; (B) Representative BS-1-labelled P12 retinal whole-mount images from control, VNMAA-treated, germ-free, VNMAA-treated
(donor) to control (recipient) FMT, and control (donor) to VNMAA (recipient) FMT groups. Retinal vasculature is shown in green. Images
show superficial and deep vascular plexus preparations; white outlines indicate the retinal edge. Scale bar, 1.0 mm; (C) Quantification of
average deep plexus vascular density at P12, expressed as a percentage relative to control. VNMAA-treated and germ-free mice showed
reduced vascular density compared with controls. Each point represents an individual retina and each colour represents an independent
biological repeat/litter; black horizontal lines indicate mean £ 95% Cl; n = 15-17 retinas from N = 3-4 independent litters per group (litters
are colour-coded); (D) Quantification of average deep plexus vascular density following reciprocal FMTs, expressed as a percentage
relative to control. Transfer of control microbiota into VNMAA-treated dams partially restored offspring vascular density, whereas
transfer of VNMAA-associated microbiota into control dams shifted vascular density towards the VNMAA-associated phenotype. Each
point represents an individual retina; black horizontal lines indicate mean &= 95% Cl; n = 15-31 retinas from N = 4-5 independent litters per
group (litters are colour-coded). Statistical significance is indicated on the graphs. These experiments demonstrate that altering the
maternal microbial ecosystem is associated with changes in offspring retinal vascular development but do not establish the specific
microbial taxa or products responsible. Statistically significant P values are indicated on the graphs. Comparisons for which no P value is
shown were not statistically significant. FMT: Faecal microbiota transplantation; Cl: confidence interval.


https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b
https://BioRender.com/isf8z0b

Dreger et al. Microbiome Res Rep. 2026;5:28

Page 15 of 27

A B .
4 [Cambiones ]
T 10
= A
" 4 | Vancomycin Key
N A e .
; ARSSARY | o, s % e
Abc  ——Pos P6—P7 P2 Amphots inB 05 A ® GroupB
Tttt —— ' - S
P ® Group D
[water [CINoTraatment 4 OAWator 4 OAFMT N °
B o or Abe b A A @ Maternal
F'.7 P12 Q g0 a APup
Group C =
(aonar VNMAA; recipient = cmmml) -4 L A “
:>< no further treatments 2 e
= = =9 0.5 A A 4 a
{donor = control; recipient = VNMAA)
—
Maternal caecal A
samples (n=3) -
Pup caecal ' 1.0 0.5 00 05 10
samples (n=6) NMDS1
FMT
- - -.Durmr
‘Recipient Genus
100 I ] o W Ligi
I B Escherichia | Pseudomonas
£ 75 = Listeria = Lachnoclostridium
8 I Sstreptococcus Bacillus
S B Lactobacillus B Acutalibacter
2 B Neisseria B Limosilactobacillus
3 50 II Alistipes Blautia
< Duncani iterranelt
Q Roseburia [ Oscillibacter
= B Enterocloster W Salmonella
% 25 . Fascal:bactenum ] Copmmccus
(4 Murib: .
Clostridioides Enterococcus
B Paenibaciius [l Ralstonia
JEET WMER ETE TEC W Acoca B Other
FMT
“Donor
“Recipient Ganiis
100
| ML
W staphyi
W Escherichia | Pseudomonas
75 W Listeria W Lachnoclostridium
; B g s
[ Streptococcus Bacillus
B Lactobacilus M Acutalibacter

Relative Abundance (%)
o]
o

N
o

[ ]
=
=
W o
]
of == . | | —_—

B Neisseria
Alistipes

[ Limositactobacillus
| | Blautia
[ |

Roseburia
M Enterocioster

[ Oscillibacter
B salmonella

B Faecalibacterium [ Coprococcus

Clostridioides
B Paenibacillus
W Procaeicola

Enterococcus
B Ralstonia
Other

Figure 3. Maternal and pup caecal microbiome profiles following microbiome perturbation and reciprocal FMT. (A) Experimental design
and sampling strategy. Dams were orally gavaged with water or VNMAA at the indicated time points during pregnancy (red arrows).
Dams and pups were orally administered water or VNMAA from PO.5 to P6 at the indicated time points (red arrows). VNMAA consisted
of vancomycin, neomycin, metronidazole, amphotericin B, and ampicillin. At P7, reciprocal FMT was performed (black arrow), with
VNMAA microbiota (donor) transferred to control (recipient) dams and control microbiota (donor) transferred to VNMAA-treated
(recipient) dams. No further treatments were administered after FMT. Maternal and pup caecal samples were collected at P12 for whole-
genome shotgun sequencing. Created in BioRender. Robinson, S. (2026) https://BioRender.com/s|9ns64; (B) NMDS ordination of genus-
level microbial community profiles from maternal and pup caecal samples. Samples are coloured according to experimental group and
symbols distinguish maternal from pup samples; (C) Genus-level relative abundance profiles of maternal caecal microbiota across control,
VNMAA-treated, and reciprocal FMT groups. A total of three maternal caecal samples per treatment group were analysed; (D) Genus-
level relative abundance profiles of P12 pup caecal microbiota across the corresponding experimental groups. A total of six pup caecal
samples per treatment group were analysed. The genus-level profiles (C and D) showed visually distinct microbial compositions among
the maternal treatment groups; however, PERMANOVA analyses did not identify a statistically significant overall difference in community
composition across the four groups (P = 0.186). The limited number of maternal samples (n = 3 per group) may have reduced the power
to detect treatment-associated differences. In contrast, maternal and P12 pup caecal communities differed significantly at the community
level (PERMANOVA, P < 0.001), with pup profiles generally showing more limited and variable community composition. Given the limited
sample size, these microbiome data are therefore presented as descriptive and hypothesis-generating, rather than as evidence for
treatment-specific community restructuring, individual causal taxa, or definitive FMT engraftment. NMDS: Non-metric multidimensional
scaling; FMT: faecal microbiota transplantation; PERMANOVA: permutational multivariate analysis of variance.
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Genus-level relative abundance profiles revealed variation in the composition of individual maternal samples
across the experimental groups [Figure 3C]. Control dams displayed diverse genus-level communities,
whereas VNMAA-treated dams showed marked changes in the relative representation of several genera.
Maternal samples following reciprocal FMT also displayed variable community profiles. Notably, control
dams receiving VNMAA -associated FMT did not show a wholesale recapitulation of the microbial profile
observed in VNMAA-treated dams, whereas VNMAA-treated dams receiving control FMT showed profiles
that differed from those of VNMAA-treated donors. These observations are consistent with FMT modifying
the recipient microbial community without simply reproducing the donor-associated VNMAA state,
although antibiotic carry-over into the FMT inoculum was not directly quantified and donor microbiota
engraftment was not independently assessed. The small number of maternal samples (n = 3 per group)
precludes robust inference regarding treatment-specific restructuring of the maternal microbiome.

P12 pup caecal communities were comparatively limited in complexity and were dominated by a smaller
number of genera, particularly Intestinimonas and, in some samples, Escherichia [Figure 3D]. Pup profiles
did not reproduce the broader variation observed across maternal communities, and individual pup samples
showed considerable variability within experimental groups. Thus, at the P12 time point examined, the pup
caecal microbiome did not show a clear treatment-associated pattern corresponding to the retinal vascular
phenotype.

Together, these data demonstrate a marked difference between maternal and pup caecal community
structure at P12, while providing insufficient evidence to conclude that the four maternal experimental
groups differed significantly in overall microbiome composition. The genus-level profiles are therefore best
interpreted as descriptive evidence of microbial community variation rather than evidence for specific
treatment-associated taxa or definitive FMT engraftment. Importantly, these findings do not exclude
contributions from earlier offspring colonisation, mucosal-associated microbial communities, circulating
microbial products, or maternally derived metabolites. The marked distinction between maternal and pup
microbial communities, together with the absence of a significant overall treatment effect in the microbiome
dataset, therefore supported a shift in focus toward maternally derived signals during lactation.

Maternal microbial state is associated with differences in milk metabolite profiles

The FMT experiments demonstrated that altering the maternal microbial state was associated with changes
in neonatal retinal angiogenesis. However, because P12 pup caecal communities were comparatively limited
and did not reproduce the broader variation observed in maternal communities, we considered whether
maternal microbial state might influence offspring vascular development through maternally derived factors,
while recognising that direct effects of altered offspring microbial exposure cannot be excluded. Given the
dependence of neonatal pups on maternal milk during this developmental window, we next examined
whether maternal microbial state was associated with changes in milk metabolite composition.

To test this, we performed targeted metabolomic profiling of maternal milk collected at P12 using the
Biocrates MxP® Quant 500 platform. Metabolite-level pathway analysis identified differences mapping to
several metabolic pathways in the comparison between control and VNMAA milk samples, with
glycerophospholipid metabolism among the most prominent metabolic signatures. Additional enriched
pathways included glutathione metabolism, D-glutamine and D-glutamate metabolism, nitrogen
metabolism, arginine and proline metabolism, tryptophan metabolism, arachidonic acid metabolism,
glycerolipid metabolism, primary bile acid biosynthesis, biosynthesis of unsaturated fatty acids, and other
amino acid- and nucleotide-associated pathways [Figure 4A].
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Figure 4. Maternal milk metabolomic profiling identifies recurrent glycerophospholipid-associated metabolic signatures and choline as an
exploratory candidate. (A) Pathway enrichment analysis of maternal milk metabolomic data comparing control and VNMAA-treated
dams. Milk samples collected at P12 were analysed using the Biocrates MxP® Quant 500 targeted metabolomics platform, incorporating
flow injection analysis-tandem mass spectrometry and liquid chromatography-tandem mass spectrometry. The top 25 enriched
metabolite sets are shown; dot position indicates -log10(P value), dot size indicates enrichment ratio, and dot colour indicates P value.
Glycerophospholipid metabolism was among the most prominent metabolic signatures identified in this comparison; (B) Pathway
enrichment analysis comparing the reciprocal FMT groups, control-to-VNMAA FMT and VNMAA-to-control FMT. Glycerophospholipid
metabolism was again represented among the enriched metabolite sets, supporting its prioritisation for further examination as a candidate
pathway associated with maternal microbial state; (C) Heatmaps showing individual sample-level abundance (left) and mean (right) of
selected metabolites associated with glycerophospholipid metabolism in maternal milk, including choline, serine, methionine, total
diacylglycerides, total lysophosphatidylcholine, and total phosphatidylcholine. For the individual samples, each column represents an
individual milk sample, with samples grouped according to experimental condition; colour intensity represents metabolite abundance
according to the scale shown; (D) Choline abundance in maternal milk for the control versus VNMAA comparison (top) and reciprocal
FMT comparison (bottom). Box plots show the distribution of individual samples in each comparison. Choline abundance was lower in
VNMAA-treated dams than controls, although this difference did not reach statistical significance (P = 0.0777). Choline abundance also
did not differ significantly between the reciprocal FMT groups (P = 0.2131). Choline was therefore considered an exploratory candidate
metabolite within the broader glycerophospholipid-associated metabolic signature rather than a demonstrated differentially abundant or
causal metabolite. VNMAA: Vancomycin, neomycin, metronidazole, amphotericin B and ampicillin; FMT: faecal microbiota
transplantation.
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Glycerophospholipid metabolism was also represented among the enriched metabolite sets in the reciprocal
FMT comparison, in which control-to-VNMAA FMT was compared with VNMAA-to-control FMT [Figure
4B]. Although several metabolic pathways were identified across the comparisons, glycerophospholipid
metabolism was prioritised because it recurred in both the VNMAA versus control and reciprocal FMT
comparisons. This recurrence provided greater support for an association with maternal microbial state than
pathways identified in only a single comparison. These analyses represent metabolite-level pathway
signatures and do not demonstrate altered pathway activity.

We next examined individual metabolites associated with glycerophospholipid metabolism. The heatmap
showed sample-level profiles for choline, serine, methionine, total diacylglycerides, total
lysophosphatidylcholine, and total phosphatidylcholine, illustrating variability in metabolite abundance
across individual milk samples and experimental groups [Figure 4C]. Choline was of particular interest
because of its established roles in glycerophospholipid metabolism, phosphatidylcholine synthesis,
membrane biosynthesis, and cellular function. However, choline did not reach statistical significance in
either the control versus VNMAA comparison (P = 0.0777) or the reciprocal FMT comparison (P = 0.2131)
[Figure 4D]. Thus, choline was not a significantly differentially abundant metabolite in the present dataset.
Rather, it was considered a biologically plausible candidate within the repeatedly identified
glycerophospholipid-associated metabolic signature and was selected for subsequent functional testing.

Together, these findings identify maternal milk metabolism as a potential link between maternal microbial
state and neonatal vascular development. However, the metabolomic analyses provide pathway-level
evidence of differences in milk metabolite profiles rather than evidence of altered pathway activity or a single
causal metabolite. The subsequent endothelial experiments were therefore designed to test the biological
plausibility and endothelial activity of choline rather than establish that it mediates the in vivo retinal
phenotype.

Because maternal milk was sampled only at P12, these metabolomic data cannot establish that the observed
differences in milk metabolite composition were present during the earlier P6 vascular phenotype. The milk
metabolomic findings are therefore interpreted as correlative evidence of altered lactational metabolism,
rather than evidence that the measured metabolites directly caused the early vascular phenotype.

Choline modulates endothelial cell metabolic activity and angiogenic behaviour in vitro

Having identified glycerophospholipid metabolism as a glycerophospholipid-associated metabolic signature
in maternal milk, we next asked whether a metabolite within this pathway could directly influence
endothelial cell behaviour. We focused on choline because it is a component of the glycerophospholipid
pathway identified in the milk metabolomic analysis and has established roles in phospholipid metabolism,
membrane biosynthesis, and cellular function. We therefore tested whether choline could modulate
endothelial metabolic activity and angiogenic capacity in vitro. HUVECs were used as a well-established
primary human endothelial model to test endothelial responsiveness to choline rather than as a model of
retinal endothelium. Choline-free medium was used to minimise background choline availability and permit
controlled concentration-response experiments. The concentration range was selected to define endothelial
responses across a broad experimental range and was not intended to imply that all concentrations represent
physiological neonatal exposure.

HUVECs were treated with increasing concentrations of choline, with VEGF included as a positive pro-
angiogenic control and suramin as a negative control. Choline exposure altered endothelial metabolic
activity across the concentration range tested, although the magnitude and direction of the response varied
with concentration. VEGF produced the expected increase in metabolic activity, while choline treatment
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Figure 5. Choline modulates endothelial metabolic activity and promotes angiogenic tubule formation in vitro. (A) Endothelial metabolic
activity following treatment with increasing concentrations of choline. HUVECs were treated with 0, 0.1, 0.5, 1, 2.5, 5,10, 15, or 20 pM
choline, with untreated control cells, 30 ng/mL VEGF, and 30 uM suramin included as assay controls. Metabolic activity was measured
using the CellTiter 96 AQueous One Solution MTS assay and expressed relative to untreated control. Each colour represents an
independent biological repeat and each point represents an individual analysed well; black horizontal lines indicate the mean =95% Cl; n =
21-23 wells from N = 3 independent biological repeats; (B) Quantification of endothelial tubule formation following choline treatment using
an HDF/HUVEC co-culture assay. Cells were treated with the indicated choline concentration range, with untreated control, 30 ng/mL
VEGF as a positive control, and 30 LM suramin as a negative control. Tubule formation is expressed as percentage tubule formation
across the well. Each colour represents an independent biological repeat and each point represents an individual analysed well; black
horizontal lines indicate the mean +95% ClI; n = 21-27 wells from N = 3 independent biological repeats. VEGF increased tubule formation
whereas suramin reduced network formation. Choline increased tubule formation relative to O uM choline; (C) Representative images
from the HDF/HUVEC tubule formation assay showing O tM choline, 20 uM choline, 30 pM suramin, and 30 ng/mL VEGF conditions.
More extensive tubule-like endothelial networks are visible in the 20 uM choline and VEGF-treated conditions, whereas network
formation is reduced in the O M choline and suramin-treated conditions. Scale bar, T mm. Statistically significant P values are indicated on
the graphs. Comparisons for which no P value is shown were not statistically significant. VEGF: Vascular endothelial growth factor; Cl:
confidence interval; HDF: human dermal fibroblast; HUVEC: human umbilical vein endothelial cell; MTS: 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium.

produced measurable effects on endothelial metabolic activity [Figure 5A].

We next assessed whether choline could influence endothelial morphogenesis using an HDF-HUVEC co-
culture tubule formation assay. Compared with untreated controls, choline increased tubule formation, with
20 uM choline producing a significant increase in network formation [Figure 5B]. Representative images
showed more extensive tubule-like structures in choline-treated cultures compared with untreated controls,
while suramin reduced tubule formation and VEGF enhanced network formation as expected [Figure 5C].

These findings demonstrate that choline can modulate endothelial cell behaviour in vitro, providing
functional support for its consideration as a candidate metabolite within the microbiome-sensitive
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glycerophospholipid pathway identified in maternal milk. However, these experiments do not establish that
the concentrations tested reproduce choline exposure in the developing retina, nor do they establish that
choline is sufficient to restore retinal angiogenesis in vivo. They also do not exclude contributions from other
milk metabolites altered by maternal microbiome perturbation. Rather, these findings provide proof-of-
principle that a metabolite within a maternal milk metabolic pathway associated with microbiome
perturbation can influence endothelial behaviours relevant to angiogenesis.

Discussion

This study demonstrates an association between perinatal microbiome perturbation and neonatal retinal
vascular development. Perinatal microbiome depletion delayed early radial vascular expansion at P6 and was
associated with persistent abnormalities in vascular architecture at P12, particularly within the deeper retinal
vascular compartments. Similar vascular abnormalities were observed in germ-free animals, while reciprocal
FMT modified the offspring vascular phenotype, supporting a role for the maternal microbial environment
in shaping neonatal vascular development. However, because pups also received VNMAA during the
experimental period, these findings do not establish a maternal microbiome-only effect. Rather, they support
an association between perinatal microbiome perturbation and altered neonatal angiogenesis. By integrating
retinal vascular phenotyping with maternal and pup metagenomics, maternal milk metabolomic profiling,
and endothelial functional assays, our findings generate a proposed model in which microbiome-associated
changes in maternal milk metabolism may contribute to neonatal vascular development.

A key feature of the phenotype was its temporal and compartment-specific nature. Microbiome perturbation
reduced superficial vascular extension at Pe, but this difference was no longer evident by P12. However,
recovery of radial outgrowth did not equate to complete normalisation of retinal vascular development.
Instead, microbiome-perturbed animals showed persistent defects in deeper vascular compartments,
including reduced deep plexus vessel density, altered descending branch density, and altered branching
complexity after normalisation to vessel density. This pattern suggests that perinatal microbiome
perturbation may affect the transition from early superficial expansion to later three-dimensional vascular
plexus maturation rather than causing a uniform arrest of angiogenesis.

This distinction is biologically important because deep plexus formation requires coordinated endothelial
sprouting, vertical migration, remodelling and adaptation to the metabolic demands of the developing neural

5-10

retina .. These processes depend on regulation of endothelial proliferation, migration, membrane
remodelling and branching, consistent with the broader importance of endothelial metabolism in
angiogenesis!”**. The selective persistence of abnormalities within the deeper vascular compartment may

therefore reflect differences in the metabolic or cellular requirements of later vascular maturation.

The metagenomic data helped distinguish community-level differences between maternal and offspring
microbiomes. NMDS demonstrated marked separation between maternal and P12 pup caecal communities,
supported by PERMANOVA, whereas the four maternal experimental groups did not show a significant
difference in overall community composition. Genus-level profiles nevertheless revealed substantial inter-
individual variation, including differences between individual maternal samples and comparatively limited
P12 pup communities. These findings indicate that the maternal and developing offspring microbial
environments were distinct at P12, but do not establish that differences in caecal community composition
explain the retinal phenotype. The microbiome data therefore provided context for the subsequent
investigation of maternally derived metabolic signals rather than identifying a specific microbial driver.

The reciprocal FMT experiments provide complementary functional evidence that maternal microbial state
can modify offspring vascular development. Restoration of control microbiota to VNMAA-treated dams
improved offspring retinal vascular density, whereas transfer of VNMAA-associated microbiota to control
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dams shifted offspring vascular density towards the VNMAA-associated phenotype. Because FMT is a
community-level intervention, these effects are consistent with a role for the maternal microbial
environment but do not identify the responsible organisms, microbial products, or specific maternal
pathways.

Together with the timing of retinal vascular development, these findings prompted investigation of maternal
milk as one potential interface between maternal microbial state and neonatal vascular development. Mouse
retinal angiogenesis occurs largely during the early postnatal period, when pups remain dependent on
maternal milk, and maternal microbiota can influence offspring development through maternally mediated
microbial and metabolic signals®~°\. Our study does not demonstrate exclusive transmission through milk,
but provides a rationale for examining lactational metabolism as a potential component of the relationship
between maternal microbial state and neonatal vascular development.

Targeted milk metabolomic profiling identified several metabolic signatures, with glycerophospholipid
metabolism recurring in both the VNMAA versus control and reciprocal FMT comparisons. This recurrence
provided the rationale for prioritising glycerophospholipid metabolism over pathways identified in only a
single comparison. Other pathways, including tryptophan metabolism, were also identified, indicating that
the metabolic consequences of microbiome perturbation were likely multifactorial. Glycerophospholipid
metabolism is biologically relevant to endothelial function because vascular growth requires membrane
expansion, phospholipid turnover and lipid-mediated signalling. These findings therefore identify a
microbiome-associated metabolic signature that is biologically plausible in the context of vascular
development, while representing metabolite-level pathway signatures rather than evidence of altered
pathway activity.

Within this metabolic landscape, choline was selected for functional investigation because of its position
within glycerophospholipid metabolism and its established roles in phosphatidylcholine synthesis,
membrane biogenesis, one-carbon metabolism, lipid transport and cellular function***”). Developmental
tissues have high requirements for membrane synthesis and methyl-group metabolism, and previous studies
have linked maternal choline availability with developmental angiogenesis and retinal development!***..
Choline insufficiency has also been associated with impaired trophoblast function and in vitro
vascularisation®”, providing biological plausibility for investigating this metabolite in developmental vascular
biology.

Importantly, choline itself was not significantly different between control and VNMAA milk or between the
reciprocal FMT groups. It should therefore not be considered a demonstrated differentially abundant
metabolite. Rather, it was selected as a biologically plausible candidate within a repeatedly identified
glycerophospholipid-associated metabolic signature.

Our endothelial assays provided functional proof-of-principle that choline can influence endothelial
behaviour. HUVECs were used as a reproducible primary human endothelial model rather than as a direct
model of retinal endothelium. Choline altered endothelial metabolic activity and promoted endothelial
tubule formation in vitro, consistent with the importance of phosphatidylcholine metabolism in endothelial
cells"” and the wider role of endothelial metabolism in angiogenesis'*'*.. These findings support biological
activity of choline in endothelial cells but do not establish physiological retinal exposure, in vivo sufficiency,
or a causal role in the retinal phenotype.

The findings may have broader implications for early-life vascular programming. The retina provides a
tractable model of physiological angiogenesis, while vascular development is fundamental to tissue
oxygenation, nutrient delivery and metabolic homeostasis. Within the developmental origins of health and
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disease framework, vascular development may therefore represent an intermediary process linking maternal
exposures to later cardiometabolic or neurovascular outcomes. This remains speculative, however, and the
present study does not establish long-term functional consequences.

The retinal context may also have disease relevance. Although the present study addresses physiological
retinal angiogenesis rather than human retinal disease, developmental vascularisation is relevant to disorders
in which vascular maturation is disrupted, including retinopathy of prematurity. The current findings do not
establish that maternal microbiome or milk metabolite variation contributes to such disorders in humans,
but they raise the possibility that maternal microbial and metabolic exposures could influence developmental
vascular resilience. Emerging literature has linked the gut microbiome and microbial metabolites with retinal
vascular disease and retinopathy of prematurity'***?. This hypothesis will require validation in human
cohorts and disease-relevant experimental models, including models of oxygen-induced retinopathy, to
determine whether maternal microbiome-associated metabolic signalling affects vascular regression, repair,
or pathological neovascularisation.

Overall, the study identifies an association between perinatal microbiome perturbation and neonatal retinal
vascular development and provides convergent evidence from reciprocal FMT, maternal milk metabolomics
and endothelial assays for a proposed microbiota-milk metabolite-vascular relationship.
Glycerophospholipid-associated milk metabolism, and choline in particular, emerge as candidates for further
investigation, but the data do not establish a single causal metabolite or direct milk-to-retina pathway.

Limitations

Several limitations should be acknowledged. First, although the neonatal mouse retina is an established and
tractable model of developmental angiogenesis, it may not represent all vascular beds or developmental
contexts. Mouse retinal vascularisation occurs postnatally, whereas many human vascular beds develop
prenatally, and the retinal neurovascular niche has specialised cellular and metabolic features. The findings
should therefore be extrapolated cautiously to other organs, developmental windows and species.

Second, the number of independent litters and dams was modest, particularly for the microbiome and FMT
experiments. Although nested analysis accounted for the hierarchical structure of the data and biological
repeats were explicitly represented, the limited number of independent biological units reduces statistical
power and limits the precision with which the findings can be generalised. Because pups also received
VNMAA, the study does not establish a maternal microbiome-only effect, and antibiotic treatment may have
microbiota-independent effects on maternal metabolism, milk composition or neonatal physiology. Germ-
free animals and reciprocal FMT provide complementary evidence but do not eliminate these possibilities.
Larger studies incorporating more independently housed litters and defined gnotobiotic or microbial add-
back approaches will be required for stronger causal resolution.

Third, the microbiome sequencing data were limited in sample size and should therefore be interpreted as
descriptive and hypothesis-generating. The analyses do not provide sufficient power to resolve cage effects,
litter effects, inter-individual variation or specific treatment-associated taxa. Donor microbiota engraftment
following FMT was not independently assessed, and antibiotic carry-over into the FMT inoculum was not
directly quantified. The pup data also do not exclude contributions from earlier colonisation events,
mucosal-associated communities, microbial products or circulating microbial metabolites. Larger, cage-
balanced studies incorporating longitudinal sampling and direct assessment of donor engraftment will be
required to address these possibilities.
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Fourth, milk metabolomic profiling was performed at P12, whereas the earliest vascular phenotype was
detected at Ps. Consequently, we cannot determine whether the metabolic differences identified at P12 were
already present during the earlier phase of vascular development. Furthermore, milk metabolite abundance
does not necessarily equate to neonatal tissue exposure, and we did not directly demonstrate transfer of
specific metabolites from milk to pups or their subsequent availability to retinal endothelial cells.
Longitudinal analysis of maternal milk, maternal and pup serum, and retinal metabolite exposure will
therefore be required to establish temporal relationships and biological availability.

Fifth, the metabolomic findings provide pathway-level rather than causal evidence. Although
glycerophospholipid metabolism recurred across the microbiome perturbation and reciprocal FMT
comparisons, choline itself was not significantly altered between experimental groups. Choline was therefore
selected as a biologically plausible candidate rather than a demonstrated causal metabolite. Targeted
longitudinal quantification and in vivo supplementation or rescue experiments will be required to determine
whether choline or other metabolites within the pathway contribute causally to the vascular phenotype.

Finally, the endothelial experiments provide functional proof-of-principle but do not fully recapitulate
neonatal retinal vascular biology. HUVECs and HDF/HUVEC co-cultures provide controlled human
endothelial models in which choline can be tested for effects on endothelial metabolic activity and
angiogenic network formation, but they do not reproduce the cellular, extracellular matrix, metabolic and
tissue-specific environment of the developing retina. The concentrations tested were selected to define
endothelial responsiveness rather than established physiological neonatal exposure. Studies using primary
retinal endothelial cells, retinal explants, direct assessment of neonatal tissue exposure and in vivo
supplementation or rescue will therefore be required to establish physiological and mechanistic relevance.

Conclusion

Our findings associate perinatal microbiome perturbation with altered neonatal retinal vascular development
and changes in maternal milk metabolite profiles. These observations support investigation of maternal milk
metabolism as a potential link between microbial status and offspring vascular development, but do not
establish metabolic mediation. Because both dams and pups received VNMAA and milk was sampled only at
P12, maternal and direct neonatal contributions cannot be separated, and the relevance of the milk metabolic
changes to the P6 phenotype remains unresolved. Choline was not significantly altered in either
metabolomic comparison; its effects on endothelial tubule formation in vitro identify it as a candidate for
further investigation rather than an established mediator in vivo.
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