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Abstract

Vitamin K has long been associated with bone health due to its role as an enzymatic cofactor
required for the post-translational carboxylation of vitamin K-dependent proteins, including
osteocalcin, a component of the bone matrix. However, despite this biological role, evidence
supporting its direct skeletal benefits remains equivocal. Findings of a comprehensive meta-
analysis indicate that supplementation with phylloquinone and menaquinone-4, two forms of
vitamin K, does not significantly affect bone mineral density. However, bone tissue quality is a
critical aspect of bone not captured by bone mineral density that vitamin K may be involved in
but has not been studied extensively.

Vitamin K exists in multiple naturally occurring forms that support carboxylation. Phylloquinone
(vitamin K1) is plant-based, whereas menaquinones (collectively referred to as vitamin K»2) are a
class of vitamin K compounds, most of which are produced by bacteria. Menaquinones are found
in fermented foods, meat and dairy products, and are also abundant in the gut microbiota.
Despite their bacterial origin, the contribution of gut bacterially produced menaquinones to the
host’s overall vitamin K tissue stores is uncertain. Similarly, their specific influence on bone
health is unclear. Notably, menaquinone-4 is a unique menaquinone because it is not
extensively produced by bacteria. Instead, it is a metabolite derived from all forms of vitamin K
and is the predominant vitamin K form found in several body tissues, including bone. However,
the origin of menaquinone-4 in skeletal tissue is also uncertain.

The objectives of this thesis were to investigate the tissue distribution and potential skeletal
benefit of menaquinones. To meet these objectives, two experiments were conducted using male
and female C57BL/6 mice. Aged (19-month-old) and young (4-month-old) mice were treated
with broad-spectrum antibiotics for 12-16 weeks to determine the response of tissue
menaquinone concentrations to antibiotic-induced alterations in gut menaquinone production.
Young male and female mice were fed a diet containing 0.06 mg menaquinone-9 (a
menaquinone form produced by bacteria) or 2.1 mg menaquinone-9 per kilogram of diet for 12
weeks, after which bone tissue quality and density were measured. During week 11, a subgroup
of mice received deuterium-labeled menaquinone-9 to evaluate the conversion of dietary
menaquinone-9 to menaquinone-4 in bone tissue.

Altering gut menaquinone production via antibiotics did not influence host menaquinone tissue
stores in aged or young mice, as most gut-derived menaquinones were not substantially
distributed to tissues other than perhaps the colon. Femoral tissue strength and whole-body bone
mineral density did not differ between mice that were fed 0.06 mg or 2.1 mg of menaquinone-
9/kg diet. Menaquinone-4 was the only form of vitamin K detected in bone, with over 60% of
skeletal menaquinone-4 in mice fed 2.1 mg menaquinone-9/kg diet originating from deuterium
labeled menaquinone-9.

Overall, these findings do not support systemic tissue uptake of bacterially produced
menaquinones from the gut or a direct role of menaquinones in improving skeletal health.
Additional research is needed to better define the broader health significance of gut-derived
menaquinones and to clarify the biological significance of the conversion dietary vitamin K to
menaquinone-4 in tissues.
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1. INTRODUCTION




1.1 Significance of Proposed Research

Each year in the U.S., approximately 2 million fragility fractures occur, at a cost burden of
nearly $17 billion (1). Fragility fractures are caused by minimal trauma, often at home, such as a
fall from a standing height (2). Risk for fragility fractures is often attributed to low bone mineral
density (BMD), but fragility fractures can occur in individuals with normal BMD (3). Bone tissue
quality, often characterized by bending strength and stiffness, cross-sectional geometry, ,
microarchitecture, and trabecular connectivity, is another critical aspect of bone health that is not
reflected by BMD (4-7). Impaired bone tissue quality can increase fracture risk (8). Bone tissue
quality is influenced by numerous factors, including genetic background, collagen production,

medication use, and nutrition (9, 10).

Vitamin K, an essential fat-soluble nutrient, has long been linked to bone health (11). This
potential role was initially linked to vitamin K’s classic function as an enzymatic cofactor,
required for the post-translational y-carboxylation of certain proteins (vitamin K-dependent
proteins) (12). One such protein is osteocalcin, the predominant non-collagenous protein in bone.
Once carboxylated, osteocalcin binds to calcium in the bone matrix (13). Early studies suggested
that osteocalcin influenced BMD (14, 15). However, findings from more precise osteocalcin
knockout mouse models demonstrated that its role may be more closely related to bone tissue

quality than to BMD (16-18).

Vitamin K exists in multiple naturally occurring forms all of which support y-
carboxylation. The plant-based form, phylloquinone (PK), is found in green leafy vegetables and
vegetable oils (19). In addition to PK, menaquinones (MKs) are a group of vitamin K

compounds that differ structurally from PK in the length and saturation of the prenylated side



chain. Most MKs (MK5-MK13) are produced by bacteria. They are found in fermented foods,
meat and dairy products, and are also abundant in the gut microbiota (20). Among MKs, MK4 is
unique because it is not extensively produced by bacteria. Instead, it is converted from other

forms of vitamin K in several extrahepatic tissues (21-23).

The relevance of dietary vitamin K intake to bone health has been studied extensively, but
findings have been inconsistent (24), leaving the role of vitamin K in bone health controversial.
A systematic review and meta-analysis of randomized controlled trials that tested the effect of
PK or MK4 supplementation on age-related bone loss concluded there is little evidence that
vitamin K affects BMD, but indicated it may reduce clinical fracture risk (25). These findings
raise the possibility that vitamin K may influence skeletal health through mechanisms related to
bone tissue quality rather than BMD. In addition, among bacterially produced MKs consumed in
the diet, only MK7 has been studied with respect to bone health, and the clinical evidence
regarding its effect on age-related bone loss is also equivocal (26-31). It is currently not known
how other dietary MK forms produced by bacteria influence skeletal health. Addressing these

knowledge gaps is essential for clarifying the broader role of vitamin K in bone health.

Dietary MKs serve as precursors to MK4 in several extrahepatic tissues, including the
brain, kidney, intestine, and adipose tissue (23, 32). However, it is not known whether dietary
MAKSs can be converted to MK4 in bone tissue (Figure 1). MK4 has been implicated in bone
homeostasis through roles in cellular response and signaling pathways (33-35), so clarifying its

origin is important.

Commercial interest in vitamin K, particularly MK supplements, is rapidly growing. Many

supplements marketed for bone health feature MK4 or MK7. Recent market analyses project that



the MK supplement industry will exceed approximately $265 million by 2029 (36), reflecting
substantial consumer interest in the perceived skeletal benefits of vitamin K. However, evidence
supporting these claimed benefits is still incomplete. This growing gap between commercial
claims and scientific evidence underscores the need for investigation into how dietary MKs

contribute to skeletal health.

Despite the growing abundance of MK supplements on the market, the absorption of MKs,
is not well understood. Most of what is known about vitamin K absorption comes from studies of
PK, which is absorbed in the small intestine through a bile-dependent mechanism (37, 38). MKs
from the diet are generally assumed to follow a similar pathway, but direct evidence is scarce. In
addition, there is a large reservoir of MKs in the colon, where they are produced by gut bacteria.
The extent to which gut-produced MKs are absorbed and contribute to the body’s overall vitamin

K pool remains uncertain (Figure 1).

The production of MKs by gut bacteria can be altered by disrupting the composition of the
gut microbiota using antibiotics (39). However, results of a recent rodent experiment found the
concentrations of bacterially produced MK forms measured in the liver and kidney did not reflect
the changes in the caecal MK contents (39). This raises questions regarding how alterations in
gut MK production affect tissue MK stores. Importantly, intestinal tissues were not measured in
this experiment, which is a notable gap, because dietary vitamin K absorption and endogenous
bacterial MK production occur in the intestine. The exclusion of female mice is an additional

gap, given the documented sex differences in vitamin K tissue stores (23, 40).



1.2 Hypothesis and Specific Aims

The overall goal of this thesis project is to investigate the tissue distribution and potential
skeletal roles of menaquinones. To address this goal, we have two hypotheses and corresponding

specific aims:

Hypothesis 1: Alterations in the gut menaquinone production do not influence tissue

menaquinone concentrations in aged and young mice.

Specific Aim 1: To determine how oral antibiotic-induced alterations in gut menaquinone

production affect tissue menaquinone contents in aged (Aim 1a) and young (Aim 1b) male and

female C57BL/6 mice.

Hypothesis 2: Dietary supplementation with menaquinones positively influences bone tissue

quality and density and serves as a precursor to MK4 in bone tissue.

Specific Aim 2: To determine the response of bone tissue quality and density (Aim 2a) and bone

tissue MK4 accumulation (Aim 2b) to dietary manipulation of menaquinone-9, a menaquinone

form also produced by bacteria, in young male and female C57BL/6 mice.
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2.1 Bone Tissue Quality Contributes to Fragility Fractures

Each year in the U.S., approximately 2 million fragility fractures occur, at a cost burden of
nearly $17 billion (1). Fragility fractures are caused by minimal trauma, often at home, such as a
fall from a standing height (2). Risk for fragility fractures is often attributed to low bone mineral
density (BMD), but fragility fractures can occur in individuals with normal BMD (3), suggesting
that BMD may capture only one dimension of bone health. Bone tissue quality, often
characterized by bending strength and stiffness, cross-sectional geometry, microarchitecture, and
trabecular connectivity, is another critical aspect of bone health independent from BMD (4-7).

Bone tissue quality impairment can reduce whole bone strength without altering BMD (8).

2.2 Determinants of Bone Tissue Quality

Nutrition has long been playing a crucial role in skeletal health, with well-studied
contributors like vitamin D and calcium (9). Besides these, other nutritional components may

also be involved, such as vitamin K.

2.3 The Focus that Links Vitamin K to Bone

2.3.1 Vitamin K functions

The classic function of vitamin K is an essential cofactor for the gamma (y)-carboxyglutamyl
carboxylase (GGCX) enzyme. GGCX catalyzes the post-translational carboxylation of glutamate
(Glu) residues on specific proteins to form y-carboxyglutamate (Gla), a modification that enables
these proteins to bind calcium (10) (Figure 1). This enzymatic modification is part of a cyclical
series of reactions commonly referred to as the “vitamin K cycle” (Figure 1). The hydroquinone

form of vitamin K acts as the active cofactor for GGCX and is oxidized to the epoxide form, which
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is then reduced back to the quinone form and subsequently to the hydroquinone form by the

vitamin K reductase enzyme (10, 11).
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Figure 1. Vitamin K-dependent protein carboxylation - the “Vitamin K Cycle” (11).

2.3.2  Vitamin K-dependent proteins

Proteins that undergo this post-translational y-carboxylation are collectively referred to as

vitamin K-dependent proteins (VKDPs). The most well-known VKDPs are clotting factors

needed for blood coagulation (11). However, VKDPs are found in several tissues throughout the

body and serve other functions beyond coagulation. The most abundant non-collagenous protein

in the bone - osteocalcin (OC), which is produced by osteoblasts during bone formation, is

vitamin K-dependent. Once carboxylated, OC binds to calcium in the bone matrix (12). Early
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studies suggested that osteocalcin was involved in regulating bone formation or quantity (13,
14). However, findings from more precise osteocalcin knockout mouse models demonstrated that
its role may be more closely related to enhancing bone tissue crystallinity and bone mechanical

properties (15-17).

2.4 Forms of Vitamin K

Vitamin K is an essential fat-soluble nutrient that exists in multiple naturally occurring forms.

The plant-based form, PK, is found in green leafy vegetables and vegetable oils (18). MKs are a

class of vitamin K compounds
A 5 B 0
that differ structurally from PK O ‘
in the length and saturation of O‘ ™ 3
0
0
their prenylated side chains.
The number of prenyl units c 9 D 0
differentiates the specific MK O‘ O‘
i e X X
3 n
1soforms, denoted as “n” 0 Q
(MKn) (19-21) (Figure 2). All Figure 2. Forms of Vitamin K.
(A) Menadione, (B) Phylloquinone, (C)
forms of vitamin K share a Menaquinone-4, (D) Menaquinone-n (MKn) (19)

common 2-methyl-1,4-naphthoquinone ring and a prenylated side chain at the 3-position (Figure
2). At least 13 MK forms have been identified (22). Most MKs (MKS5 - MK13) are produced by
bacteria. They are found in fermented foods, meat, and dairy products, and are also abundant in
the gut microbiota (23-25). PK and MKs can act as a cofactor for GGCX, as the naphthoquinone

ring is the functional site required for carboxylation (26).
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MK4 is the only
MK form that is not
produced by bacteria in
large amounts. Instead,
it is alkylated from
menadione (MD,
Figure 2) present in

animal feeds or is the

product of endogenous

Figure 3. Mechanism of the conversion of MK4 from

; o conversion directly from
different vitamin K forms (31)

dietary PK. This process
involves phytyl side chain removal, producing MD as an intermediate, which is then prenylated
with a geranylgeranyl pyrophosphate side chain by the enzyme UbiA prenyltransferase domain-
containing 1 (UBIAD1) (Figure 3) (27-30). MK4 was found to be the predominate form of
vitamin K in most tissues of mice that were fed equimolar amounts of isotopically labeled PK,
MK4, MK7, and MK9. Moreover, approximately 60% of MK4 measured in kidney, brain,
intestinal, and adipose tissue originated from the vitamin K form consumed in the diet (31)
(Figure 3). Bone tissue was not measured in this experiment, so it is not clear how dietary

vitamin K influences skeletal tissue MK4 accumulation.

2.5 Clinical Evidence on the Role of Vitamin K in Bone Health

The relevance of vitamin K to bone health has been studied extensively, but the
preponderance of studies have focused on PK and MK4, with age-related bone loss measured by

BMD as the main outcome. Findings from these studies have been inconsistent (32), leaving the
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role of vitamin K in bone health controversial. A systematic review and meta-analysis of
randomized controlled trials that tested the effect of PK or MK4 supplementation on age-related
bone loss concluded there is little evidence that vitamin K affects BMD or vertebral fractures.
The authors reported a potentially beneficial effect of PK or MK4 supplementation on clinical
fracture risk but concluded that additional studies are needed to confirm this (33). Therefore,
vitamin K may influence skeletal health through mechanisms related to bone tissue quality rather
than BMD. In addition, among bacterially produced MK forms consumed in the diet, only MK7
has been studied with respect to bone health, and the clinical evidence regarding the effect of
MK?7 on age-related bone loss is also equivocal (34-39). It is currently not known how other
bacterially produced MK forms found in the diet influence skeletal health. Addressing these

knowledge gaps is essential for clarifying the broader role of vitamin K in bone.

2.6 Importance of Menaquinone-4 in Bone Health

While MK4 is present in bone, it is unclear whether MKs consumed in the diet contribute to
the MK4 stores in bone, as skeletal tissue was not measured in the prior studies that used stable
isotopes (31). This is an important gap to address because MK4 appears to have a unique role in
cell signaling pathways that have been implicated in bone homeostasis (40, 41). Evidence has
shown that MK4 acts as an endogenous ligand for the steroid and xenobiotic receptor (SXR) to
up-regulate the expression of osteoblast marker genes (40). In cell culture experiments,
activation of SXR signaling by MK4 has been associated with the accumulation of collagen in
osteoblastic cells, which may be beneficial in reducing fragility fractures (41). In animal models,
the deletion of the pregnane X receptor (PXR, the murine homolog to the SXR) resulted in a
phenotype consistent with bone fragility (42). In ovariectomized mice, MK4 treatment restored

bone microarchitecture, which was accompanied by higher expression of genes involved in bone
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formation and lower expression of genes involved in bone resorption (43). Conversion the
conversion of dietary MKs to MK4 in skeletal tissue is uncertain but will be evaluated in this

thesis research.

2.7 Absorption and Transport of Vitamin K

PK from the diet is absorbed primarily in the jejunum and ileum via bile-dependent
mechanisms and enhanced in the presence of dietary fats (44). Although there is not yet a
confirmed specific transport protein for vitamin K, recent evidence has also suggested vitamin K
can be absorbed via an active process involving the cholesterol transporter Niemann-Pick C1-
like 1 (NPCI1L1) (45, 46). Within the enterocyte, absorbed PK is incorporated into chylomicrons,
lipoprotein particles that carry dietary lipids. These chylomicrons are secreted into the lymphatic
system and enter systemic circulation at the thoracic duct. PK is the main form of vitamin K in
circulation. Plasma PK increases in response to PK intake, and this response is also influenced
by triglycerides (47). In circulation, PK is concentrated within triglyceride-rich lipoproteins
(TRL), which include both chylomicron remnants and very-low-density lipoproteins (VLDL).
Extrahepatic tissues are believed to acquire PK primarily through low-density lipoprotein (LDL)

particles via LDL receptor-mediated endocytosis (48, 49).

The absorption of MKs from the diet has not been studied as extensively as PK but is thought
to follow similar lipid-mediated pathways (50, 51). However, MKs are not typically detected in
circulation unless supplements or high amounts of MKs are consumed in the diet (52). There is
limited evidence indicating that among MKs, the length of isoprenoid sidechain may alter
cellular uptake, transport, and storage (19). Although most MKs are produced by bacteria in the

colon, evidence regarding MK absorption from the colon is mixed. In canulated rats, MK9 was
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reported to be absorbed passively and dose-dependently in the colon (and ileum) (53, 54). In this
experiment, purified MK9 was administered directly into the intestine (54). It was subsequently
reported in rats that colorectal administration of MK9 (and other vitamin K forms) did not
support prothrombin carboxylation, suggesting MKs are not sufficiently absorbed from the colon

to support vitamin K-dependent protein carboxylation (55).

2.8 Current Dietary Vitamin K Recommendations

Most dietary recommendations for vitamin K are based on PK, which was historically
thought to be the primary form of vitamin K in the diet and is well-characterized in the food
supply (18, 44, 56, 57). The current recommended adequate intakes (Al) for vitamin K in the
U.S. and Canada were derived from median PK intakes reported in the National Health and
Nutrition Examination Survey (NHANES) III, which are 120 pg and 90 pg per day for men and
women, respectively, 19 years and older (58). Since these recommendations are based on median
intakes, overall 50% of the general U.S. adult population meets the Al (59). However, vitamin K
intake can vary by sex and age (59). For example, among men only 32% of those 71 years and
older meet the current Al for vitamin K, compared to 49% of 31-50-year-olds. Among women,

63% of 31-50-year-olds and 56% of 71+-year-olds meet the Al (33).

Evidence has emerged that MKs are more abundant in the food supply than initially thought
(60) and may account for up to 25% of total vitamin K intake in some populations (61). MK4 is
found in some meats, including chicken and pork, because it is converted from MD, which is
abundant in many animal feeds in some countries. MKs 5-13 are present in various fermented
and dairy foods (19). For example, natto, a fermented soybean product commonly consumed in

Japan, is a rich source of MK7 (19). MK9 has been identified as the predominant form of
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vitamin K in dairy milk, with its concentration correlating with the milk’s fat content (60).

However, the form and amount of MKs in these foods is highly variable and depends on the

microbial species used in the fermentation process (60). There has been discussion in the

scientific community regarding a separate dietary requirement for MKs, due to potential

differences in absorption and tissue stores, compared to PK (62). However, the European Food

Safety Authority (EFSA) concluded that evidence on MK absorption and tissue distribution is

insufficient to establish a specific dietary recommendation for MKs (56).

2.9 Gut Menaquinone Production and Tissue Stores

2.9.1 Endogenous gut bacterial menaquinone production

There is a large
reservoir of MKs in the

colon, where they are

produced by gut bacteria.

Bacteria use MKs in the
electron transport chain
for energy production in
the gut microbiome (19).
The de novo MKn
synthesis in bacteria has
two pathways: the

“classic” pathway and
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Figure 4. Menaquinone biosynthetic pathways in bacteria (63)

the “alternative” (“futalosine’) pathway (Figure 4). Both pathways convert the MK precursor,
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demethylmenaquinone, to MKs (63). In brief, the classic MK synthesis pathway uses chorismate
as the substrate to synthesize 1,4-dihydroxy-2-naphthoate (DHNA) with the help of
MenFDHCEB enzymes. Next, the aromatic prenylation enzyme MenA adds a side chain to
DHNA to form demethylmenaquinone. Then, this prenylation reaction is followed by the
methylation reaction carried out by methyltransferase (MenG) to form MK (64). Furthermore,
the forms of MK produced in the human intestine vary across microbial species (65). For
example, Proteobacteria, Firmicutes, and Bacteroides are known to be associated with the
biosynthetic pathways of MK9 and MK 10, whereas MK 11-MK13 biosynthetic pathways are
predominantly found in Actinobacteria and Prevotella (66). This implies that the bacterial
composition of the microbiome influences MK content in the gut. However, the extent to which
gut-derived MKs are absorbed and contribute to the body’s overall vitamin K pool remains

uncertain.

2.9.2 Effect of antibiotics on MK production by gut bacteria

The production of MKs by gut bacteria is affected by antibiotics, which disrupt the
composition of the gut microbiota (67). In young male C57BL/6 mice, gut MK production was
altered following 12 weeks of broad-spectrum antibiotic treatment (68), in which antibiotics
significantly altered cecal MK content, which included reducing MK11 and MK 10 while
increasing MK 8 concentrations (Figure 5). Changes in MK concentrations between treatment
groups were also observed in the liver and kidney. However, the concentrations of bacterially
produced MK forms measured in the liver and kidney generally did not reflect the changes in the

caecal MK contents (except for MK11) (Figure 5). This raises questions regarding how
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Figure 5. Vitamin K concentrations in (A) caecum, (B) liver, and (C) kidney in
mice treated with antibiotics (AMicrobiome) and untreated controls (68)

alterations in gut MK production affect tissue MK stores. In the absence of direct measurement
of intestinal tissues, the intestinal content of MKs was inferred by caecal concentrations, which is
a notable gap. Moreover, the exclusion of female mice is an additional gap, given it is well-
reported that female mice have higher tissue concentrations of MK4 and other MK forms than
males (31, 69). To better understand how alterations in gut MK production affect MK tissue
stores, it is necessary to directly quantify the MK forms in intestinal and other tissues as well as
study both sexes. Furthermore, older mice could possibly respond differently due to age-related
shifts in the composition of the gut microbiome (70) that could affect bacterial MK production
and subsequently MK tissue stores. There also appear to be structural and functional differences
in colon tissue of young and old mice (71). These age-related differences suggest it is also
important to study how bacterially produced MKs contribute to vitamin K tissue stores at

different life stages — which is addressed in this thesis research.
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2.10 Conclusions and Opportunities for Research

Despite years of investigation, the role of vitamin K in bone physiology remains a topic of
debate. Historically, research has centered on vitamin K-dependent carboxylation of osteocalcin
within the bone matrix, which was thought to be important for maintaining BMD. Yet evidence
remains inconsistent. A comprehensive meta-analysis and systematic review found PK and MK4
supplementation had no effect on BMD, although suggested it may be associated with reducing
clinical fracture risk (33). While fragility fractures are often linked to low BMD, they can also
occur in individuals with normal BMD (3). Bone tissue quality is another critical aspect of bone
health not captured by bone mineral density (4-7). Therefore, vitamin K may influence skeletal

health through mechanisms related to bone tissue quality rather than BMD.

More recently, attention has shifted towards dietary MKs, including those produced by
bacteria. However, MK7 has been the only bacterially produced MK form studied in this regard,
even though other MKs are found in the food-supply, and findings are equivocal (34-39). It is also
unclear whether bacterially produced MKs forms consumed in the diet are converted to MK4 in
bone tissue, which is important to clarify since MK4 appears to be involved in cell signaling in
bone tissue homeostasis (40, 72). Hence, further research is needed to determine the physiological

role of bacterially produced MK forms and potential conversion to MK4 in skeletal tissue.

While the colon serves as a substantial reservoir of bacterially produced MKs, the
contribution of bacterially produced MKs to host vitamin K stores remains unknown.
Determining how changes in gut MK production affect tissue MK stores is important to clarify
how gut produced MKs participate in the physiological functions of vitamin K in bone and other

host tissues.
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ABSTRACT

Background: Menaquinones (MKs) are a class of vitamin K compounds, most of which are
produced by bacteria residing in the colon. However, the contribution of gut-produced MKs to
host tissue vitamin K stores remains uncertain. If these MKs are absorbed and incorporated into
the host’s overall vitamin K pool, altering gut MK production would be expected to influence
host MK tissue stores. However, experimental evidence supporting or refuting this premise is

currently limited.

Objective: To determine how altering gut MK production affects intestinal and liver tissue MK

contents in aged and young mice.

Methods: Gut MK production of male and female C57BL/6 mice was altered with broad-
spectrum antibiotic treatment in two experiments: (A) starting at 19 months of age for 4 months
(aged mice) and (B) starting at 4 weeks of age for 3 months (young mice). Age-matched
untreated controls were included in each experiment. Concentrations of 10 known MK forms
(MK4-13) in feces, colon, duodenum, jejunum, ileum, and liver were quantified using mass

spectrometry and compared within age-group and sex using independent samples t-tests.

Results: In aged mice, antibiotic treated males and females had higher fecal MK§8-MK12
concentrations and lower MK6 and MK 13 compared to untreated controls (p<0.001). Parallel
differences were observed in colon tissue MK profiles, but not in the small intestine or liver. In
young mice, antibiotic treated males and females had lower fecal MK6 and MK10-MK12
(p<0.001) compared to untreated controls. However, parallel differences in intestinal, liver or

bone tissue MK concentrations were not detected.
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Conclusion: Altering gut MK production did not correspond to changes in tissue MK
concentrations, except perhaps for colon tissue. These findings raise doubt about the contribution

of MKs produced by gut bacteria to vitamin K tissue stores.

INTRODUCTION

Vitamin K is a class of fat-soluble compounds that serve as an essential enzyme cofactor
in the post-translational carboxylation of specific proteins, known as vitamin K-dependent
proteins (1). There are multiple naturally occurring forms of vitamin K. Phylloquinone (PK,
vitamin K1) is plant-based and found in green leafy vegetables and vegetable oils (2).
Menaquinones (MKs, collectively referred to as vitamin K2) differ structurally from PK in the
length and saturation of the side chain. Most MKs (MKS5-13) are produced by bacteria. They are
found in fermented foods, meat, and dairy products, and are also abundant in the gut microbiota
(3). Among the MKs, however, MK4 is unique because it is not bacterially produced but is
instead converted from dietary vitamin K forms in certain tissues, including the intestine and
liver (4).

Most dietary recommendations for vitamin K are based on PK, which was historically
thought to be the primary form of vitamin K in the diet and is well-characterized in the food
supply (2, 5-7). The current recommended adequate intakes (Al) for vitamin K in the U.S. and
Canada are 120 pg and 90 pg per day for men and women 19 years and older respectively (8).
These Als were derived from median PK intakes reported in the National Health and Nutrition
Examination Survey (NHANES) III in 1988-1994. Since then, evidence has emerged that MKs
are more abundant in the food supply than initially thought (9) and may account for up to 25% of
total vitamin K intake in some populations that consume high amounts of MK-rich foods (10).

There has been discussion in the scientific community about whether a separate dietary
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requirement for MKs should be considered, given potential differences in absorption and tissue
distribution compared to PK (11). However, this remains controversial. The European Food
Safety Authority (EFSA) concluded that evidence on MK absorption and tissue distribution is
insufficient to establish a specific dietary recommendation for MKs (6).

One key knowledge gap regarding MK absorption and tissue distribution is the extent to
which MKSs produced in the gut are absorbed and contribute to the body’s overall vitamin K
pool. Dietary PK is absorbed primarily in the jejunum and ileum via bile-dependent mechanisms
and enhanced in the presence of dietary fats (5). Absorption of MKs from the diet is thought to
follow a similar pathway (12, 13). However, there is mixed evidence regarding MK absorption
from the colon (14). In canulated rats, MK9 was reported to be absorbed passively and dose-
dependently in the colon (and ileum) (15, 16). In this experiment, purified MK9 was
administered directly into the intestine (16). It was subsequently reported in rats that colorectal
administration of MK9 (and other vitamin K forms) did not support prothrombin carboxylation,
suggesting MKs are not sufficiently absorbed from the colon to support vitamin K-dependent
protein carboxylation, which is vitamin K’s main function (17). In a more recent experiment
conducted in 4-week-old male C57BL/6 mice, gut MK production was altered via 12 weeks of
treatment with broad-spectrum antibiotics. However, the concentrations of bacterially produced
MK forms in the liver and kidney did not correspond to the changes in the caecum MK contents
(18). This raises questions regarding how alterations in gut MK production affect tissue MK
stores. MKs were not directly measured in intestinal tissue in this experiment. Instead, the
intestinal MK contents were inferred by cecal concentrations, which is a notable limitation. It’s
possible that older mice could respond differently due to age-related shifts in the composition of

the gut microbiome (19) that could affect bacterial MK production and subsequently MK tissue
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stores. Evaluating how altering gut MK production contributes to tissue MK stores in young and
aged animals is an important step toward improving our understanding of vitamin K metabolism
over the lifespan.

To address this gap, we altered gut MK production of male and female C57BL/6 mice
with broad-spectrum antibiotic treatment for up to 4 months, starting at two life stages: 19
months of age (aged mice) and 4 weeks of age (young mice). We quantified MK4-13
concentrations in feces to confirm changes in gut MK production, and in colon, duodenum,
jejunum, ileum, and liver tissues to assess MK tissue distribution. We hypothesized that
antibiotic-induced alterations in gut MK production would not affect intestinal, or liver tissue

MK concentrations in aged or young mice.

MATERIALS AND METHODS

Study design

Experiment A — Aged Mice: Oral antibiotics treatment from 19 to 22 months of age

This animal study was conducted at the Hernandez Laboratory at Cornell University
(now at University of California, San Francisco). Four-week-old male (n=45) and female (n=45)
C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor; ME) and housed in plastic
cages filled with 1/4-inch corn cob bedding (The Andersons’ Lab Bedding, Ohio), fed with
standard laboratory chow (Teklad LM-485 Mouse/Rat Sterilizable Diet, nutrient composition
table see supplemental material Figure 1S) and water ad /ibitum. The diet contained 80 mg/kg
menadione (MD), a synthetic form of vitamin K commonly used in animal feed (12). Mice were
randomized into one of two groups (n=15/sex/group) and treated with oral broad-spectrum

antibiotics for months using the following dosing duration regimens (Figure 1): (I) untreated, no
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antibiotic treatment from weaning (4 weeks of age) to months 22; (II) 4 months dosing, no
antibiotics from weaning to months 18, then antibiotic treatment from months 19-22.

Experiment B — Young Mice: Oral antibiotics treatment from 4 weeks to 16 weeks of age

This animal study was conducted at the Jean Mayer USDA Human Nutrition Research
Center on Aging (HNRCA) at Tufts University. Three-week-old male (n=32) and female (n=32)
C57BL/6 mice were acquired from Charles River Laboratories and housed in conventional
plastic single cages also filled with 1/4-inch corn cob bedding at the HNRCA Comparative
Biology Unit. Upon arrival, mice were acclimated to an AIN-93G diet (Inotiv, TD.94045) that
contained 1mg/kg PK (per manufacturer) for one week. At 4 weeks of age, mice were divided at
random into 2 experimental groups (n=16/sex/group) to receive diet containing MK9 with or
without oral antibiotics for 12 weeks as follows: (1) diet containing 2.1 mg/kg MK9 with no
antibiotic treatment, (2) diet containing 2.1 mg/kg MK9 with antibiotic treatment for 12 weeks
(Figure 2). Diets were composed of a mixture of the vitamin K-free basal diet (Inotiv,
TD.120060) and a molar equivalent amount of MK9 to the currently recommended concentration
of vitamin K for rodents (1mg/kg PK) (20) (Figure 2S). It was previously demonstrated that
feeding mice a diet containing MK9 (the only form of vitamin K in the diet) in an equal molar
amount to the current rodent diet recommendations showed no sign of vitamin K-deficiency (4).
In addition, mice were pair-fed between groups with and without oral antibiotic treatment to
minimize the possibility that any outcome differences would be due to differences in the total
amount of food consumed. MK9 concentrations in study diets were measured by liquid
chromatography-mass spectrometry (LC-MS) (3), and diet MK9 concentrations were 2.03+0.12

mg MK9/kg.
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Oral antibiotics used in both experiments followed previous work (21, 22), in which a
cocktail of 1.0g/L ampicillin and 0.5g/L. neomycin was added to mice’s drinking water in light-
sensitive water bottles. Fresh antibiotic water was replaced every three days over the duration of
both studies. Ampicillin and neomycin are broad-spectrum antibiotics that alter the intestinal
microbiome but have poor bioavailability, which minimizes extra-intestinal effects (21, 23).
Fecal pellets were collected one day before sacrifice. Tissues were selected based on their
distinct roles in vitamin K metabolism: liver (primary storage site) and intestinal segments
(duodenum, jejunum, and ileum for dietary absorption) and colon (where bacterial MK
production occurs). Bone tissue was also included in experiment B, as an additional extrahepatic
tissue. All the intestinal tissues were immediately rinsed with ice-cold phosphate-buffered saline
(PBS) to remove luminal contents, snap-frozen in liquid nitrogen, and stored at -80°C until

analysis.

Vitamin K analyses

MK concentrations in feces, intestinal tissues, and liver tissues from both experiments, as
well as bone tissues from experiment B, were analyzed at the HNRCA. For samples collected
from experiment A, tissue MK4 concentrations were measured by high-performance liquid
chromatography (HPLC, to avoid co-eluting interferent peaks) and tissue MKS5 through 13
concentrations were measured using LC-MS. Both assays were developed by our laboratory as
described in detail elsewhere (3). For samples collected from experiment B, tissue MK4-13
concentrations were measured by Quadrupole Time-of-Flight Mass Spectrometry (Q-TOF-MS)
to improve sensitivity, minimize interference, and avoid the need to switch instruments for MK4.
Briefly, liver tissues (0.1-0.15 g) were homogenized in PBS using a Powergen homogenizer

(Fisher Scientific) prior to extraction. Fecal pellets (0.6 g) were dispersed by sonicating in a 3:2
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(v/v) mixture of 2-propanol and hexane for 1 minute. Intestinal (duodenum, jejunum, ileum, and
colon; 0.1 g) tissues were homogenized with a mortar and pestle over dry ice, with the addition
of liquid nitrogen to ensure thorough pulverization. Bone (left and right tibia, in total of 0.1g)
tissues were fragmented using a stainless-steel tissue pulverizer (Biospec) with the addition of
liquid nitrogen to ensure thorough pulverization. The resulting bone powder was transferred into
2 mL tubes pre-filled with beads, followed by the addition of 1 mL PBS. Samples were then
homogenized using an Omni Bead Ruptor 24 Homogenizer, running two cycles of 1 minute
each. MKs from homogenized tissue and fecal samples were then extracted using hexane,
purified via solid-phase extraction, and quantified using LC-MS, HPLC, and Q-TOF-MS
(Agilent series 1200 HPLC; Agilent 6130 Quadrupole MSD; Agilent 6550 iFunnel Q-TOF
LC/MS). For samples measured using LC-MS and HPLC, the lowest limit of detection (LLOD)
for tissue MKs are Spmol/g for MKS5, MK7, MK8, MK9, MK 11-13; 10pmol/g for MK6;
Ipmol/g for MK10; 0.1pmol/g for MK4 (24). For samples measured using Q-TOF-MS, the
LLODs are 1pmol/g for MK4-MKS8 and Spmol/g for MK9-MK13.
Statistical analysis

Data are presented as geometric means = SEM. Nondetectable (ND) values were handled
by replacing concentrations of 0 with half of the LLOD. Statistical analyses were performed
using RStudio (v. 4.3.1, 2023). The Shapiro—Wilk test was applied to assess data normality, and
Levene’s test was used to evaluate homogeneity of variance. Normality was tested for each MK
within each tissue. When a distribution failed the Shapiro—Wilk test, concentrations were log-
transformed to reduce skewness and stabilize variance, and normality was re-evaluated.
Independent t-tests were then performed to compare the effects of antibiotic treatment on body

weights, tissue, and fecal MK concentrations. Analyses were conducted separately by sex, with
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statistical significance defined as p<0.01 to account for multiple comparisons within each
experiment.
RESULTS

Body weight and mortality: Body weights in both experiments did not differ
significantly between treatment groups in either male or female mice (all p-values>0.025, see
Supplemental Figure S3 and S4). Eleven young mice died with no overt bleeding prior to the
end of experiment B (8 males and 3 females). Of these, seven males and 2 females were from the
antibiotic treatment groups. One male and 1 female in the non-treated groups were also lost. No

losses were reported in experiment A.

Feces: In aged females (experiment A), fecal MK8-12 concentrations were higher
following 4 months of antibiotic treatment, compared to the control (Table 1). In aged males,
antibiotic treatment increased fecal MK7, MKS8, MK9, and MK 11 concentrations. Conversely,
fecal MK 6 and MK 13 concentrations were significantly lower following antibiotic treatment in
both sexes (Table 1). Fecal MK4 and MKS5 did not differ between the treatment groups in aged
males or females. In young males and females (experiment B), fecal MK6, and MK 10-12
concentrations were lower following 12 weeks of antibiotic treatment compared with controls
(Table 2). MK8 concentrations were significantly higher in antibiotic treated males compared to
controls, but the between group difference in females did not achieve statistical significance.
Antibiotic treatment had no effect on MK5, MK7, or MK9 concentrations and MK4 was not

detected in the feces in young mice of either sex.

Colon tissue: In aged males and females, colon tissue MK8—12 concentrations were

higher following antibiotic treatment, except for MK9 in females (Table 3). In young males and
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females, 12 weeks of antibiotic treatment did not affect colon tissue MK concentrations, except

for an increase in MKS8 concentrations in young females. (Table 4).

Small intestinal tissues: In aged mice, MK 6 was the only bacterially derived MK form
detected in the small intestine. In males, antibiotic treatment did not alter MK4 or MK 6
concentrations in the duodenum, jejunum, or ileum (Table 3). In females, antibiotic treatment
only reduced duodenal MK4 concentrations (Table 3). No bacterially derived MK forms were
detected in the small intestine of young males and females. In young antibiotic-treated females,
MK4 concentrations in the duodenum and jejunum, but not the ileum, were lower than untreated
controls (Table 4). Conversely, in young males, MK4 concentrations in all small intestinal
segments were unaffected by antibiotic treatment (Table 4).

Liver: In aged mice, MK4 and MK 10 were the only MKs detected in liver. However,
antibiotic treatment had no effect on MK4 and MK 10 concentrations, compared to the controls
(Table 3). In young mice, MK4 and MK9 were detected in the liver. In males, liver MK4 and
MKO9 concentrations did not differ between antibiotic-treated and control groups (Table 4). In
females, liver MK4 concentrations were higher following antibiotic treatment, compared to
controls (Table 4).

Bone: MK4 was the only vitamin K form detected in the bone tissue of young mice.
Antibiotic treatment had no effect on MK4 concentrations in either males or females when
compared with control groups (Table 4).

DISCUSSION

Fecal MK concentrations were altered following antibiotic treatment in both aged and

young mice. However, the magnitude and direction of the detected changes were variable. The

majority of fecal MKs increased with antibiotic treatment in aged mice but decreased in young
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mice. Moreover, these changes were not reflected in the MK tissue concentrations of the small
intestine or liver. For example, in aged mice, fecal MK9 and MK 11 concentrations increased
with antibiotic treatment, yet these MKs were not detected in tissues analyzed, other than the
colon. Although fecal MK 10 was higher in antibiotic-treated aged female mice, liver MK 10
concentrations remained unchanged. In antibiotic-treated young mice, MK6 and MK10-MK 12
concentrations in feces were significantly lower compared to untreated controls. However, these
MKs were not detected in the small intestine, liver, or bone tissues in the untreated or antibiotic
treated young mice, which precludes determining whether corresponding alterations occurred at
the tissue level.

In the aged mice, the differences in colon tissue MK concentrations generally aligned
with those observed in feces. In young mice, there were similar patterns for MK 8, which also
increased in feces following antibiotic treatment (although statistical significance was only
achieved for fecal MKS in males and colon MK8 in females). Otherwise, antibiotic-induced
changes in gut MK production generally were not reflected in colon tissue in young mice. Colon
tissue is in direct contact with the gut microbiota, which endogenously produces MKs. That more
MKs were detected in colon tissue of aged mice may be attributed to age-related changes in gut
barrier integrity, such as increased intestinal permeability (25), amplifying the impact of
antibiotic treatment on colon MKs. However, we cannot rule out the possibility that the MKs
detected in the colon tissue were remnants of the fecal contents, despite our efforts to minimize
contamination by the steps taken in tissue preparation.

Absorption of long-chain MKs is thought to occur primarily in ileum, where bile salts are
present to facilitate their incorporation into mixed micelles and transport into the enterocyte for

absorption (26). Consistent with this, long-chain MKs have been detected in ileal tissue (27).
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However, because bile salts are reabsorbed before reaching the colon, where the majority of gut-
produced MKs are synthesized, the absorption of MKs from the colon is questionable. Moreover,
most bacterially produced MKs are bound to bacterial cell membranes, which may additionally
limit their bioavailability. In older mice, MK6 was consistently detected across all intestinal
tissues, though it was the only bacterially derived MK form present in the small intestine. Fecal
MKG6 concentrations decreased with antibiotic treatment but remained statistically unchanged in
intestinal tissues. In contrast, in younger mice, no gut-derived MK forms were detected in the
small intestine tissue, raising additional questions about the absorption of bacterially produced
MKs.

MK4 was detected in the liver and intestinal tissues of both young and aged mice, and in
feces of aged mice. Since MK4 is not bacterially produced, it is likely that MK4 mainly
originated from the diet. The diet fed to the aged mice contained 80 mg menadione/kg diet.
Menadione is a pro-vitamin present in standard rodent chow that can be converted to MK4 in
rodent tissues (20, 28). When vitamin K-deficient rats were fed a diet that contained 20 mg
menadione/kg diet for 10 days, MK4 was the predominate vitamin K form detected throughout
the intestine (29). The MK4 concentrations were similar in all intestinal segments (duodenum,
proximal and distal jejunum, proximal, mid-, and distal ileum, cecum, proximal and distal
colon). MKs 8-10 were also detected in the rats’ caecum and colon, with MK 10 being the most
abundant form. While these findings are generally consistent with ours, our experiment did not
include a vitamin K-deficient control group, precluding our ability to determine the specific
contribution of the dietary menadione to tissue MK4 levels. Moreover, the amount of MD in the
diet was approximately 80-fold higher than current recommendations for laboratory animal diets

(1mg/kg PK (20)), which limits the applicability of our findings to conditions of vitamin K
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insufficiency. The diet given to the younger mice contained MK9 as the only form of vitamin K,
which was provided at an amount molar equivalent to 1mg PK/kg diet (4, 30, 31) — which
corresponds to the current recommendations for rodent chow (20). Following this diet, MK4 was
not detected in feces but was detected in all examined tissues and was the only MK form present
in the small intestinal tissues. This observation is consistent with previous findings that MK4
was also not detected in feces of 12-week-old mice fed MK9 for seven days, also at molar
amounts equivalent to current rodent diet recommendations, but was detected in multiple tissues,
including small intestine and liver (32).

Our study has several key strengths. Compared to prior studies (18, 27), our findings provide
insight into how changes in gut MK production affect MK stores of several key tissues involved
in MK production, absorption, and storage. We included male and female mice since males and
females are known to respond differently to alterations in vitamin K intake, and our findings
substantiated the sex differences reported by others (4, 31, 32). We also studied two age groups
of mice to obtain insight into how bacterially produced MKs contribute to tissue vitamin K stores
at different life stages. However, since our data were derived from two separate experiments in
which mice were fed different forms and doses of vitamin K, we were unable to directly compare
the younger and older mice. Moreover, tissue MKs were measured using different instruments in
the two experiments because the aged mice were analyzed first with LC-MS/HPLC, while the
young mice were analyzed later using a recently updated QTOF-based assay that offered greater
sensitivity, minimized co-eluting peaks, and streamlined MK4 analysis. This methodological
difference further limits direct comparisons between the age groups. However, the same
antibiotics were used in both experiments. Functional measures of vitamin K status, such as

PIVKA (prothrombin induced by vitamin K absence), were not available, so we were unable to
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evaluate whether alterations in gut MK production affected vitamin K functional status.
Emerging research suggests that gut-derived MKs may have localized roles in shaping gut
microbiota composition and function (32, 33). Intestinal microbiome composition and functional
data were not available in our study, and it will be important to clarify how changes in the MK
production in the gut affect the composition or function of the gut microbiome and vice versa in
the future. However, this limitation does not affect our primary objective, which was to evaluate
how changes in gut MK production influence MK concentrations in host tissues. Both
experiments A and B were respectively designed to study the effect of gut microbiome
alterations and dietary MK9 on bone tissue quality (30), so the sample size calculations were
based on that outcome. Our sample size provided >87% to detect antibiotic treatment group
differences in caecal MK concentrations reported by Guss et al (18), using a two-tailed p-value <
0.05. We adopted a more conservative p-value of < 0.01 for statistical significance in recognition
of multiple comparisons and acknowledge some of the observed comparisons would have
reached statistical significance under the more conventional threshold of p < 0.05.

The contribution of gut-produced MKs to vitamin K tissue stores and status has been debated
for quite some time (6, 12, 16, 17). Our findings suggest that most gut-produced MKs are not
substantially absorbed or distributed to tissues other than perhaps the colon. However, as
evidence has emerged that MKs produced in the gut may modulate gut bacteria production and
function (32), additional research into the broader health implications of gut-derived MKs may

be warranted.
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Table 1. Fecal MK concentrations (pmol/g) of aged mice that received standard lab chow containing 80 mg menadione/kg diet and were treated

with oral broad-spectrum antibiotics from 19-22 months of age (Experiment A)

Male Female
MK detected Ul(l;l;elast)ed Antlbl((:lt;cl g")reated P values Ul(lltlielast;d Antlbl((l)lt;cl"sl")reated P values
MK4 9+1 9+3 0.287 1543 1943 0.365
MKS5 ND ND 8+3 ND 0.057
MKG6 263166 3549 <0.001 7824366 26+6 0.002
MK7 7+1 16+1 <0.001 154 2442 0.495
MKS 262 173+£22 <0.001 3348 342447 <0.001
MK9 196+15 593+69 <0.001 145+16 653161 <0.001
MK10 25844235 3186+236 0.087 1908+280 35444290 <0.001
MK11 1123499 2332+130 <0.001 961+123 29854260 <0.001
MK12 284+39 434430 0.034 167+26 709+100 <0.001
MK13 356+60 28+3 <0.001 124+45 30+6 <0.001

Values are geometric mean=SEM. Differences between treatment groups were determined using independent t-test. Males and female were
analyzed separately with statistical significance set as p<0.01. ND, not detectable. MK5-MK 13 measured by LC-MS (MKS5, MK7, MKS, MKO9,
MK11-13 LLOD<5pmol/g; MK6 LLOD<10 pmol/g; MK10 LLOD<1 pmol/g), MK4 measured by HPLC (LLOD<0.1 pmol/g).
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Table 2. Fecal MK concentrations (pmol/g) of young mice that received a diet containing 2.1 mg MK9/kg diet and were treated with oral broad-

spectrum antibiotics from 4-weeks to 16-weeks of age (Experiment B)

Male Female
MK detected Ul(llti?st;d Antlbl(olfl:gt)reated P values Ul(lI:l;el:;t)ed Antlba)llii j;‘eated P values

MK4 ND ND ND ND
MKS5 1£0.3 ND 0.087 1£1 ND 0.124
MKa6 249456 1+£1 <0.001 553+166 3£2 <0.001
MK7 3+2 14+7 0.013 13+5 2249 0.097
MKS 102+11 329427 <0.001 164+29 174+140 0.025
MK9 960+136 1251455 0.043 1756267 15234169 0.428
MK10 427455 743 <0.001 688+103 5+1 <0.001
MK11 512446 62 <0.001 660+95 6+2 <0.001
MK12 218435 ND <0.001 193488 5+1 <0.001
MK13 7+4 ND 0.115 ND ND

Values are geometric mean=SEM. Differences between treatment groups were determined using independent t-test. Males and female were
analyzed separately with statistical significance set as p<0.01. ND, not detectable. MK4-MK 13 measured by Q-TOF-MS (MK4-MK8 LLOD<1

pmol/g; MK9-MK13 LLOD<S5 pmol/g).
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Table 3. Detected tissue MK concentrations (pmol/g) of aged mice that received standard lab chow containing 80 mg menadione/kg diet and
were treated with oral broad-spectrum antibiotics from 18-22 months of age (Experiment A)

Male Female
Tissue MK Untreated Antibiotic P values Untreated Antibiotic P values
Detected (n=15) Treated (n=15) (n=15) Treated (n=15)

Liver MK4 3043 2443 0.302 68+4 80+7 0.143
MK10 3345 24+5 0.124 79+16 52+13 0.177

Duodenum MK4 204+20 193+24 0.791 386+46 17561 0.003
MKG6 10+2 ND 0.013 104 ND 0.208

Jejunum MK4 188+18 181=£16 0.767 199+20 188+16 0.668
MKo6 1143 ND 0.13 1747 ND 0.014

MK4 251423 273442 0.604 324420 253424 0.035

Tleum MKG6 144 ND 0.037 1646 ND 0.046
MK4 133+5 139+7 0.402 245+16 199+12 0.022

MKo6 18+6 ND 0.055 43+17 ND 0.026

MKS ND 9+3 0.001 ND 1444 0.001

MK9 18+4 42+13 0.009 17+6 44+6 0.04

Colon MK10 72412 226+46 <0.001 7421 188426 0.002
MK11 108+16 210428 0.001 111+24 214426 0.008
MK12 8+2 26+7 <0.001 ND 38+10 <0.001

MK13 7+1 ND 0.058 6+2 ND 0.129

Values are geometric meantSEM. Differences between treatment groups were determined using independent t-test. Males and female were
analyzed separately with statistical significance set as p<0.01. ND, not detectable. MK5-MK13 measured by LC-MS (MK5, MK7, MKS8, MK9,
MK11-13 LLOD<S pmol/g; MK6 LLOD<10 pmol/g; MK10 LLOD<1 pmol/g), MK4 measured by HPLC (LLOD<O0.1 pmol/g).
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Table 4. Detected tissue MK concentrations (pmol/g) of young mice that received a diet containing 2.1 mg MK9/kg diet and were treated with

oral broad-spectrum antibiotics from 4-weeks to 16-weeks of age (Experiment B)

Male Female
Antibiotic Antibiotic
Tissue MK Detected U?;‘:fg; d Treated Pvalues Ul(ll:ielast; d Treated Pvalues
(n=9) (n=14)
Liver MK4 5+1 5+1 0.963 9+1 21+3 <0.001
MK9 82 5+1 0.031 30+4 2644 0.606
Duodenum MK4 10+1 8+1 0.218 30+2 2042 <0.001
Jejunum MK4 11+£1 8+l 0.02 30+2 17+2 <0.001
Ileum MK4 262 19+1 0.035 4344 39+3 0.32
MK4 1242 15+3 0.174 3343 4443 0.035
MKGo6 11+4 ND 0.032 11+£7 ND 0.032
Colon MK?7 ND 1+1 0.322 ND 1+1 0.315
MKS8 2+1 442 0.164 ND 2+1 0.006
MK9 11+3 16+3 0.283 82 1543 0.016
Bone MK4 32+4 2344 0.092 54+7 5545 0.874

Values are geometric meantSEM. Differences between treatment groups were determined using independent t-test. Males and female were
analyzed separately with statistical significance set as p<0.01. ND, not detectable. MK4-MK13 measured by Q-TOF-MS (MK4-MKS8 LLOD<1
pmol/g; MK9-MK13 LLOD<S5 pmol/g).
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Figure 1. Animal study design, (A) Aged mice (Experiment A), four-week-old male and female
(n=15/sex/group) C57BL/6 mice received standard lab chow containing 80mg menadione /kg
diet and treated with oral antibiotics from 19-22 months or untreated; (B) young mice
(Experiment B), four-week-old male and female (n=16/sex/group) C57BL/6 mice received diet
containing 2.1mg menaquinone-9/kg diet with or without oral antibiotic treatment for 12 weeks.
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Supplemental Material

Standard Product Form: Pellet

Macronutrients

Crude Protein % 19.1 Vitamin A ®f 1U/g 30.0
Fat (ether extract) * _ % 5.8 Vitamin D, *® U/g 24
Carbohydrate (available) % 44.3 N R
Crade Fiber % 26 Vitamin E 1U/kg 150
Neutral Detergent Fiber € % 13.7 Vitamin K, (menadione) me/ke 80
Ash % 6.1 Vitamin B, (thiamin) mg/kg 95
Energy Density ¢ keal/g (k)/g) 3.1(13.0) Vitamin B, (riboflavin) mg/kg 14
Calories from Protein % 25 Niacin (nicotinic acid) mg/kg 100
Calories from Fat % 17 Vitamin B; (pyridoxine) mg/kg 17
Calories from Carbohydrate % 58 Pantothenic Acid mg/kg 87
. Vitamin By, (cyanocobalamin) mg/kg 0.09

Calckim % 10 Biotin me/ke 0.7
Phosphorus % 0.7

Non-Phytate Phosphorus % 0.4 Folate mg/kg 7
Sodium % 0.3 Choline mg/ki 2200
Potassium % 0.8
Chloride % 0.5 C16:0 Palmitic % 0.6
Magnesium % 0.2 C18:0 Stearic % 0.2
Zinc me/ke 63 C18:1w9 Oleic % 13
Manganese me/kg 9 C18:2w6 Linoleic % 2.6
Copper mg/kg 23 3 K
lodine me/ke 3 C18:3w3 Linolenic % 0.3
Iron mg/kg 240 Total Saturated % 0.8
Selenium mg/kg 0.16 Total Monounsaturated % 13
Amino Acids Total Polyunsaturated % 2.9
Glutamic Acid % 2.8 Cholesterol mg/kg -
Alanine % 1.0
Glycine % 0.8
Threonine % 0.8
Proline % 14
Serine % 1.3
Leucine % 1.7
Isoleucine % 0.8
Valine % 0.9
Phenylalanine % 0.9
Tyrosine % 0.8
Methionine % 0.4
Cystine % 0.3
Lysine % 1.0
Histidine % 0.5
Arginine % 1.2
Tryptophan % 0.3

Figure 1S. Aged mice were fed a standard rodent sterilized diet (Teklad LM-485) with 80mg menadione/kg diet.



TD.120060 Vitamin K Defic. Basal Mix (95%)

Formula g/Kg
Isolated Soy Protein 2021
DL-Methionine 1.053
Sucrose 532.07
Corn Starch 157.9044
Cellulose 52.63
Mineral Mix, AIN-76 (170915) 36.84
Calcium Carbonate

11.84
p-Aminobenzoic Acid 0.116
Vitamin C, ascorbic acid, coated (97.5%) 1.074
Biotin 0.0004
Vitamin B12 (0.1% in mannitol) 0.0316
Calcium Pantothenate 0.069
Choline Dihydrogen Citrate 3.68
Folic Acid 0.0021
Inositol 0.116
Niacin 0.1042
Pyridoxine HCI 0.0232
Riboflavin 0.0232
Thiamin HCI 0.0232
Vitamin A Palmitate (500,000 1U/g) 0.0421
Vitamin D3, cholecalciferol (500,000 1U/g) 0.0046
Vitamin E, DL-alpha tocopheryl acetate (500 1U/g) 0.253

Footnote

This modification of TD.97053 removes corn oil to make room for tocopherol-
stripped corn oil with a phylloquinone source. End user mixes 950 g of
TD.120060 with 50 g of oil.

Selected Nutrient Information’

% by weiﬂht % kcal from
Protein 17.7 20.5
Carbohydrate 68.1 79.0
Fat 0.2 0.5

Kcallg 3.5

'Values are calculated from ingredient analysis or manufacturer data

Figure 2S. Young mice were fed a vitamin K-free basal diet (Inotiv, TD.120060) with 2.1mg

50

MKO9/kg diet. Purchased MK9 (IsoScience) was solubilized in tocopherol-stripped corn oil (5%

diet; Inotiv, CA.160160) and then mixed into vitamin K-free basal diet mix (95% diet).

*Product form: powder
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Figure 3S. Body weight (g) at 22 months of male (A) and female (B) mice that received standard lab chow containing 80 mg
menadione/kg diet and were treated with broad-spectrum antibiotics from 19-22 months of age, then sacrificed (Experiment B).
Differences between treatment groups were determined using an independent t-test. Males and females were analyzed separately, with
statistical significance set as p<0.01. Data are presented as mean £SEM.
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Figure 4S. Body weight (g) at 16 weeks of male (A) and female (B) mice that received a diet containing 2.1 mg MK9/kg diet and
were treated with broad-spectrum antibiotics from 4 weeks to 16 weeks of age, then sacrificed (Experiment A). Differences between
treatment groups were determined using an independent t-test. Males and females were analyzed separately, with statistical
significance set as p<0.01. Data are presented as mean =SEM.
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HNRCA Tufts University Human Nutrition Research Center on Aging

LC-MS liquid chromatography mass spectrometry

MK menaquinone

PBS phosphate-buffered saline

PK phylloquinone

Q-TOF-MS time-of-flight mass spectrometry

ABSTRACT

Vitamin K has been implicated in skeletal health because vitamin K-dependent proteins
are present in bone. While there are multiple forms of vitamin K, most research has focused on
phylloquinone, which is found mainly in plant-based foods, and its metabolite menaquinone-4
(MK4). However, there are additional forms of vitamin K that are bacterially produced that
appear to influence bone health but have not yet been studied extensively. Herein, we evaluated
the effects of menaquinone-9 (MKD9), a bacterially produced form of vitamin K on bone tissue
quality and density in young mice. Four-week-old male (n=32) and female (n=32) C57BL/6 mice
were supplemented with 0.06 mg/kg diet or 2.1 mg/kg diet of MK9 for 12 weeks. During week
11, a sub-group of mice (n=7/sex/group) received daily deuterium-labeled MKO9 to trace its
metabolic fate in bone. Liver MK4 and MK9 were significantly higher in mice fed 2.1 mg
MKO9/kg compared to those receiving 0.06 mg MK9/kg, regardless of sex (all p <0.017). MK4
was the only vitamin K form detected in bone, with 63-67% of skeletal MK4 in mice fed 2.1 mg

MK9/kg derived from deuterium-labeled MK9. Femoral tissue strength, maximum bending
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moment, section modulus, and bone mineral density did not differ significantly across diet
groups in either sex (all p>0.083). Cross-sectional area (p=0.003) and moment of inertia
(p=0.001) were lower in female mice receiving 2.1 mg MK9/kg compared to those receiving
0.06 mg MK9/kg, but no differences were found in male mice. Higher bone MK4 concentrations
did not correlate with higher bone tissue quality or density. Despite dietary MK9 being a dietary
precursor to MK4 in bone, dietary MK9 supplementation did not affect bone tissue quality or

bone mineral density during skeletal development.

Keywords: skeletal health, bone tissue quality, bone mineral density, vitamin K, menaquinone

Lay summary: Most vitamin K and bone health research has focused on phylloquinone, the
plant-based vitamin K form, and its metabolite menaquinone-4. Interest in bacterially produced
vitamin K forms is growing since they are abundant in the intestinal microbiome. We evaluated
the effect of a bacterially-produced vitamin K form on skeletal health by feeding 4-week old
mice diets with low and high doses of menaquinone-9 for 12 weeks. We also used stable-isotope
labeled menaquinone-9 to trace its conversion to menaquinone-4 in bone. Menaquinone-9 served
as a precursor to menaquinone-4 in bone, but menaquinone-9 supplementation did not improve

skeletal health during skeletal development.

INTRODUCTION

Vitamin K, an essential fat-soluble nutrient, has been implicated in bone health (1) based
on its role as an enzymatic cofactor required for the post-translational carboxylation of certain
proteins (vitamin K-dependent proteins) (2). One such protein is osteocalcin, the predominate
non-collagenous protein in bone. Once carboxylated, osteocalcin binds to calcium in the bone
matrix (3). There are multiple naturally-occurring forms of vitamin K which are capable of

carboxylation. The plant-based form, phylloquinone (PK) is found in green leafy vegetables and
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vegetable oils (4). Menaquinones (MKs) are a class of vitamin K compounds that are primarily
bacterially produced and are therefore abundant in the intestinal microbiome. At least 13 MK
forms have been identified that differ structurally from PK in the length and saturation of their
prenylated side chain, with the number of prenyl units differentiating among the specific MKs

(MKn) (5, 6).

Among the menaquinones, MK4 is unique because it is not known to be made by
bacteria. Instead, it is synthesized in several extra-hepatic tissues from other forms of vitamin K,
including MKs that are bacterially synthesized (7-9). It was recently demonstrated that MK4 is
found in bone (9), but the role of dietary vitamin K as a precursor to MK4 in bone has not yet
been fully elucidated. This is an important gap to address because MK4 signaling pathways have

been implicated in bone tissue homeostasis (10, 11).

Most observational studies and randomized clinical trials evaluating the role of vitamin K
in skeletal health have focused primarily on PK and MK4, with age-related bone loss measured
using bone mineral density (BMD) as the main outcome. However, these studies have yielded
inconsistent results (12). A systematic review and meta-analysis of randomized controlled trials
that tested the effect of PK or MK4 supplementation on age-related bone loss concluded there is
little evidence that vitamin K affects BMD or vertebral fractures. The authors reported a
potentially beneficial effect of PK or MK4 supplementation on clinical fracture risk, but
concluded additional studies are needed to confirm this (13). While fragility fractures are often
associated with low BMD, they also occur in individuals with normal BMD (14). Bone tissue
quality—encompassing bone strength and mechanical properties—is another critical aspect of
bone health not captured by BMD (15-18). An impairment in bone tissue quality can reduce

whole bone strength without altering BMD (19). In mice, knockout of the vitamin K-dependent
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protein osteocalcin results in impaired bone tissue composition and quality with only minor
changes in bone geometry or BMD (20, 21). Hence, vitamin K-induced alteration of bone tissue
quality may not be reflected in BMD or other indices of bone geometry and mass. Furthermore,
there are limited data on the potential effects of bacterially-produced MKs on bone health
outcomes. Addressing this gap is essential for understanding the broader role of vitamin K in

skeletal health.

To clarify the role of bacterially-produced MK forms in bone tissue, we supplemented
male and female C57BL/6 mice with two different doses of menaquinone-9 (MK9) in their diet
for 12 weeks. We chose MK9 because: (I) MK9 is a MK form produced by bacteria. (II) Of the
MK forms currently characterized in the food supply, MK9 is the most abundant, especially in
dairy and fermented products (6). (II) Through use of stable isotopes, we have already
characterized the metabolic fate of dietary MK9 in C57BL/6 mice, including the conversion of
MKO9 to MK4 in extra-hepatic tissues other than bone (9), which serves as a quality control from
which to compare our findings. We also evaluated the conversion of dietary MK9 to MK4 in
skeletal tissue using stable isotopes. We hypothesized that dietary supplementation with MK9
would positively influence bone tissue quality and density and serve as a precursor to MK4 in

bone tissue.

MATERIALS AND METHODS

Study design and experimental diets

Three-week-old male (n=32) and female (n=32) C57BL/6 mice were acquired from
Charles River Laboratories and housed in single cages at the Tufts University Human Nutrition
Research Center on Aging (HNRCA) Comparative Biology Unit (CBU). Upon arrival, mice

were acclimated to an AIN-93G diet (Inotiv, TD.94045), which contained 1mg/kg PK per
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manufacture, for one week. At 4 weeks of age, mice were divided at random into 2 experimental
groups to receive diets containing varying amounts of MK9 for 12 weeks (22). Males and
females were randomized separately to one of the two experimental groups (Figure 1): (I) diet
containing 2.1 mg/kg MKO9, (II) diet containing 0.06 mg/kg MK9. Diets were composed of a
mixture of the vitamin K-free basal diet (Inotiv, TD.120060) with two different amounts of MK9.
An MKO content of 2.1 mg/kg corresponds to the recommended vitamin K intake, which was
based on the molar equivalent of MKO9 to the currently recommended concentration of vitamin K
for rodents (1mg/kg PK), following a protocol developed by the Vitamin K Laboratory at the
HNRCA (23). In contrast, an MK9 content of 0.06 mg/kg indicates a vitamin K intake below the
recommended level, which was molar equivalent to 31 + 0.45 pg PK/kg contained in vitamin K-
free basal diet (9, 24). The Vitamin K laboratory previously demonstrated that feeding mice a
diet containing MK9 (as the only form of vitamin K in the diet) in an equal molar amount to the
current rodent diet recommendations showed no sign of vitamin K-deficiency (9, 24). Mice were
pair-fed between diet groups to minimize the possibility that any outcome differences would be

due to differences in the total amount of food consumed.

To determine whether MK9 from the diet serves as a precursor to MK4 present in bone a
subset of mice (n=14, 7 males and 7 females) from each group were randomly selected to receive
daily diets containing deuterium-labeled MK9 (?H7MK09) (in the same amount as in the initial
diet, mixed with vitamin K-free basal diet using the protocol developed by the Vitamin K
Laboratory) during week 11 of the experiment (the last week prior to sacrifice) (Figure 1). MK9
concentrations in study diets were measured by liquid chromatography-mass spectrometry (LC-
MS)(25), and diet MK9 concentrations were 0.06+0.004 mg MK9/kg, 0.07+£0.006 mg

H7MK9/kg, 2.03+0.12 mg MK9/kg, and 2.47+0.18 mg ZH7MK9/kg, respectively.
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Animals were euthanized at 16 weeks of age. After sacrifice, mice carcasses were
scanned for bone mineral density measurement, and then femurs, tibias, and liver were collected
immediately after euthanasia and stored and maintained at -80 °C for bone biomechanical testing
and vitamin K analyses. All animal experiments and procedures were approved by the

Institutional Animal Care and Use Committee at the HNRCA at Tufts University.

Bone tissue quality

Right femurs were dissected and shipped to the Hernandez Laboratory at the University
of California, San Francisco, where femur length, cross-sectional geometry, and maximum
bending force were measured, as described elsewhere (22, 26). In brief, femur length was
measured using digital calipers from the greater trochanter to the lateral condyle. The femoral
diaphyseal cross-section was imaged with a micro-computed tomography scanner at a voxel size
of 10 um to assess femoral cross-sectional geometry. The measurements included cortical cross-
sectional area, moment of inertia about the medial-lateral axis (I), the distance from the neutral
axis to bone surface (c), and section modulus (I/c). For mechanical testing, femurs were thawed
to room temperature and kept hydrated. They were then subjected to three-point bending tests in
the anterior-posterior direction using the electromechanical testing instrument (ElectroForce
3200, TA instruments) until failure occurred (loading rate = 0.1 mm/s, span length =8 mm
between outer loading pins). The maximum bending force and displacement were recorded. The
maximum bending force was used to calculate maximum bending moment (max force X span
length/4). Bone tissue strength was calculated using maximum bending moment and cross-

sectional geometric measurements (maximum bending moment / section modulus).

Bone mineral density
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After sacrifice, mice carcasses were scanned using the InAlyzer2 dual-energy X-ray
absorptiometry (DEXA) system, Model M (Medikors Inc., Korea) at HNRCA, with details
described elsewhere (27). In brief, a quality control phantom was scanned prior to each
measurement. Each carcass was positioned in the center of the scanning area in a prone position,
with its arms and legs extended outward and its tail aligned straight behind the body. Scans were
performed with a pixel size of 103x106 um and a pixel pitch of 48 um (108 pm in analysis).

Total body BMD (g/cm?) was obtained using InAlyzer software version 3.2.3.

Vitamin K analyses

Measurements of MKs in bone and liver were conducted in the Vitamin K Laboratory at
HNRCA as previously described (25). Briefly, liver tissues (0.15 g) were homogenized in
phosphate-buffered saline (PBS) by use of a Powergen homogenizer (Fisher Scientific). Left and
right tibias (in total of 0.1g) collected at sacrifice were fragmented using a stainless-steel tissue
pulverizer (Biospec) with the addition of liquid nitrogen to ensure thorough pulverization. The
resulting bone powder was transferred into 2 mL tubes pre-filled with beads, followed by the
addition of 1 mL PBS. Samples were then homogenized using an Omni Bead Ruptor 24
Homogenizer, running two cycles of 1 minute each. Homogenized tissue samples were extracted
using hexane, further purified using solid-phase extraction, and then quantified using Quadrupole
Time-of-Flight Mass Spectrometry (Q-TOF-MS). To differentiate deuterium-labeled vitamin K
forms, a ProntoSil C30 column is required for the separation of stereoisomers (28).

Statistical power and analyses

Sample size calculations were based on the work of Guss et al (22), who reported a
decrease of 3.6 N/mm? in femoral peak moment bending/I/c in 4-week-old C57BL/6 male mice

treated with oral antibiotics for 12 weeks compared to mice that received no antibiotic treatment
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(p<0.05). The between group standard deviation was 2.5 (22). Fifteen mice per group provided
92% power to detect a between group difference of 3.6, using a two-tailed alpha of 0.05. With 2
experimental groups, we had at least 85% power to detect differences comparable to 3.6 N/mm?

in Peak Moment in bending/I/c, accounting for up to 6 pair-wise comparisons.

Data are presented as means + SD. Statistical analyses were performed using RStudio
(v.4.3.1, 2023). The Shapiro-Wilk test was used to assess normality, and the Levene's test was
employed to evaluate equal variance. For outcome measures that satisfied parametric
assumptions, an independent two-sample t-test was conducted to compare femoral tissue strength
(primary outcome), other skeletal outcomes, liver, and bone vitamin K concentrations between
diet groups. When parametric assumptions were not met, data were log-transformed to achieve
normality, and parametric assumptions were reassessed. The correlations between bone MK4
concentrations and bone biomechanical and geometry outcomes were assessed using the Pearson
correlation coefficient. Analyses were conducted separately for males and females, with
statistical significance set at p < 0.05. Normalization by body weight was achieved by dividing

bone biomechanical measurements by body weight.
RESULTS

Eight mice died prior to the end of the study (7 males and 1 female). The highest
mortality rate, 38%, was observed among male mice receiving 0.06 mg/kg MKO. In contrast, all
female mice receiving 0.06 mg/kg MK9 treatment survived. Additionally, one mouse of each sex
was lost among those receiving 2.1 mg/kg MKO9, corresponding to a mortality rate of 1% (See
Supplemental Figure S1).

Bone tissue quality and density
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Femoral tissue strength was not different across diet groups for either sex (male p=0.725;
female p=0.302, Table 1). Similarly, there were no differences in maximum bending moment
between diet groups for either male or female mice (p=0.763 and 0.083 respectively, Table 1) or
in sectional modulus in male or female mice between the diet groups (p=0.873 and 0.277
respectively, Table 1).

Female mice receiving 0.06 mg/kg MK9 had higher moment of inertia and cross-
sectional area compared to female mice receiving 2.1mg/kg MKO (all p-values<0.003). No
significant differences in these two measurements were observed among the male mice across
diet groups (all p-values>0.205, Table 1). No significant differences were observed in femur
length across diet groups for either male or female mice (p-values>0.288, Table 1). In addition,
total body bone mineral density did not differ between diet groups in either sex (all p-
values>0.306, Table 1).

Body weight did not differ between diet groups for either male or female mice (all p-
values>0.345, see Supplemental Figure S2). When normalized to body weight, femoral tissue
strength, maximum moment, section modulus, moment of inertia, and femur length in both male
and female mice remained unchanged (see Supplemental Table S1). The difference in femoral
cross-sectional area for female mice was not statistically significant (p=0.060, Table S1).

Tissue Vitamin K Content

We detected MK4 and MKD9 in the liver, with significantly higher concentrations of both
observed in mice fed 2.1 mg MK9/kg compared to those receiving 0.06 mg MK9/kg, regardless
of sex (all p <0.017, Figure 2A-D). Furthermore, liver concentrations of MK9 were higher than
those of MK4. MK4 was the only vitamin K form detected in bone. Mice receiving 0.06 mg/kg

MKO9 had significantly lower bone MK4 concentrations compared to mice receiving 2.1mg/kg
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MKO in both sexes (all p values<0.001; Figure 3 AB). In the subset of mice fed deuterium-
labeled MK9 for the week prior to sacrifice, deuterium-labeled MK4 was detected in bone tissue
of both male and female mice that received 2.1 mg/kg labeled MK9 (mean + SD at 22 +9
pmol/g for males and 37 + 21 pmol/g for females, Table 2). In addition, 63-67% of MK4
measured in bone was derived from labeled MK9 (Table 2). In female mice, bone tissue MK4
concentrations were significantly inversely correlated with cross-sectional area (Pearson r = -
0.55, p = 0.008) and nearly significantly inversely correlated with moment of inertia (Pearson r =
-0.40, p = 0.066). Otherwise, bone tissue MK4 concentrations did not correlate with any other
bone outcome analyzed (Pearson r coefficients range -0.25 to +0.29, all p values > 0.25; Figure
S3), and bone MK4 concentrations were not correlated with any bone outcome in male mice

(Pearson r range + 0.01 to + 0.30, all p > 0.35; Figure S3).

DISCUSSION

Our findings did not support our hypothesis that dietary supplementation with MK9 will
positively influence bone tissue quality and density in mice. In both sexes of mice, femoral tissue
strength, section modulus, maximum bending moment, femur length, and bone mineral density
did not differ between those fed 0.06 mg MK9/kg diet and those fed 2.1 mg MK9/kg diet. In
male mice, moment of inertia and cross-sectional area also did not differ between the diet groups.
In female mice, the moment of inertia and cross-sectional area were higher in those receiving
0.06 mg MKO9 /kg diet compared to those receiving 2.1 mg MK9 /kg diet. These findings further
contradict our hypothesis that higher dietary MK9 intake improves skeletal health.

MK4 and MK9 were found in liver tissues of both sexes. MK9 detected in liver reflects the
absorption of vitamin K form supplemented in diet, aligning with a prior study that demonstrated

that orally supplemented vitamin K forms accumulated in liver (9). MK4 was the only form of
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vitamin K detected in bone tissue, with significantly higher concentrations observed in mice
receiving the higher dose of MK9. These findings suggest that bone MK4 concentrations respond
to dietary MKO9 intakes, consistent with what has been reported in other tissues. It was recently
demonstrated using stable isotopes that multiple dietary vitamin K forms, including MK®9,
convert to MK4 in certain tissues (9). However, bone was not measured in that experiment (9).
Here we used stable isotopes to evaluate the conversion of dietary MK9 to MK4 in skeletal
tissue, and found 63 to 67 % of the MK4 in bone was derived from the labeled MK9 - supporting
our hypothesis that dietary MK9 serves as a precursor to MK4 in bone tissue. However, the MK4
concentrations in bone tissue were, for the most part, not correlated with bone tissue quality or
density. Moreover, in female mice, higher bone MK4 correlated with a smaller femoral cross-
sectional area and a lower moment of inertia (although statistical significance was borderline).
Collectively these findings challenge the premise that higher MK4 in bone is beneficial to

skeletal health, and the importance of dietary vitamin K conversion to MK4 in bone is unclear.

Results of previous studies focused on MKs and bone health have been inconsistent. In
ovariectomized rats, bone strength and BMD were not affected by six weeks of dietary
supplementation with 147 mg MK4/ kg diet or 201 mg MK?7 /kg diet (equimolar doses) (29).
(Like MK9, MK7 is also a bacterially produced form of vitamin K.) In aged female rats, bone
formation and histomorphometry did not differ between those fed a diet containing 500 mg
MK4/kg diet and those fed a control diet for 98 days (30). However, bone resorption decreased,
and bone formation increased in ovariectomized mice fed diets supplemented with 20 and 40 mg

MK4/kg body weight (31).

A meta-analysis of randomized clinical trials conducted primarily in post-menopausal

women and older adults with osteoporosis found little evidence that vitamin K supplementation
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has beneficial effects on BMD and inconclusive evidence with respect to fracture risk (13). Most
of the included trials supplemented with 45 mg/d of MK4, which is a pharmacological dose that
has been prescribed as an anti-osteoporotic medication in Japan (32). Evidence is also mixed
regarding the protective effects of MK7. In postmenopausal osteopenic women, BMD and bone
microarchitecture did not differ between those who received 375 mcg/d MK7 with 800 mg/d
calcium and 1500 IU/d vitamin D for 3 years, and those who received calcium and vitamin D
without MK7 (33). Supplementation with 360 pg/d MK7 alone for one year also did not affect
BMD in healthy women within five years of menopause (34). However, 180 ug/d MK7
supplementation for 3 years reduced bone mineral density loss at the lumbar spine and femoral
neck, but not the total hip, in healthy post-menopausal women. Compression strength and impact
strength were also favorably affected by MK7 supplementation (35). This study also did not
include calcium or vitamin D supplementation — two nutrients that have been repeatedly shown
to protect against age-related bone loss (36, 37). Overall, the available evidence regarding the
clinical benefit of MKs with respect to bone health is weak and our findings provide further

support for no protective role of MK9 in skeletal health.

Our study has several key strengths. We conducted a comprehensive evaluation of skeletal
health in a mouse model, assessing bone tissue quality through multiple measurements as well as
bone mineral density. The use of isotopically labeled MK9 allowed us to trace the origin of
skeletal tissue MK4 back to dietary MK9, providing robust evidence that MK9 provided in the
diet was a source of MK4 in skeletal tissue. However, we acknowledge certain limitations. We
studied mice from 4 — 16 weeks of age — a period during which skeletal development occurs. The
generalizability of our findings to aging, when bone loss is more common, is uncertain. Some

mice, most of which were male, did not survive for the 16-week study. There were no signs of
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overt bleeding, and the cause of death is unknown. However, this is a consistent finding in male
mice when fed low doses of vitamin K for prolonged periods of time (38). Multiple MK forms
are produced by bacteria, and it is possible that supplementation with other forms of MK would
yield different results. However, previous studies found MK?7, a form that has been extensively
studied, and MK9 similarly convert to MK4 in extra-hepatic tissues (9), there is no known
unique biochemical mechanism for individual MK forms, and evidence regarding the skeletal

benefit of MK7 is similarly inconclusive (29, 33-35).

In summary - these findings do not support a role for vitamin K in enhancing skeletal
health during growth and development. Further research is needed to verify whether our results

can be generalized to aging or other conditions when bone loss tends to occur.
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Table 1. Femoral biomechanics, geometry and total body bone mineral density measurements of male and female mice
receiving diets supplemented with MK9.

Male Female
0.06mg/kg (n=7) 2.1mg/kg (n=11) 0.06mg/kg (n=13) 2.1mg/kg (n=11)

Tissue strength (Mpa) 153.3+13.6 156£16.3 171.8+16.7 164.6+14.8
Pvalues 0.725 0.302

Maximum moment (N*mm) 33.3£2.4 33.7£3.5 37.9+3 35.443.7
P values 0.763 0.083

Section modulus (mm3) 0.22+0.02 0.22+0.01 0.22+0.02 0.21+0.02
Pvalues 0.873 0.277

Moment of inertia (mm4) 0.13+0.01 0.13+0.01 0.14+0.01 0.13+0.01
P values 0.46 0.003

Cross sectional area (mmz) 0.86+0.07 0.9+0.04 0.95+0.07 0.87+0.03
P values 0.205 0.001

Femur length (mm) 15.6+0.3 15.6+£0.5 15.6+0.4 15.8£0.3
P values 0.774 0.288

Bone mineral density (g/cm?) 0.06+0.004 0.06+0.004 0.06+0.002 0.06+0.003
P values 0.306 0.947

Values are mean+SD. Differences between diet groups were determined using parametric unpaired two sample t-test.
Males and female were analyzed separately with statistical significance set as p<0.05. Total body bone mineral density is
resented, with all other measurements analyzed using femurs.
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Table 2. Bone MK4 concentrations of male and female mice receiving diets supplemented with deuterium-labeled MKO9.

Male Female
VK form 0.06mg/kg (n=4) 2.1mg/kg (n=6) P values 0.06mg/kg (n=7) 2.1mg/kg (n=7) P values
Unlabeled MK4 (pmol/g) 412 1143 0.009 12+5 2315 0.066
Labeled MK4 (pmol/g) ND 22+9 0.002 ND 37421 <0.001
Total MK4 (pmol/g) 5+2 32+12 0.002 1345 60 = 35 <0.001
% of labeled MK4 (of total VK) NC 66.6 +3.4 <0.001 NC 62.6 6.2 <0.001

Values are mean+SD. Differences between diet groups were determined using parametric unpaired two sample t-test. Males and female were
analyzed separately with statistical significance set as p<0.05. ND, not detectable; NC, not calculable. The lowest detectable limit for both
MK4 and deuterium-labeled MK4 was 1pmol/g.
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Figure 1. Animal Study Design.
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Four-week-old male (n=32) and female (n=32) C57BL/6 mice were supplemented with 0.06 mg/kg and 2.1 mg/kg of menaquinone-9
(MKD9) for 12 weeks. During the final week, a sub-group of mice (n=7/sex/group) received deuterium-labeled MK9 to trace its

metabolic fate in bone.
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Figure 2. Liver MK4 (A, B) and MK9 (C, D) concentrations (pmol/g) of male (A, C) and
female (B, D) mice receiving diets supplemented with MKO9.

Differences between diet groups were determined using parametric unpaired two sample t-test.
Males and female were analyzed separately with statistical significance set as p<0.05. Data are
presented as mean £SD.
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Figure 3. Bone MK4 concentrations (pmol/g) of male (A) and female (B) mice receiving
diets supplemented with MKO.

Differences between diet groups were determined using parametric unpaired two sample t-test.
Males and female were analyzed separately with statistical significance set as p<0.05. Data are
presented as mean £SD.
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Figure S1. Animal Disposition Flowchart. Eight mice died prior to the end of the study (7 males and 1 female) with no signs of overt

bleeding. Femurs were unavailable from 7 male and 7 female mice due to bone fractures or technical errors during biomechanical

testing. Additionally, tibias from 5 male mice and 0 female mice were lost during vitamin K analyses.



76

A Male B Female

40 05

30

Body mass (g)
%«" ®
@
ooto%
L J
Body mass (g)
8
1
°
°

. o B S

20 e

Figure S2. Body weight (g) of male (A) and female (B) mice receiving diets supplemented with MKO9. Differences between diet
groups were determined using parametric unpaired two sample t-test. Males and female were analyzed separately with statistical
significance set as p<0.05. Data are presented as mean +SD. No difference between diet groups in body weight were observed for both

sexes (all p values >0.345).
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Figure S3. Correlations between bone MK4 concentrations (pmol/g) and bone biomechanical and geometry outcomes of male (blue)

and female (purple) mice receiving diets supplemented with MK9. Correlations were assessed using the Pearson correlation
coefficient with statistical significance set as p<0.0
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Table S1. Femoral biomechanics and geometry measurements normalized with body weight of male and female mice
receive diets supplemented with MKO.

Male Female
0.06mg/kg (n=7) 2.1mg/kg (n=11) 0.06mg/kg (n=13) 2.1mg/kg (n=11)

Tissue strength (Mpa) 153.3+13.6 156+16.3 171.8+16.7 164.6+14.8
P values 0.758 0.84

Maximun moment (N*mm) 33.3+2.4 33.7£3.5 37.9£3 35.4+3.7
Pvalues 0.667 0.309

Section modulus (mm3) 0.22+0.02 0.2240.01 0.22+0.02 0.21£0.02
P values 0.45 0.842

Moment of inertia (mm4) 0.13+0.01 0.1340.01 0.14+0.01 0.13£0.01
P values 0.788 0.01

Cross sectional area (mmz) 0.86+0.07 0.9+0.04 0.95+0.07 0.87+0.03
P values 0.937 0.06

Femur length (mm) 15.6+0.3 15.6+0.5 15.6+0.4 15.8+0.3
Pvalues 0.458 0.161

The data are presented as original values, mean = SD. Differences between diet groups were assessed using a parametric
unpaired two-sample t-test using data normalized to body weight. Males and female were analyzed separately with
statistical significant set as p<0.05.
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4.1 Research Summary

The role of vitamin K in skeletal health remains a topic of debate. Interest in vitamin K’s
potential skeletal benefits stems primarily from its classic role as an enzymatic cofactor in the
carboxylation of OC in the bone matrix (1). However, the current evidence base is inconsistent
(2). While clinical studies have shown that PK and MK4 supplementation do not significantly
affect BMD (3), little is known about its role in influencing bone tissue quality, a critical aspect
of bone health not captured by BMD. Recently, attention has shifted towards dietary MKs,
including those forms produced by bacteria, which are found in fermented foods, animal meat,
and dairy products (4). However, the effect of bacterially produced MKs from diet on bone tissue

quality remains poorly understood.

In addition to being present in the diet, MKs are also produced by gut bacteria (5-7). The
contribution of bacterially produced MKs to the host’s overall vitamin K stores remains debated
largely because the extent of their absorption from the colon is uncertain (8-11). Although gut
bacterial MK production is altered with antibiotic treatment, experimental evidence linking these

changes to host MK tissue stores is currently limited (12).

The objective of this thesis research was to investigate the tissue distribution and potential
skeletal roles of MKs. We utilized two experiments conducted in male and female C57BL/6
mice to determine: (I) the response of tissue MK concentrations to antibiotic-induced alterations
in gut MK production in aged and young mice, and (II) the effect of dietary MK9 (a MK form
produced by bacteria) on bone tissue quality and density in young mice. We also determined the

conversion of dietary MK9 to MK4 in bone tissue using stable isotopes.
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Altering gut MK production via antibiotics did not appreciably influence host MK tissue
stores in aged or young mice. Moreover, in young mice, bone tissue quality did not differ
appreciably between those fed a diet containing 0.06 mg MK9/kg or 2.1 mg MK9/kg for 12
weeks. However, in these mice, MK4 was the only form of vitamin K detected in bone tissue,
and its concentration in bone corresponded to the MK9 dose in the diet. In mice fed the diet
containing 2.1 mg MK9/kg, over 60% of MK4 in bone was derived from dietary MK9 —
extending the finding of prior research that dietary vitamin K is converted to MK4 in skeletal

tissue as well (7).

4.2 Discussion and Future Directions

The results of this thesis research showed that bacterially produced MKs contributed
minimally to systemic vitamin K tissue stores. This finding is somewhat unsurprising because
bile salts, which facilitate vitamin K absorption from the small intestine, are largely reabsorbed
before reaching the colon (13). Moreover, most bacterially produced MKs are bound to bacterial
cell membranes, where they participate in the electron transfer chain for energy production (14),
and may therefore remain largely available to the microbes rather than the host. The parallel
trends observed between fecal MKs and colon tissue MK concentrations in aged mice may be
attributable to age-related increases in intestinal permeability (15) or inevitable remnants of the
fecal contents resulting from direct contact with the gut microbiota. Since most gut-derived MKs
do not appear to reach liver, small intestinal tissues, or bone their relevance to vitamin K tissue

stores remain questionable.

We also investigated the potential role of MK9, a MK form produced by bacteria and the
predominant form in dairy products, on bone health. Dietary MK9 was absorbed, as supported by

its accumulation in the liver, but it was not detected in bone. Instead, dietary MKO serves as a
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precursor to MK4, which was the only form present in bone, and its concentration responded to
dietary supplementation (16). While MK4 appears to have additional functions beyond its
established role as an enzyme cofactor, including in cell-signaling pathways involved in bone
formation (17, 18, 19), higher MK4 concentrations in bone did not confer measurable benefits to

bone tissue quality or density in young mice.

In conclusion, the findings of this thesis do not support systemic tissue uptake of
bacterially produced MKs from the gut or a direct role of MKs in skeletal health. The biological
significance of the conversion of dietary vitamin K to MK4 in bone is uncertain and in need of
further investigation. Moreover, as emerging evidence demonstrates gut-derived MKs influence
microbial composition and function (20, 21), further research into their broader health

implications is also warranted.



83

REFERENCES

1. Booth SL, Centi AJ, Gundberg C. Bone as an Endocrine Organ Relevant to Diabetes.
Current Diabetes Reports. 2014;14(12):556.

2. Shea MK, Booth SL. Update on the role of vitamin K in skeletal health. Nutrition
Reviews. 2008;66(10):549-57.

3. Mott A, Bradley T, Wright K, Cockayne ES, Shearer MJ, Adamson J, et al. Effect of
vitamin K on bone mineral density and fractures in adults: an updated systematic review and
meta-analysis of randomised controlled trials. Osteoporos Int. 2019;30(8):1543-59.

4. Karl JP, Fu X, Dolnikowski GG, Saltzman E, Booth SL. Quantification of phylloquinone
and menaquinones in feces, serum, and food by high-performance liquid chromatography-mass
spectrometry. J Chromatogr B Analyt Technol Biomed Life Sci. 2014;963:128-33.

5. Al Rajabi A, Booth SL, Peterson JW, Choi SW, Suttie JW, Shea MK, et al. Deuterium-
labeled phylloquinone has tissue-specific conversion to menaquinone-4 among Fischer 344 male
rats. J Nutr. 2012;142(5):841-5.

6. Collins MD, Jones D. Distribution of isoprenoid quinone structural types in bacteria and
their taxonomic implication. Microbiol Rev. 1981;45(2):316-54.

7. Ellis JL, Fu X, Karl JP, Hernandez CJ, Mason JB, DeBose-Boyd RA, et al. Multiple
Dietary Vitamin K Forms Are Converted to Tissue Menaquinone-4 in Mice. The Journal of
Nutrition. 2021;152(4):981-93.

8. Turck D, Bresson JL, Burlingame B, Dean T, Fairweather-Tait S, Heinonen M, et al.
Dietary reference values for vitamin K. Efsa j. 2017;15(5):e04780.

9. Beulens JWJ, Booth SL, van den Heuvel EGHM, Stoecklin E, Baka A, Vermeer C. The
role of menaquinones (vitamin K2) in human health. British Journal of Nutrition.
2013;110(8):1357-68.

10. Hollander D, Rim E, Ruble PE, Jr. Vitamin K2 colonic and ileal in vivo absorption: bile,
fatty acids, and pH effects on transport. Am J Physiol. 1977;233(2):E124-9.

11. Groenen-van Dooren MM, Ronden JE, Soute BA, Vermeer C. Bioavailability of
phylloquinone and menaquinones after oral and colorectal administration in vitamin K-deficient
rats. Biochem Pharmacol. 1995;50(6):797-801.

12. Guss JD, Taylor E, Rouse Z, Roubert S, Higgins CH, Thomas CJ, et al. The microbial
metagenome and bone tissue composition in mice with microbiome-induced reductions in bone
strength. Bone. 2019;127:146-54.

13. Shearer MJ, Newman P. Metabolism and cell biology of vitamin K. Thromb Haemost.
2008;100(4):530-47.

14. Walther B, Karl JP, Booth SL, Boyaval P. Menaquinones, bacteria, and the food supply:
the relevance of dairy and fermented food products to vitamin K requirements. Adv Nutr.
2013;4(4):463-73.

15. Thevaranjan N, Puchta A, Schulz C, Naidoo A, Szamosi JC, Verschoor CP, et al. Age-
Associated Microbial Dysbiosis Promotes Intestinal Permeability, Systemic Inflammation, and
Macrophage Dysfunction. Cell Host Microbe. 2017;21(4):455-66.¢4.

16. Liu M, Liu C, Cevallos N, Orbach BN, Hernandez CJ, Fu X, et al. Dietary menaquinone-
9 supplementation does not influence bone tissue quality or bone mineral density during skeletal
development in mice. JBMR Plus. 2025;9(6):ziaf059.

17.  Tie JK, Stafford DW. Functional Study of the Vitamin K Cycle Enzymes in Live Cells.
Methods Enzymol. 2017;584:349-94.



84

18. Tabb MM, Sun A, Zhou C, Griin F, Errandi J, Romero K, et al. Vitamin K2 regulation of
bone homeostasis is mediated by the steroid and xenobiotic receptor SXR. J Biol Chem.
2003;278(45):43919-27.

19. Tao L, Li H, Wang J, Liu Q, Cao W, Zhu Y. Vitamin K2 inhibits PGE2-mediated
osteoblast ferroptosis by upregulation of CBR1 via the Nrf2/Keap1 pathway. Commun Biol.
2025;8(1):1116.

20. Ellis JL, Karl JP, Oliverio AM, Fu X, Soares JW, Wolfe BE, et al. Dietary vitamin K is
remodeled by gut microbiota and influences community composition. Gut Microbes.
2021;13(1):1-16.

21. Fenn K, Strandwitz P, Stewart EJ, Dimise E, Rubin S, Gurubacharya S, et al. Quinones
are growth factors for the human gut microbiota. Microbiome. 2017;5(1):161.

22. Liu M, Matuszek G, Azcarate-Peril MA, Loeser RF, Shea MK. An Exploratory Case-
Control Study on the Associations of Bacterially-Derived Vitamin K Forms with the Intestinal
Microbiome and Obesity-Related Osteoarthritis. Current Developments in Nutrition.
2023;7(3):100049.

23. Cyphert EL, Liu C, Chu VT, Dubey A, Liu M, Zhong Z, et al. Commensal taxa in gut
microbiota limit antibiotic resistance during extended oral antibiotic use. bioRxiv.
2025:2025.08.13.670183.

24, Kim M, Wang J, Pilley SE, Lu RJ, Xu A, Kim Y, et al. Estropausal gut microbiota
transplant improves measures of ovarian function in adult mice. bioRxiv. 2025.



5. APPENDIX A: ASSAYS and PROTOCOLS

85




86

5.1 Quantification of menaquinone-5 through 13 in feces and food by LC-APCI-MS

1. Select samples to be analyzed. Allow samples to defrost at room temperature.

2. While samples are defrosting, write the assay plan in your lab notebook:

a. Include 2 controls (baby food and freeze-dried human feces controls)

b. Number samples according to identifiers; # tubes for each sample depending on if

running singles, duplicates, triplicates, etc.

c. Determine amount of sample you will use for the analysis.

1. For feces: 0.06 g dry wt often used

ii. For food: 0.1 g—0.15¢g

3. Label 50mL polypropylene centrifuge tubes.

4. Stir or mix defrosted samples to ensure homogeneity. Use a mortar and pestle if necessary.

Freeze-dried fecal samples MUST be ground with a mortar and pestle.

5. Weigh amount of sample determined in step 2c. Record the exact amount, to the nearest

thousandth of a gram, in lab notebook.

6. Use the weight recorded in step 5 to calculate the dilution factor. Divide 1 by the exact weight
of food used so that results calculated by the will be pmol/g or ng/g. For serum, the unit is

pmol/mL or nM. Record this dilution factor to the nearest hundredth in the notebook.

7. Add Internal Standard (about 25 pmol)

8. Add 10 mL dH20 to each tube
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9. Vortex for about 30 seconds to suspend the food

10. Add 15mL 2-propanol:hexane (3:2 V/V) to each sample

11. Vortex samples for 2-3 minutes making sure they form a funnel

12. Sonicate each sample at continuous output 40% duty cycle, output control # 4 for 1 minute
13. Vortex all samples for 2-3 minutes

14. Centrifuge at 20°C and 3000 RPM for 5 minutes

15. Aspirate the top layer of each tube using a Pasteur pipette and transfer it to a labeled, glass 16

x 100 culture tube.

16. Warm samples while evaporating to dryness under a gentle nitrogen stream (<10 psi) using

the NEvap. It usually takes about 45 min.

Stage 2: Solid phase extraction

18. Label a set of 16 x 100 culture tubes and put into Vac-Elute manifold rack. Place 500 mg
silica SPE columns (we use Varian part # 12113036) on the Vac Elute SPS 24, one column for

each sample
19. Reconstitute each sample with calculated amount 4mL hexane

20. Prepare 3.5% ethyl ether in hexane (make fresh daily) - a minimum of 12mL per tube is

required
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21. Be sure the Vac-Elute is set on “WASTE”

22. Condition each column with 4mL of 3.5% ethyl ether in hexane —vacuum to dry

23. Condition each column with 4mL hexane-vacuum to dry

24. Vortex each sample (making sure to achieve a funnel-affect) for about 5 seconds and then add

predetermined amount to column (often 0.5 mL — 1.0 mL) — vacuum to dry

25. Wash each column with 4mL hexane-vacuum to dry

26. Switch Vac-Elute to “COLLECT”

27. Wash each column with 8mL 3.5% ethyl ether in hexane — vacuum to dry

28. Warm eluates while evaporating to dryness under a gentle nitrogen stream (<10 psi) using the

NEvap. It usually takes about 45-60 min.

Stage 3: Dissolve sample for injection on the chromatograph

Prior to beginning sample analysis, the LC-MS should be balanced, by purging the system of air
caught in the tubing, stabilizing pressure and temperature, and followed with a test injection

including a blank mobile phase and/or calibration standard injections.

29. Reconstitute using 30 uL of methylene chloride; vortex for 5 seconds.

30. Evaporate to dryness at 60°C in a hot water bath (10 min).
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29. Reconstitute using 30 uL of methylene chloride; vortex for 5 seconds.

30. After all the tubes have been reconstituted add 170 uL of methanol; lightly vortex another 5

seconds.

31. Transfer the reconstituted sample to a labeled amber sample vial with conical insert. Cap

each vial with an aluminum crimp cap.

32. Centrifuge the sample vials at 20°C and 3,000 rpm for 5 minutes to precipitate undissolved

material.

33. Inject 25-100 uL of sample. (The volume of sample injected may be varied to accommodate

the amount of vitamin K vitamers in the sample).

-25 uL should be injected for fecal samples.

APCI-LC-MS settings:

Column temperature was maintained at 20°C. The mobile phase consisted of methanol (solvent

A) and methylene chloride (solvent B).

Solvent conditions: isocratic at 100% solvent A for 2.5 min, linear gradient to 70% solvent A at
10 min, isocratic at 70% solvent A to 14.0 min. At 15.5 min the mobile phase was returned to
100% solvent A for 4.5 min to prepare the column for the next sample. Flow rate was

maintained at 1.0 mL/min throughout.



Time (minutes) | %solvent B | Flow rate (ml/min) | Pressure (max)
2.5 0 1.0 600
10 30 1.0 600
14 30 1.0 600
15.5 0 1.0 600
20 0 1.0 600
19.5 0 1.0 600
23.5 0 1.0 600
Solvents:

During each run, check solvents that correct solvents are selected. Always select A1, and Bl

when running the method.

A: Methanol

B: Methylene Chloride

HPLC conditions

Approximate pressure 410 bar

Temperature of column 20 degrees C
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Injection volume < 100uL

Total time of 1 run 23.5 minutes

MSD settings:

ion source, positive APCI; spray chamber gas temperature, 350°C; vaporizer temperature,
400°C; drying nitrogen, 7.0 L/min; nitrogen nebulizer pressure, 45 psig; capillary voltage,
3800V; and corona current, 5 pA. Selected ion monitoring was used to detect PK, dPK and MK4
through MK 13 at the following mass-to-charge ratios: m/z 451 (PK), m/z 458 (dPK), m/z 445
(MK4), m/z 513 (MKY5), m/z 582 (MK®6), m/z 650 (MK7), m/z 718 (MKS), m/z 786 (MK®9), m/z

854 (MK 10), m/z 923 (MK11), m/z 991 (MK12), and m/z 1059 (MK 13).

Lower limit of detection, recovery, and inter/intra-assay variability

The limit of detection (LOD) and limit of quantification (LOQ) for PK and each individual MKn
were determined by spiking baby food with incrementally diluted calibration standards. Baby
food was used instead of feces because feces contain multiple MKn whereas the baby food
contained only MK4 and PK. As such, using the baby food eliminated an inherent source of
error attributable to endogenous MKn in the fecal material. The LOD was defined as the lowest
analyte concentration statistically different from zero with an RSD of <20% over triplicate
measurements. The LOQ was defined as the lowest analyte concentration within £ 20% of the

expected concentration, and with a CV of <20% over triplicate measurements.
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Table 2 Linearity and detection limits of an LC-APCI-MS assay for measuring vitamin K

vitamers.
Slope R? IDL LOD LOQ
(fmol/injection) (pmol/g) (pmol/g)

PK 12942 0.9996 50 30 30
MK4 1385.1  0.9997 100 30 90
MKS5 881.4 0.9987 50 5 10
MK6 230.8 0.9992 200 10 10
MK?7 166.6 0.9995 100 5 40
MKS8 262.2 0.9993 100 5 60
MK9 897.8 0.9997 200 5 30
MK10 16054 0.999 3 1 5

MK11 1372.5 09997 12 5 20
MKI12 13456 09995 12 5 10
MK13 1396.4  0.9997 25 5 10

adPK, deuterium-labeled phylloquinone; IDL, instrument detection limit; LOD, limit of

detection; LOQ; limit of quantification; MK, menaquinone; PK, phylloquinone.
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Reference:

Karl JP, Fu X, Dolnikowski GG, Saltzman E, Booth SL. Quantification of phylloquinone and
menaquinones in feces, serum, and food by high-performance liquid chromatography-mass
spectrometry. J Chromatogr B Analyt Technol Biomed Life Sci [Internet]. 2014 [cited 2014 Jun
25];963C:128-33. Available from: http://www.ncbi.nlm.nih.gov/pubmed/24956079
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5.2 Quantification of phylloquinone and menaquinone-4 in serum or plasma by by Agilent
HPLC with fluorimetric detection

Stage 1: Precipitation of proteins and extraction of plasma lipids:

(perform in biosafety cabinet)

8.

9.

. pipet 0.20 mL of plasma/serum into 16 X 100 borosilicate screw cap culture tubes

add 20 pL of internal standard (Ki(2s))

add 0.5 mL of ethanol to each tube

vortex vigorously for 5 seconds to denature proteins

add 0.5 mL of DI water to each tube

add 3 mL of hexane to each tube, cap tubes with Teflon lined caps.
(perform on lab bench)

vortex vigorously for 5 minutes

centrifuge for 5 minutes at 3,000 rpm

remove upper, hexane layer with a Pasteur pipet and aspirate into a clean tube

10. evaporate hexane layer to dryness in a N2 evaporator

11. add 0.5 mL of hexane to each tube

12. cap and store at —80° C or proceed with solid phase extraction (SPE) procedure

Stage 2: Solid phase extraction

(perform in fume hood)

1. prepare 3.5% ethyl ether in hexane (3.5 mL ether + 96.5 mL hexane), prepare 12 mL for
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each sample, use within 8 hours

2. place 3 mL (500 mg) silica SPE columns (we use Varian part # 12113036) on the Vac Elute
SPS 24, one column for each sample

3. wash each column with 4 mL of 3.5% ether/hexane

4. wash each column with 4 mL of hexane (Do NOT let the column totally dry)

5. pick up a sample in 0.5 mL of hexane and add it to a column

6. wash each column with 4 mL of hexane (Totally dry)

7. elute vitamin K with 8 mL of 3.5% ether/hexane

8. collect eluate and evaporate ether/hexane to dryness in a centrifugational evaporator

Stage 3: Dissolve sample for injection on the chromatograph

Prior to beginning sample analysis, the HPLC should be balanced, by purging the air caught in the

tubing system, stabilizing pressure and temperature, and followed with a test injection including a

blank mobile phase and/or calibration standard injections.

HPLC gradient table:

Time (minutes) | %solvent B | Flow rate (ml/min) | Pressure (max)

0 0 0.6 400
7 10 0.6 400
11 10 0.6 400
11.5 30 0.8 400

19 30 0.8 400
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19.5 0 0.8 400
23.5 0 0.8 400
Solvents:

During each run, check solvents that correct solvents are selected. Always select A1, and B1 when
running the method.
A:
A1l = Mobile phase

A2 = Methanol

B1 = Methylene Chloride

B2 = Methanol

HPLC conditions

Approximate pressure 55 bar
Temperature of column 30 degrees C
Injection volume < 100uL
Total time of 1 run 24.1 minutes

1. Re-dissolve sample for injection on the chromatograph. Reconstitute first in 30 pL of
methylene chloride with vertexing for 5 seconds

2. Quickly followed with 150 uL mobile phase — vortex another 5 seconds.
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3. Transfer the reconstituted sample to an amber sample vial with conical insert.
4. Cap each vial with Teflon lined rubber septum and an aluminum crimp cap.
5. Centrifuge the sample vials at 3,000 rpm for 5 minutes to precipitate undissolved material.

6. Program the Agilent to inject 100 uL (or preferred volume) of sample

Reference:

Davidson WK and Sadowski JA. Determination of Vitamin K Compounds in Plasma or Serum by
High-Performance Liquid Chromatography Using Postcolumn Chemical Reduction and
Fluorimetric Detection. Methods in Enzymology. 1997;282:408-421.
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5.3 LC-MS and HPLC method adaptations for extraction from tissues
For soft tissues (most organs)
Homogenization in preparation for extraction
1. Weigh out tissue sample approximately 0.1-0.15g depending on tissue.
a. Liver- 0.15g
b. Kidney- 0.15g
2. Add between 0.5-1.0mL of PBS to sample in small cryotube.
3. Homogenize tissue using bench top PowerGen 125 Fisher Scientific homogenizer, at power
setting 6.
4. Homogenize for approximately 30 seconds.
5. Wash the homogenizer in between samples, and wipe with chemwipe.
6. Continue until all samples are homogenized.
7. Vortex sample, then pipet 0.250-0.5 mL of homogenate into 16 X 100 borosilicate
screw cap culture tubes
8. Resume LC-MS or HPLC extraction methods at the step of adding internal standard
For elastic (intestine) tissues
1. Collect materials
a. Small Styrofoam cooler, fill with dry ice
b. Mortar, pestle, and small spatula; place in cooler and keep cold throughout
procedure
c. Liquid nitrogen
d. Frozen tissue sample to be homogenized

2. Add frozen tissue sample to mortar



3. Pour liquid nitrogen over tissue sample

4. Homogenize sample with pestle

5. Use the cold spatula to transfer homogenized tissue sample to storage tube

6. Return to freezer for storage, or resume with extraction procedure at the weighing step
a. Duodenum- 0.1g
b. Jejunum- 0.1g

c. lleum- 0.1g

99
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5.4 Q-TOF-MS method adaptations for extraction from tissues and feces

Purpose: tissue MK4-13 concentrations were measured by Quadrupole Time-of-Flight Mass

Spectrometry (Q-TOF-MS) to improve sensitivity, minimize interference, and avoid the need to

switch instruments for MK4.

Q-TOF-MS operation

1.

Before adjusting the Q-TOF, check the lights for all parts of the Q-TOF — lights should be
either orange or yellow.

Pull the needle out of the ion source and unlatch the ion source to expose the inside column.
Clean the ion source with methanol and Kim wipes and use the grey sandpaper to clean the
needle.

Put the needle back and close the ion source. On the top of the ion source, swap the red line
for the beige line to calibrate the Q-tof.

To start the calibration, select the tab with the name “APCI Positive Menaquinones.”

Turn on the Q-TOF and change the context from “Acquisition” to “Tune.” Prompts about
saving the layout and method should be rejected, but the worklist should be saved.

Wait until the vaporizer hits a temperature of 350 to start the “TOF Mass Calibration” and
click yes.

After the calibration is done, save the report as a file and convert it to PDF.

Change the context from “Tune” to “Acquisition” and change the top of the ion source from

the beige line to the red line.
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9. Turn on the the system, purge lines A (methanol) for 5 minutes at flow rate of 1.0 ml/min and
line B (methyl chloride) for 5 minutes at flow rate of 5.0 mL/min, and update the worklist
with the correct sample name, sample position, method, data file (must be unique).

a. Always have a blank as the first sample and flush/shutdown method last.

10. Click the check box to the left of each sample to ensure they are being analyzed.

11. Save the worklist and once the pressure is at an acceptable level of ~500 bar, click the start.

APCI-LC-MS settings - Cigrun:

Column temperature was maintained at 20°C. The mobile phase consisted of methanol (solvent

A) and methylene chloride (solvent D).

Solvent conditions: isocratic at 100% solvent A for 2.5 min, linear gradient to 70% solvent A at
10 min, isocratic at 70% solvent A to 14.0 min. At 15.5 min the mobile phase was returned to
100% solvent A for 4.5 min to prepare the column for the next sample. Flow rate was maintained

at 1.0 mL/min throughout.

Time (minutes) | %solvent D | Flow rate (ml/min) | Pressure (max)
2.5 0 1.0 600
10 30 1.0 600
14 30 1.0 600
15.5 0 1.0 600
20 0 1.0 600
19.5 0 1.0 600
23.5 0 1.0 600
Solvents:

During each run, check solvents that correct solvents are selected. Always select A1, and Bl

when running the method.
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A: Methanol

D: Methylene Chloride

QTOF conditions

Approximate pressure 410 bar
Temperature of column 20 degrees C
Injection volume < 100uL.
Total time of 1 run 23.5 minutes

MSD settings:

ion source, positive APCI; spray chamber gas temperature, 350°C; vaporizer temperature, 400°C;
drying nitrogen, 7.0 L/min; nitrogen nebulizer pressure, 45 psig; capillary voltage, 3800V; and
corona current, 5 pA. Selected ion monitoring was used to detect PK and MK4 through MK13 at
the following mass-to-charge ratios: m/z 451 (PK), m/z 445 (MK4), m/z 513 (MKS), m/z 582
(MK®6), m/z 650 (MK?7), m/z 718 (MKS), m/z 786 (MK9), m/z 854 (MK10), m/z 923 (MK11), m/z
991 (MK12), and m/z 1059 (MK13). Stable-isotope (deuterium) labelled PK and MK4 through
MK13 were also selected at the following mass-to-charge ratios: m/z 458 (d7PK), m/z 452
(d7MK4), m/z 520 (d7TMKYS5), m/z 590 (d7MK6), m/z 664 (d7TMK7), m/z 725 (d7TMKS8), m/z 793

(d7MK9), m/z 861 (dTMK10), m/z 930 (d7MK11), m/z 998 (d7MK12), and m/z 1066 (d7MK13).

APCI-LC-MS settings — C3o run:

Column temperature was maintained at 7°C. The mobile phase consisted of methanol (solvent A)

and methylene chloride (solvent D).

Solvent conditions: isocratic at 98% solvent A for 14.00 min, linear gradient to 90% solvent A at

14.10 min (flow rate also increased to 1.2 mL/min), linear gradient to 70% solvent A at 21.00
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100% solvent A for ~4 min to prepare the column for the next sample. At 32.00 min, flow rate

was 1s returned to1.0 mL/min.

Time (minutes) %solvent D Flow rate (ml/min) Pressure (max)
14.00 2 1.0 600
14.10 10 1.2 600
21.00 30 1.2 600
26.00 30 1.2 600
26.10 0 1.2 600
32.00 0 1.0 600
Solvents:

During each run, check solvents that correct solvents are selected. Always select A1, and Bl

when running the method.

A: Methanol

D: Methylene Chloride

QTOF conditions

Approximate pressure 100 bar
Temperature of column 7 degrees C
Injection volume < 100uL

Total time of 1 run

32.0 minutes

MSD settings:

ion source, positive APCI; spray chamber gas temperature, 350°C; vaporizer temperature, 400°C;

drying nitrogen, 7.0 L/min; nitrogen nebulizer pressure, 45 psig; capillary voltage, 3800V; and

corona current, 5 pA. Selected ion monitoring was used to detect PK, d7PK, MK4, and d7MK4

at the following mass-to-charge ratios: m/z 451 (PK), m/z 458 (d7PK), m/z 445 (MK4), and m/z

452 (d7TMKA4).



QTOF calibration standard preparation

1. Prepare four glass tubes (12*75, white)
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2. Add 200ul standard for each concentration [2.5, 5, 10, 100pmol/ml] (R718 3mL brown

vials)

3. Add 40ul IS0823

4. Vortex for 30 seconds

5. Evaporate

6. Add 30ml methylene chloride

7. Vortex for 10 seconds

8. Incubate in water bath (60°C) for five minutes

9. Add 30ml methylene chloride

10. Add 170ml methanol

11. Prepare 8 MS brown bottles, make duplicates for each concentration

Aliquot 100ul per concentration

New New

Std MW | Wavelengh Abs €lem' (ug/ml) | Old (ug/ml) | % new/old | (nmol/ml)
MK4 444.7 249 0.558 436 12.80 12.41 103.1% 28.78
VK1 450.7 249 0.454 420 10.81 11.07 97.6% 23.98
MK5 512.8 249 0.787 363 21.68 21.63 100.3% 42.28
MK6 580.9 249 0.815 320 25.47 25.47 100.0% 43.84
MK?7 649 249 0.976 295 33.08 32.95 100.4% 50.98
MK 717.1 249 0.527 268 19.66 20.49 96.0% 27.42
MK9 785.2 249 0.769 246 31.26 32.20 97.1% 39.81
MK10 853.4 249 0.48 224 21.43 19.96 107.4% 25.11
MK11 921.6 249 0.15 202 7.43 10.94 67.9% 8.06
MK12 989.7 249 0.168 180 9.33 11.39 82.0% 9.43
MK13 1057.8 249 0.494 158 31.27 25.06 124.7% 29.56




Added

C Vol amount Final C Final C

Componant | MW Ref (nmol/ml) | added(ul) | (nmol) (pmol/ml) (ng/ml)
MK4 444.7 28.78 86.9 2.5 100 44.47
VK1 450.7 23.98 104.2 2.5 100 45.07
MKS5 512.8 42.28 59.1 2.5 100 51.28
MK6 580.9 43.84 57.0 2.5 100 58.09
MK7 649 50.98 49.0 2.5 100 64.9
MK38 717.1 27.42 91.2 2.5 100 71.71
MK9 785.2 39.81 62.8 2.5 100 78.52
MK10 853.4 25.11 99.6 2.5 100 85.34
MKI11 921.6 8.06 310.3 2.5 100 92.16
MK12 989.7 9.43 265.1 2.5 100 98.97
MK13 1057.8 29.56 84.6 2.5 100 105.78
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5.5 Lipase treatment

Purpose: To break down lipids in fatty tissues (e.g., intestines) in order to minimize interference

peaks caused by lipids with molecular masses similar to MK4 during HPLC and Q-TOF-MS

analysis.

8.

9.

. Prepare Lipase in Tris buffer (3.4 mg/mL): calculate the amount of Lipase solution

needed for the day by multiplying the number of samples (n) by 1.2-ml and then adding 2
to 4 ml extra to the number. Then calculate amount of crude Lipase needed (Total mL x
[3.4 mg/mL]).

Bring solution up to volume, by weighing Tris buffer directly into a 15-ml polypropylene
centrifuge tube on the scale. Vortex 30 seconds or until lipase fully dissolved.

Thaw and weigh food samples (0.05-0.2g) to 5S0mL polypropylene centrifuge tube.

Add 250-uL PBS and vortex for a few seconds

Add 10-pL of 200-g/L albumin solution to each sample

Add 200-pL of an aqueous solution of sodium taurocholate (0.05 mol/L, calcium chloride
(0.1 mol/L), and sodium chloride (0.15 mol/L) to each sample.

Add 1200-pL of 0.2 mol/L Tris buffer (pH 7.7) that contains 4.08-mg of porcine
pancreas, type II lipase, to each sample

Incubate samples in 37°C shaking water bath for 45-min at 100 strokes/min.

Add 200-pL of an ammonium hydroxide solution (50 g/L)

10. Add IS to each sample

11. Continue with sample preparation starting from adding 10 mL dH20 to each tube.
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Working Solutions — 100 samples
Tris Buffer
Add 4.85 g Tris Base to 200 ml of dH20
1.ml of 0.2 ml/L Tris buffer to each sample
1.2 ml x 100 samples = 120ml - 200ml (0.2 L)
0.2 mol/L x 0.2 L = 0.04 mol
0.04 mol x 121.14 g/mol (MW) =4.85¢g

Using pH meter, add hydrochloric acid until pH of 7.7 is reached

Albumin Solution (200-g/L)
Add 1g of albumin to 5 ml of dH20
10-pL (per sample) x 100 samples = 1 ml = 5 ml

5 ml x 200mg/mL = 1000 mg (1 g)

Aqueous Solution
Add 0.672g of Sodium taurocholate (0.05mol/L), 0.219 g sodium chloride (0.15 mol/L), 0.277
g calcium chloride (0.1 mol/L) to 25 ml of dH20
200-puL (per sample) x 100 samples = 20 ml total solution = 25ml (0.025L)
Add 0.672g of Sodium taurocholate (0.05mol/L)
0.05 mol/L x 0.02 5L =0.0012 5mol
0.00125 mol x 537.7 g/mol (MW) =0.672 g
Add 0.219 g sodium chloride (0.15 mol/L)

0.15 mol/L x 0.025 L — 0.00375 mol



0.00373 mol x 58.44 g/mol (MW) =0.219 g
Add 0.277 g calcium chloride (0.1 mol/L)

0.1 mol/L x 0.025L = 0.0025 mol

0.0025 mol x 110.98 g/mol (MW) =0.277 g

Ammonium Hydroxide Solution (50g/L)

Add 18 ml of ammonium hydroxide to 82ml ml of dH20
200-pL (per sample) x 100 samples =20ml = 100 ml
50glL>5¢
Using ammonium hydroxide concentration of 28%

5g/280x 1000 =18 ml
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6. APPENDIX B: ADDITIONAL MANUSCRIPTS

During my doctoral training, I also contributed to several projects outside my dissertation.
Collectively, these studies provide additional context for understanding the physiological
relevance of gut-derived menaquinones. First, fecal menaquinone cluster profiles did not differ
between individuals with and without osteoarthritis (see Section 6.1), suggesting that the
contribution of gut bacterially produced menaquinones to osteoarthritis in humans remains
uncertain. Second, long-term treatment of aged male and female mice with broad-spectrum
antibiotics for 22 months did not significantly alter gut permeability (Section 6.2). This finding
indicates that antibiotic exposure may not induce a “leaky gut” that would facilitate passive
absorption of gut microbially produced menaquinones. Third, in young and estropausal female
mice receiving fecal microbiota transplants, bacterially produced menaquinone forms were
largely undetectable in extrahepatic tissues such as ovary, brain, and muscle (Section 6.3). Taken
together, these findings further support my dissertation work by suggesting that the direct

physiological relevance of gut-derived menaquinones to host’s health appears to be limited.
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Abstract

Background: Evidence suggests natural metabolites produced by intestinal microorganisms may
have beneficial or harmful effects on osteoarthritis (OA). This could include menaquinones, which
are bacterially-synthesized biologically active vitamin K forms abundant in the intestinal

microbiome.

Objective: The overall goal of this study was to evaluate the association of intestinally-derived

menaquinones with obesity-related OA.

Methods: This case-control study used data and biospecimens derived from a sub-group of
Johnston County Osteoarthritis Study participants. Fecal menaquinone concentrations and
microbial composition were determined in 52 obese participants with hand and knee OA and 42
age- and sex-matched obese participants without OA. The inter-relationships between the fecal
menaquinones were evaluated using principal component analysis. Differences in alpha and beta
diversity and microbial composition across menaquinone clusters were evaluated using analysis

of variance.

Results: Samples clustered into three groups: cluster 1 characterized by higher fecal
menaquinone -8, -9, and -10 concentrations, cluster 2 characterized by lower overall
menaquinone concentrations, and cluster 3 characterized by higher menaquinone-12 and -13.
Overall, fecal menaquinone clusters did not differ between participants with or without OA
(p=0.707). Microbial diversity did not differ across the fecal menaquinone clusters (all F-test
p>0.12). However, the relative abundance of bacterial taxa differed among clusters, with a higher
abundance of Coprococcus, Prevotella, and Eggerthella in cluster 2 compared to cluster 1, a

higher abundance of Oscilospira, Dorea and Eubacterium, and Bacteroides in cluster 3
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compared to cluster 1, and a higher abundance of Prevotella, Sutterella and Dorea in cluster 3

compared to cluster 2 (all p<0.001).

Conclusion: Menaquinones were variable and abundant in the human gut, but the fecal
menaquinone clusters did not differ with OA status. While the relative abundance of specific
bacterial taxa differed among fecal menaquinone clusters, the relevance of these differences with

respect to vitamin K status and human health is uncertain.

Key words: Vitamin K, menaquinone, microbiome, osteoarthritis, aging
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Introduction

Osteoarthritis (OA), a debilitating disease that causes joint pain and loss of mobility, affects nearly
30 million Americans (1). There are currently no therapies known to mitigate OA progression.
Therefore, the identification of novel pathways involved in OA is an important step toward

identifying effective treatment strategies.

Evidence is accumulating that suggests deficiency of the lipid-soluble vitamer, vitamin K, may
contribute to the development and progression of OA. In epidemiological studies, low vitamin K
status has been associated with a greater incidence and progression of knee OA (2, 3). Vitamin K
functions as a co-factor in the carboxylation of vitamin K-dependent proteins. Vitamin K-
dependent proteins are present in joint tissues (4, 5) and are involved in inhibition of cartilage
calcification, which can be characteristic of OA. Additionally, vitamin K is reported to have anti-
inflammatory effects (6, 7). Since joint tissue inflammation contributes to OA progression (8),

vitamin K’s involvement in OA may additionally involve inflammatory pathways (4, 5).

There are multiple forms of vitamin K. The plant-based phylloquinone (PK), found in green leafy
vegetables and vegetable oils, is the primary dietary form in Western diets. Menaquinones (MKs)
are a class of vitamin K compounds that differ structurally from phylloquinone in the length and
saturation of their prenylated side chain, with the number of prenyl units differentiating among the
specific MKs (MK-n). At least 13 MK forms have been identified (17). The majority of MKs are
synthesized by bacteria and are abundant in the intestinal tract (9). There is evidence suggesting
that alterations in the intestinal microbiome are implicated in OA (10-12). Because many natural
metabolites synthesized by the intestinal bacteria are biologically active and essential for the host

health (13), it is possible that intestinally-derived menaquinones represent a mechanistic link
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between the intestinal microbiome and OA. Thus, the purpose of this study was to test the
hypothesis that the fecal menaquinone profiles differ between adults with and without hand and
knee OA. The association of fecal menaquinone profiles with fecal microbial composition was

also evaluated.

Methods

Study design and participants

This exploratory ancillary case-control study used data and biospecimens derived from a sub-
group of Johnston County OA Study (JoCo) participants. Details of subject recruitment, fecal
sample collection, and fecal microbiome analysis have been described previously (14, 15).
Briefly, 52 obese adults >45 years old with hand and knee OA (cases) and 42 age- and sex-
matched obese adults without hand or knee OA (controls) were recruited between July 2016 to
July 2018. Cases had at least 3 hand joints with clinical and/or radiographic OA plus moderate to
severe OA 1n at least one knee (defined as Kellgren Lawrence grade 3-4 or prior knee
replacement for OA) (16). Controls did not have hand OA or definitive knee OA. All participants
were obese based on having a BMI of at least 30 kg/m?. The study was approved by institutional
review boards of University of North Carolina Chapel Hill and Tufts University and all

participants provided informed consent.

Measurements

Fecal vitamin K forms: Fecal samples were collected and stored at the University of North

Carolina Chapel Hill as described in detail previously (15). Frozen aliquots were shipped to the
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Vitamin K Laboratory at the Tufts University Human Nutrition Research Center on Aging
(HNRCA), where fecal vitamin K formswere measured using the LC/MS assay developed by
that lab, as detailed elsewhere (17). The lower limit of detection for fecal menaquinones ranges

from 0.001 (menaquinone-10) to 0.03 (menaquinone-4 and phylloquinone) nmol/g (17).

Fecal microbiome: Fecal samples were analyzed for microbial composition using the Illumina

MiSeq 16S rRNA amplicon sequencing at the University of North Carolina Chapel Hill

Microbiome Core, as described and previously reported (15).

Lipopolysaccharide and lipopolysaccharide binding protein: Plasma lipopolysaccharide (LPS)

was measured using the EndoZyme Assay (Hygios), and plasma lipopolysaccharide binding
protein (LBP) was measured using ELISA (Hycult), as described and previously reported (15,

18).

Statistical analysis

Individual menaquinone measures were log transformed, centererd, and scaled prior to analysis.
Menaquinone clusters were identified using k-mediods clustering with the partitioning around
mediods (pam) function in the cluster() R-package. The optimum number of clusters used was

selected based on the peak average silhouette width.

Principal component analysis with partitioning around mediod clusters was used to examine the
inter-relationships among the fecal menaquinone forms. Participant characteristics were
compared across menaquinone clusters using general linear models. Microbial alpha diversity
was evaluated using the Shannon and Simpson Indexes in the phyloseq R-package (19). The

Shannon index is a measure of the diversity of the microbial population in each group and the
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Simpson index measures the relative abundance of species. Beta diversity was measured using
the Bray-Curtis dis-similarity index and PERMANOVA (20). Differences in alpha and beta
diversity across menaquinone clusters were evaluated using analysis of variance. Initial broad
inter-omic relationships between the fecal microbiome and fecal menaquinones were evaluated
and detected using Procrustes analysis and partial least squares regression using a g-value cutoff

of 0.2. All analyses were performed in R version 4.0.*.

Results

Characteristics of the study participants are provided in Table 1. Participants were 72 + 7 years

old (mean + SD), and their BMI was 35+4 kg/m?. Nearly 74% were female and 63% were non-

Hispanic white.

Overall, menaquinones 10 through 13 (MK10-MK13) were the predominant menaquinone forms
detected in human feces (Figure 1A). Using PCA, three fecal menaquinone clusters were
identified two of which explained approximately 50% of the variability in fecal menaquinone
abundance (Figure 1B). Cluster 1 was characterized by higher MK9 and MK10. Cluster 2 was
characterized by overall lower menaquinone concentrations. Cluster 3 was characterized
collectively by higher concentrations of MK 12 and MK 13. However, fecal menaquinone clusters
did not differ between participants with OA and those without (p = 0.707). Except for age
(p=0.032), participants’ demographic characteristics and BMI were similar across the identified
fecal menaquinone clusters (Table 1). The plasma LPS and LBP were also similar across the

fecal menaquinone clusters (Table 1).
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Neither the Shannon alpha diversity index of the overall microbial communities nor the Simpson
index of microbial species abundance differed across the three fecal menaquinone clusters
(Figures 2A and 2B) (both F-test p>0.12). However, both indices showed similar microbial
diversity across all three clusters. Beta diversity across the menaquinone clusters, calculated
using bray-curtis distance measure and PERMANOVA, showed no significant differences

among menaquinone clusters (all p>0.13).

The relative abundance of microbial genera differed among the fecal menaquinone clusters
(Figure 3). Coprococcus, Prevotella, and Eggerthella were among the microbial genera
significantly more abundant in cluster 2 compared to cluster 1 (Figure 3A). Oscilospira, Dorea
and Eubacterium, and were among the microbial genera significantly more abundant in cluster 3
compared to cluster 1 (Figure 3B). Prevotella, Sutterella and Dorea were among the microbial

genera significantly more abundant in cluster 3 compared to cluster 2 (Figure 3C) (all p<0.001).

Discussion

Our hypothesis that intestinally produced MKs would be associated with OA stemmed from
previous observational studies linking vitamin K and the intestinal microbiome to OA (2, 3, 21,
22). However, we found no significant differences in fecal MK profiles between obese adults
with OA and age-matched obese adults without OA. Although accumulating evidence suggests
vitamin K status is associated with OA (2-5), the results of this study indicate this association
does not involve intestinally derived MKs. Moreover, while evidence suggests the intestinal
microbiome may contribute to OA (21, 22), our findings suggest intestinally derived MKs are

not part of the underlying mechanism. In previous analyses of this same cohort, intestinal
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microbial diversity did not differ between OA cases and controls (15), but distinct fecal
metabolomes characterized by metabolites reflecting dysregulated proteolysis differentiated the
cases from controls (10) as did serum LPS levels which were higher in the cases (15). This
suggests some microbial metabolites are relevant to OA. However, based on our findings,

microbially derived MKs do not appear among them.

In this study, fecal MKs were partitioned into three clusters. Cluster 1 with high MK9 (p<0.01),
and MK10 (p<0.001), cluster 2 with low overall menaquinone concentrations, and cluster 3 with
higher MK 12 (p< 0.001) and MK 13 (p<0.001). The partitioning pattern for MK12-13 are
generally consistent with previous studies. In separate human feeding studies, Karl et al
identified two fecal MK clusters — one generally enriched with MKS5, and 11-13, and one
generally enriched with MK9 and MK 10 (23, 24). However, we observed low amounts of MK5
in all three clusters. We identified an additional cluster characterized by overall low amounts of
MKs. The results of a rodent feeding study indicate the amount of dietary vitamin K influences
the intestinal microbial composition more than the form of vitamin K in the diet (9). It is possible
the participants characterized by lower fecal MKs (cluster 2) consumed lower amounts of
vitamin K in the diet. Unfortunately, dietary intake data were not available, so we were not able
to account for potential dietary contributors to the identified fecal MK clusters. Fecal
phylloquinone concentrations were did not differ across the three clusters. As phylloquinone is
the primary vitamin K form in the western diet and is not produced by the gut microbiota, this
could suggest that phylloquinone intakes were similar among participants across the three

menaquinone clusters.

The overall microbial diversity was similar across the identified fecal MK clusters. However, we

detected differences in the relative abundance of specific microbial phyla and genera among the
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MK clusters. For example, the relative abundance of bacteria in the Bacteroides, and Firmicutes
phyla was significantly lower in the cluster characterized by low overall menaquinone
concentrations (cluster 2), relative to cluster 3. In the studies conducted by Karl et al, the relative
abundance of Bacteroides was linked to MK9 and MK 10, and a strong association between
Prevotella and MK5-MK7/MK11-MK 13 was also apparent (23, 24). Our findings are generally
consistent with data demonstrating that Proteobacteria, Firmicutes, and Bacteroides are
predominantly associated with the biosynthetic pathways of MK9 and MK 10, whereas MK 11—
MK 13 biosynthetic pathways are predominantly found in phyla Prevotella and Actinobacteria

(24).

Results of the parent study indicated OA cases had significantly higher circulating LPS
concentrations compared to controls, suggesting individuals with OA might have a more
permeable gut barrier (15). The extent to which intestinally derived MKs are absorbed from the
colon is currently unclear. Although some have suggested one possibility is through the leaky gut
pathway carried by the triacylglycerol-rich lipoprotein fraction (17, 25), our findings do not

support this since we did not detect any associations between fecal MKs and plasma LPS.

Our findings should be interpreted in the context of the study’s strengths and limitations. To the
best of our knowledge, there are no studies that have reported the association between
intestinally derived MKs and OA. Fecal MKs were measured using a sensitive and validated
state-of-the-art LC-MS assay (17). Moreover, participants were well phenotyped for hand and
knee OA. However, they were all obese, which may limit generalizability. We do not have
circulating measures of vitamin K status so were unable to correlate fecal MKs with circulating

concentrations. However, MKs are not typically detected in the circulation (17), which further
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limits our understanding of the contribution of intestinally derived MKs to overall vitamin K
status. Differences in fecal MKs were evaluated as an exploratory analysis to a parent study
designed to evaluate differences in the intestinal microbiome composition between OA cases and
controls (15), and the sample size was relatively small (n=90), so the results should be
considered exploratory. The 16S RNA amplicon sequencing identifies bacterial genera but not
necessarily species or functional attributes directly. Imputing microbiota function from 16S RNA
using PICRUSt is possible but limited as recent metagenomics studies show that taxonomy
features and vitamin K functional pathways are not directly related (26). However, metagenomic
sequencing could provide additional insight into screening possible functional pathways carried

by microbes that were found in high abundances in fecal MK clusters.

In summary, MKs were abundant in the human gut and the abundance of individual MK forms
was variable. However, MK abundance did not differ with OA status. Although the relative
abundance of some bacterial phyla differed between the MK clusters identified, the implications
of these observed differences with respect to vitamin K status and human health remains to be

determined.

Author’s Responsibilities: GM, RFL, MKS designed the study; GM analyzed the data; MAA-P
conducted microbiome analyses; ML wrote the manuscript; GM, MAA-P, RFL, MKS
contributed critically to data interpretation and manuscript revision; MKS and RFL share

responsibility for final content; all authors read and approved the final manuscript.
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Figure 1. Fecal menaquinone profiles of study participants (n=90) (A), and fecal menaquinone K-mediods clustering (B).
(A) Bars represent individual participants. Colors represent different fecal vitamin K forms.

(B) Partitioning around mediod analysis of fecal menaquinones identified three clusters: cluster 1 (shown in red, n=34) characterized
by higher MK9 and MK10; cluster 2 (shown in , n=48) characterized by overall lower menaquinone concentrations; cluster 3

(shown in blue, n=8) characterized by higher concentrations of MK 12 and MK13.
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Figure 2. Microbial alpha diversity indexes of obese adults with and without osteoarthritis according the fecal menaquinone

cluster.

Column represents individual participants. Microbial alpha diversity evaluated using the (A) Shannon and (B) Simpson Indexes did

not differ among three fecal menaquinone clusters (ANOVA F-test p>0.12).
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Figure 3. Differentially abundant microbiota between fecal menaquinone clusters 1 and 2 (A), 1 and 3 (B), 2 and 3 (C).

Dotplot showing significantly differently abundant microbiota (using a q-value cutoff of 0.2) among fecal menaquinone clusters.

Effect size is represented on the y-axis as logz-fold difference between (A) cluster 1 and cluster 2, (B) cluster 1 and cluster 3, and (C)

cluster 2 and cluster 3. Genera are shown on the x-axis. Colors represent phyla.
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Table 1. Participant characteristics and fecal vitamin K concentrations according to fecal

menaquinone clusters. Data are n (%) or mean (SD).

Overall Cluster 1 Cluster 2 Cluster 3
p-value
(n=90) (n=34) (n=48) (n=8)
OA group Case | 48(53.3%) 19 (55.9%) 26 (54.2%) 3 (37.5%) NS
Control [ 42 (46.7%) 15 (44.1%) 22 (45.8%) 5(62.5%)
Sex Female 67 (74.4%) 27 (79.4%) 35 (72.9%) 5(62.5%) NS
Male 23 (25.6%) 7 (20.6%) 13 (27.1%) 3 (37.5%)
Race Black 33 (36.7%) 15 (44.1%) 13 (27.1%) 5(62.5%) NS
White 57 (63.3%) 19 (55.9%) 35 (72.9%) 3 (37.5%)
BMI, kg/m? 35.0 (4.1) 34.6 (4.3) 353 (3.9) 34.4 (4.8) NS
Age, years 72.4 (6.83) 75.2 (7.5) 71.3 (5. 6) 67.4 (6.9) *
Plasma LPS, 83.9 (46.3) 80.3 (38.8) 90.3 (47.5) 58.2 (60.1) NS
EU/ml
Plasma LBP, 12.1 (5.6) 11.9 (5.7) 11.9 (4.7) 14.6 (9.7) NS
pg/ml
Fecal vitamin K forms , nmol/g
PK | 2.53(1.96) 3.21(2.37) 2.10 (1.53) 2.18 (1.78) NS
MK4 | 3.18 (4.49) 4.34 (5.55) 2.49 (3.86) 2.35(0.55) NS
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2.53 (0.86)

11.81 (3.02)
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* P<0.05 Hochberg-adjusted

** P<0.001, Hochberg-adjusted

EU endotoxin unit; LBP lipopolysaccharide binding protein; LPS Lipopolysaccharide; NS not

statistically significant (all NS P>0.70, Hochberg adjusted); OA osteoarthritis
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6.2 Commensal Taxa in Gut Microbiota Limit Antibiotic Resistance During Extended Oral

Antibiotic Use

https://doi.org/10.1101/2025.08.13.670183 (full text in PDF version)

20

25

30

35

bioRxiv preprint doi: httpsJ/doi. 10.1101/2025.08.13.670183; this version posted August 13, 2026. The copyright holder for this preprint
d withoul i

(which was not certified by peer review) is the authorfunder. All rights reserved. No reuse alk

t per

Title: Commensal taxa in gut microbiota limit antibiotic resistance during
extended oral antibiotic use
Authors: Erika L. Cyphert'*f, Chongshan Liu®*t, Victoria T. Chu*, Aditi Dubey?, Minying
Liu®, Zhe Zhong®™*, James R. Cockey”, Eva C. Gonzilez Diaz’, Angie L. Morales®, Jacob C.
Nixon®, Matthew Garcia®, Susana Zeng’, Sidhant Rohatgi’, Joan Wong'®, Ritwicq Arjyal'®,

Honey Mekonen'", Norma Neff'®, Jennifer Lee™'', M. Kyla Shea®, Xueyan Fu®, Sarah L. Booth®,
Cynthia A. Leifer’, Ankur Singh®"*, Charles R. Langelier'™"?, Christopher J. Hernandez™'"'*!4#

Affiliations:

'Shu Chien-Gene Lay Department of Bioengineering, University of California San Diego;
San Diego, CA, USA.

*Department of Orthopaedic Surgery, University of California San Francisco; San Francisco,
CA, USA.

ISibley School of Mechanical & Aerospace Engineering, Cornell University; Ithaca, NY,
USA.

*Division of Infectious Diseases and Global Health, Department of Pediatrics, University of
California San Francisco: San Francisco, CA, USA.

*USDA Human Nutrition Research Center on Aging at Tufts University; Boston, MA, USA.

SCoulter Department of Biomedical Engineering, Georgia Institute of Technology and Emory
University; Atlanta, GA, USA.

"Woodruftf School of Mechanical Engineering, Georgia Institute of Technology; Atlanta, GA,
USA.

*Parker H. Petit Institute for Bioengineering and Bioscience, Georgia Institute of
Technology: Atlanta, GA, USA.

“Department of Microbiology and Immunology, Cornell University; Ithaca, NY, USA.
%Chan Zuckerberg Biohub; San Francisco, CA, USA.
“"Tufts University School of Medicine; Boston, MA, USA.

“Division of Infectious Diseases, Department of Medicine, University of California San
Francisco; San Francisco, CA, USA.

Department of Bioengineering and Therapeutic Sciences, University of California San
Francisco; San Francisco, CA, USA.

““Department of Bioengineering, University of California Berkeley: Berkeley, CA, USA.
*Co-Corresponding authors. Email: ecyphert@ucsd.edu, christopher.hemandez@ucsf.edu
T These authors contributed equally to this work


https://doi.org/10.1101/2025.08.13.670183

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.13.670183; this version posted August 13, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Title: Commensal taxa in gut microbiota limit antibiotic resistance during
extended oral antibiotic use
Authors: Erika L. Cyphert!*$, Chongshan Liu**t, Victoria T. Chu?, Aditi Dubey?, Minying
Liu’, Zhe Zhong®"8, James R. Cockey’, Eva C. Gonzalez Diaz?, Angie L. Morales®, Jacob C.
Nixon®, Matthew Garcia®, Susana Zeng?>, Sidhant Rohatgi', Joan Wong'?, Ritwicq Arjyal'’,

Honey Mekonen!?, Norma Neff!’, Jennifer Lee™'!, M. Kyla Shea’, Xueyan Fu’, Sarah L. Booth®,
Cynthia A. Leifer’, Ankur Singh®’#, Charles R. Langelier'®!2, Christopher J. Hernandez?!-13-14*

Affiliations:

10

15

20

25

30

35

!Shu Chien-Gene Lay Department of Bioengineering, University of California San Diego;
San Diego, CA, USA.

2Department of Orthopaedic Surgery, University of California San Francisco; San Francisco,
CA, USA.

3Sibley School of Mechanical & Aerospace Engineering, Cornell University; Ithaca, NY,
USA.

*Division of Infectious Diseases and Global Health, Department of Pediatrics, University of
California San Francisco; San Francisco, CA, USA.

SUSDA Human Nutrition Research Center on Aging at Tufts University; Boston, MA, USA.

SCoulter Department of Biomedical Engineering, Georgia Institute of Technology and Emory
University; Atlanta, GA, USA.

"Woodruff School of Mechanical Engineering, Georgia Institute of Technology; Atlanta, GA,
USA.

8Parker H. Petit Institute for Bioengineering and Bioscience, Georgia Institute of
Technology; Atlanta, GA, USA.

Department of Microbiology and Immunology, Cornell University; Ithaca, NY, USA.
'%Chan Zuckerberg Biohub; San Francisco, CA, USA.
UTufts University School of Medicine; Boston, MA, USA.

I’Division of Infectious Diseases, Department of Medicine, University of California San
Francisco; San Francisco, CA, USA.

3Department of Bioengineering and Therapeutic Sciences, University of California San
Francisco; San Francisco, CA, USA.

“Department of Bioengineering, University of California Berkeley; Berkeley, CA, USA.
*Co-Corresponding authors. Email: ecyphert@ucsd.edu, christopher.hernandez@ucsf.edu

T These authors contributed equally to this work


https://doi.org/10.1101/2025.08.13.670183

10

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.13.670183; this version posted August 13, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Abstract: Certain bacterial infections, such as those involving prosthetics, can require
antimicrobial therapy over months to years, potentially increasing the burden of antimicrobial
resistance. Here we longitudinally track the antimicrobial resistome in mice during continuous
antibiotic dosing over 21 months. The burden of antibiotic resistance genes (ARGs) initially
increases, but, surprisingly, declines in later months, approaching levels observed in untreated
animals. ARG burden is regulated by taxonomy and declines as ARG-harboring taxa that
initially bloom are replaced by commensals. Furthermore, we find that the dynamics of
antibiotic-induced ARG burden are influenced by age-related differences in microbial taxonomy
and can be removed by fecal microbiota transplantation. We show that commensals may regulate
the resistome by limiting the growth of ARG-harboring taxa, thereby providing antimicrobial
expansion resistance.
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Main Text:

Antibiotic-resistant infections are a global threat responsible for an estimated 1.5 million
deaths annually (7). Widespread antibiotic use exerts selective pressure that drives the
emergence of resistance among both commensal and pathogenic bacterial species (2).
Collectively, antimicrobial resistance genes (ARGs) in an ecosystem are known as the
“resistome.” While most antibiotic resistance mechanisms are naturally present, antibiotic use in
humans and domestic animals has increased the collective reservoir of antibiotic resistance (3-4).
Within hosts, the gut microbiome is the largest population of microbes and serves as an
ecosystem for ARGs (35-8).

The abundance and richness of ARGs in the gut microbiome increases immediately after
the start of oral antibiotics (8-77). A short course of oral antibiotics (e.g. < 10 days) results in
changes in the composition of the microbiome and ARG abundance that reverses within several
weeks to months after cessation (8, /12-14). However, there are certain clinical conditions in
which prolonged antibiotic therapy of months to years is required, such as infections of
prosthetic materials, endocarditis, or mycobacterial infections including tuberculosis (/5-18).
Although prolonged antibiotic exposure during infection treatment is presumed to select for
accumulation of resistance, this has not been rigorously studied with respect to the microbiome
resistome (18, 19).

Here, we use a mouse model to longitudinally assess community dynamics within the gut
microbiome over 21 months of exposure to oral antibiotics. Surprisingly, after a year of
continuous antibiotic dosing, the burden of ARGs decreases toward levels seen in treatment-
naive mice primarily due to shifts in taxonomic abundance. Furthermore, the dynamics of ARG
abundance depend on age at antibiotic initiation; the transient increase in ARG abundance is
shorter when antibiotics are initiated late in life. Lastly, we show that the abundance and richness
of ARGs can return to baseline through administration of a fecal microbiota transplant (FMT)
from treatment-naive mice. Collectively, our findings illustrate how members of a microbial
community with intrinsic resistance can regulate the resistome, thereby providing antimicrobial
expansion resistance in a community.

Abundance of antimicrobial resistance genes declines during prolonged exposure to oral
antibiotics

To capture the dynamics of the microbiota community in mice throughout life, fecal
samples were collected from mice longitudinally, from one month of age until 22 months of age
(near the natural lifespan), to observe changes in the gut microbiome during normal aging
(Unaltered) or during sustained dosing with oral antibiotics in drinking water (the beta-lactam
ampicillin and the aminoglycoside neomycin, Continuous Dose; Fig. 1A). Only a portion of the
microbiota is susceptible to one or both antibiotics; hence, many taxa are not directly affected by
the applied antibiotics, as is true with most antibiotics used clinically (27). Chronic
administration of these antibiotics did not have detectable effects on gut permeability, serum
biomarkers of inflammation or systemic immunity (fig. S1-2, table S1-2).

In the first few months of continuous antibiotic dosing, ARG abundance and diversity
increased, peaking at three months of age. The abundance of ARGs subsequently declined,
approaching levels similar to those of the Unaltered group by 18 months of age (Fig. 1B, fig.
S3). The richness of ARGs also peaked at three months of age and declined thereafter, but
remained elevated relative to the Unaltered group for the remainder of the experiment (Fig. 1C,
fig. S3).
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The enrichment of ARGs only partially reflected the administered antibiotics (table S3-
4). Prior to antibiotic exposure (at one month of age), the abundance of ARGs was low and
primarily consisted of tetracycline resistance (tet(Q) > 90% relative abundance); ARGs for beta-
lactam, aminoglycoside and multidrug resistance genes together were less than 4% of relative
abundance. Two months after the start of antibiotic exposure, ARG abundance was increased,
primarily due to enrichment of ARGs conferring resistance to the administered antibiotics (49.29
+ 2.18% associated with beta-lactam, aminoglycoside or multidrug resistance genes effective
against either drug). By 22 months of age, only 26.28 + 9.75% of ARG abundance was
associated with applied antibiotics (as compared to 3.18 + 2.27% in Unaltered mice) (Fig. 1D-E,
fig. S3-4). These findings show that after years of continuous exposure to antibiotics, the
majority of ARGs in a gut microbial community do not confer resistance to the applied
antibiotics.

Although the abundance of ARGs decreased late in life in the Continuous Dose group,
ARG richness remained elevated. The increase in ARG richness was due to the presence of
ARGs that were not detected prior to the start of dosing (Fig. 1F, fig. S3). Several ARGs were
first detected months after the start of antibiotic exposure. These “new” ARGs conferred
resistance to multiple antibiotic classes including beta-lactam, aminoglycoside, tetracycline, and
fluoroquinolone (Fig. 1, fig. S3). Additionally, during continuous dosing, the resistome
composition shifted over time to be more similar to baseline as indicated by reductions in Bray-
Curtis distance (Fig. 1G, fig. S3). Together, these findings show that during prolonged exposure
to antibiotics, the majority of enriched ARGs confer resistance to unrelated antibiotic classes and
total ARG abundance can be similar to that in Untreated individuals.
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Fig. 1. Abundance of antimicrobial resistance genes declines during prolonged exposure to
oral antibiotics. (A) Study design. (B) Changes in ARG abundance over time are shown. (C)
Changes in ARG richness are shown. (D) Bar charts for each animal show changes in ARGs.
Colors at the bottom represent the same cage. (E) Two months after the start of antibiotic
exposure < 50% of the ARG abundance conferred resistance to beta-lactams or aminoglycosides.
(F) The increase in ARG richness was primarily due to the sustained presence of ARGs that were
first detected shortly after the start of antibiotic dosing. (G) Longitudinal tracking in individual
mice showed changes in the Bray-Curtis resistome composition over time that decreased. Lines
connect data points from the same individual and represent Bray-Curtis distance to baseline (1
month of age prior to antibiotic exposure); colors correspond to the cages as shown in D. Results
from female mice are shown here, the corresponding results from male mice are in Figure S3.
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Whiskers of the box plots represent the range of the data and the boxes represent the middle 50%
of data.

Taxonomic changes explain declines in ARG abundance during prolonged oral antibiotics

The observed ARGs were attributed to several different taxa based on the CARD
ontology, leading us to examine the changes in taxonomic composition in more detail. Consistent
with prior work (21, 22), oral antibiotics resulted in a drastic change in gut microbial
composition compared to mice without antibiotic exposure. Although antibiotic perturbation was
continuous, the gut microbial population was dynamic, with significant differences observed in
the taxonomic composition between three and 22 months of age (PERMANOVA: female — p <
0.001, male — p = 0.003; Fig. 2A, fig. S5). Specifically, the Bray-Curtis distance of taxonomic
composition in individual animals decreased over time, becoming more similar to the Unaltered
baseline (Fig. 2B, fig. S5).

Short term antibiotic dosing reduces the alpha diversity of the gut microbiome (22).
Consistent with this fact, in the two months after the start of continuous antibiotic dosing,
Shannon diversity was reduced relative to baseline (Fig. 2C). After 12 months of continuous
dosing, however, Shannon diversity had unexpectedly increased in females, nearly reaching
baseline by 22 months of age (Fig. 2C, in males, Shannon diversity remained low, fig. S5). The
increase in Shannon diversity in females was attributed to the increased abundance of more than
100 genera. We speculate that Shannon diversity recovered in females because females tend to
have a greater microbiome diversity than males (23). Genus-level analysis revealed complex
dynamics of taxonomic composition during continuous antibiotic dosing (Fig. 2D-E, fig. S5-6).
The dynamic changes in taxonomic abundance followed four different responses to antibiotic
exposure: colonization, dynamic colonization, sustained change in abundance, and dynamic
change in abundance. Representative genera that followed these trends include Citrobacter,
Klebsiella, and Phocaeicola (Fig. 2F-H, fig. S5).

Prior to antibiotic exposure, Muribaculaceae spp. occupied the largest proportion of
taxonomic abundance (29.81 + 2.13%). Shortly after the onset of antibiotic exposure, the
abundance of Muribaculaceae spp. declined (14.27 + 8.86%). Concurrently, the relative
abundance of Enterobacteriaceae rapidly increased and peaked at three months of age (29.35 +
8.67%) and later declined to 2.66% by 22 months of age (still greater than the pre-antibiotic
baseline of 0.26 + 0.32%). The changes in Enterobacteriaceae abundance in the Continuous
Dose group were predominantly driven by two classic pathobionts that frequently harbor ARGs:
Klebsiella spp. and Citrobacter spp. (table S5). The decline in Enterobacteriaceae coincided
with the gradual increase in the relative abundance of Bacteroides. Before exposure to
antibiotics, Bacteroides had a relatively low abundance (6.56 + 3.16%). Prolonged exposure to
antibiotics gradually increased the relative abundance of Bacteroides which peaked at 16.24 +
2.97% in females. Bacteroides are not susceptible to aminoglycosides and commonly carry
resistance against beta-lactams and aminoglycosides (24, 25).

The changes in taxa over time in the Continuous Dose group were substantially larger
than the age-related changes observed in the Unaltered group, which experienced subtle changes
in taxonomy during aging (table S6). The changes in taxonomic composition explained the
majority of changes in ARG abundance. Changes in the relative abundance of Klebsiella alone
explain more than 85% of the variance in total ARG abundance (Fig. 21, fig. S5,7-8). Overall, the
transient increase in ARG burden aligned with the combined relative abundance of Klebsiella,
Citrobacter, and Bacteroides (Fig. 2], fig. S5). These three genera harbor 82% of the


https://doi.org/10.1101/2025.08.13.670183

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.13.670183; this version posted August 13, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

differentially abundant ARGs (based on CARD ontology/pathogen of origin prediction). As the
abundance of Klebsiella and Citrobacter increased upon exposure to antibiotics, the abundance
of ARGs increased. When the abundance of Klebsiella decreased, ARG abundance also
decreased but was partially replaced by ARGs associated with Bacteroides. Together, these
results show that fluctuations in the abundance of ARGs during continuous antibiotic exposure
are explained primarily by shifts in taxonomy as ARG-harboring organisms are replaced by
commensals of varying susceptibilities.
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Fig. 2. Taxonomic changes explain declines in ARG abundance during prolonged oral
antibiotics. (A) Continuous oral antibiotics resulted in a rapid change in gut microbial
composition compared to Unaltered mice. (B) During continuous dosing, the microbial
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composition shifted slightly toward the Unaltered state seen in the Bray-Curtis distance from
baseline. (C) Shannon diversity initially decreased in Continuous Dose mice but recovered
afterwards. (D) Genus-level analysis revealed complex dynamics of taxa during antibiotic
dosing. (E) Log-fold change of most abundant genera during antibiotic dosing relative to one
month of age before antibiotics. Representative pathobionts that (F) colonized, (G) dynamically
colonized; or (H) increased in abundance during antibiotic use. (I) The relative abundance of
Klebsiella is strongly correlated with ARG abundance in Unaltered and Continuous Dose mice
(Pearson correlation: 0.88). (J) Shifts in the relative abundance of ARG harboring taxa
(Bacteroides, Citrobacter, Klebsiella) directly align with shifts in ARG abundance. Whiskers in
the line plot represent the standard deviation of data. Whiskers of the box plots represent the
range of the data and the boxes represent the middle 50% of data. Results from female mice are
shown here; corresponding results from male mice are in Figure S5.

Age-related change in the gut microbiota influences ARG dynamics following initiation of
oral antibiotics

The response of the gut microbiota to oral antibiotics is influenced by host age (26). As
the composition of the gut microbiota is more malleable in younger than in older mice (27, 28),
we hypothesized that oral antibiotics would have less effect on the microbiota and the resistome
in older mice. To test this idea, we initiated oral antibiotics in mice who were treatment-naive
until 18 months of age (considered elderly in mice) (Fig. 3A).

The initiation of antibiotic dosing at 18 months of age (Delayed Dose groups) resulted in
an increase in ARG abundance that was more heterogeneous than in Continuous Dose mice
exposed to the antibiotics for the same period of time (Fig. 3C,D, table S8-9). Prior to antibiotic
exposure, most ARGs were associated with tetracycline but after antibiotic exposure ARGs were
primarily multidrug resistant and associated with aminoglycoside and beta-lactam (Fig. 3H, table
S7). Unlike the Continuous Dose mice, however, the resistome of Delayed Dose mice showed
more variability among animals within the same groups, as indicated by Bray-Curtis distance
from baseline (Fig. 3J, fig. S9).

The initial shifts in taxonomy after the start of oral antibiotics followed a similar pattern
to that seen in the Continuous Dose animals (Fig. 31, fig. S9). As observed in the Continuous
Dose groups, antibiotic dosing initiated a transient increase in the relative abundance of
Klebsiella: The relative abundance of Klebsiella prior to antibiotic dosing was initially less than
1%, increased substantially within the first two months of antibiotic exposure, then declined (Fig.
3B, fig. S9). The decline in Klebsiella abundance in Delayed Dose mice followed an exponential
decay that was much faster than in Continuous Dose mice exposed to antibiotics for the same
duration (decay rate constant between two and four months of dosing 0.537/month in Delayed
Dose mice versus 0.184/month in Continuous Dose, p < 0.001) (Fig. 3B) suggesting a more
resilient microbiome in the aged Delayed Dose mice, consistent with prior reports and clinical
findings (8, 29). The taxonomic beta diversity in the Delayed Dose mice after the start of
antibiotics was more variable, mirroring the differences in ARG diversity (Fig. 3J-K, fig. S9).

The relative abundance of Klebsiella was strongly correlated with ARG burden in the
Delayed Dose mice but there were several outliers that showed larger than expected ARG burden
(Fig. 3F). The outliers were a subset of animals with increased abundance of the ARG carrier E.
coli and ARGs associated with E. coli (Fig. 3G, fig. S10). The presence of ARGs harbored by F.
coli contributed to the maintenance of a higher total ARG burden in Delayed Dose mice, even
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when Klebsiella abundance declined (fig. S11). These findings further show that taxonomic
differences drive variations in ARG abundance, even in aged hosts.

A secondary cause for variability in ARG abundance in Delayed Dose mice was the
accumulation of ARGs in the microbiota in the months prior to the start of antibiotic dosing. At
one month of age, more than 95% of ARG abundance was associated with tetracycline. By 18
months of age, the abundance of ARGs associated with tetracycline declined; tet(Q), accounted
for more than 70% of ARG abundance at one month of age but only 47% of ARG abundance at
18 months (fig. S12). Several “new” ARGs not detected at one month of age, but present at 18
months of age confer resistance to aminoglycoside, beta-lactam, glycopeptide, MLS, mupirocin-
like, peptide, and multidrug resistance (Fig. 3H, fig. S10). These “new” ARGs were likely
associated with changes in taxonomy (fig. S13). This observation is consistent with recent cross-
sectional studies in aging humans that show increases in ARG abundance in older individuals
(30). Although increased abundance of ARGs in older humans is often attributed to the
accumulated effects of doses of antibiotics throughout life (22), our findings in mice suggest
such shifts can occur in the absence of antibiotic exposure. Collectively, our findings show that
subtle changes in the gut microbiota during aging can change the response to oral antibiotics in
terms of taxonomic composition and associated ARGs.
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Fig. 3. Age-related change in the gut microbiota influences ARG dynamics following
initiation of oral antibiotics. (A) Study design. (B) Mice initiating antibiotic dosing at 18
months of age (Delayed Dose group) had a transient increase in Klebsiella and a more rapid
decline in Klebsiella relative to younger mice in the Continuous Dose group that were exposed to
the antibiotics for the same period. (C) In contrast to Continuous Dose mice, female Delayed
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Dose mice did not exhibit a decreased ARG abundance with prolonged antibiotic exposure. (D-
E) Changes in ARG abundance in Delayed Dose mice. (F) The relative abundance of
Enterobacteriaceae was strongly correlated with the abundance of ARGs with the exception of
animals colonized with E. coli. (G) The relative abundance of Bacteroides and Escherichia in
Delayed Dose mice (indicated by color). (H-I) The variability in the resistome and microbiota
composition. (J-K) Variability in the Bray-Curtis distance from baseline (pre-antibiotic) in the
Delayed Dose mice at 22 months of age was greater than that in Continuous Dose. Whiskers of
the box plots represent the range of the data and the boxes represent the middle 50% of data.
Additional results are shown in Figure S9.

Fecal microbiota transplantation mitigates collateral ARGs acquired through lifelong
antibiotic exposure

The accumulation of ARGs in response to antibiotic exposure has the potential to provide a
reservoir of antibiotic resistance that can be transmitted through communities or complicate
management of bacterial infections (37). Fecal microbiota transplantation (FMT) has been
proposed as a means of displacing resistant organisms from the microbiome (9). We thus
evaluated the utility of FMT for reducing ARG burden in mice continuously exposed to
antibiotics from one to 18 months of age. At 18 months of age, antibiotic dosing was suspended,
and mice received FMT from age- and sex-matched donors with an Unaltered microbiome
(Initial Dose group, Fig. 4A). Within two weeks after the FMT, the taxonomic composition of
the gut microbiota became indistinguishable from that of similarly aged treatment-naive animals
(Fig. 4B, fig. S14-15). Similarly, the composition, abundance, and richness of ARGs matched
that of age- and sex-matched Unaltered animals (Fig. 4C-E, fig. S14). After the FMT, species
that had colonized as a result of antibiotic dosing were no longer detectable after FMT (Fig. 4G,
fig. S14). Therefore, the introduction of treatment-naive microbiota not only replenished the
microbial taxa to an Unaltered state but also removed ARGs that were enriched during prolonged
antibiotic dosing.
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Fig. 4. Fecal microbiota transplantation mitigates collateral ARGs acquired through
lifelong antibiotic exposure. (A) Study design. (B-C) Receiving the FMT from the Unaltered
donor at 18 months of age restored the microbiota and resistome composition to its Unaltered
state. (D-E) The total abundance and richness of ARGs decreased, returning to the level of
Unaltered mice after receiving the FMT. (F-G) Composition of the microbiota and resistome
prior to and after receiving the FMT. Whiskers of the box plots represent the range of the data
and the boxes represent the middle 50% of data.

Discussion

Extended exposure to antibiotics has been implicated in promoting antibiotic resistance
by selecting for resistant organisms and thus increasing the abundance of ARG in the
microbiome. Antibiotic stewardship strategies that limit excessive or inappropriate antibiotic use
reduce the incidence of antibiotic resistant infections (32). Certain types of infections, however,
require prolonged antibiotic treatment for months or years (/5-18), raising the risk that
commensals and/or pathogens in the gut microbiota will develop antibiotic resistance. Our
findings demonstrate that the ARG burden increases most strikingly following initiation of
antibiotic treatment, and then recedes after months of exposure, but never fully normalizes. This
likely represents an initial fitness advantage of taxa harboring relevant ARGs that ultimately get
outcompeted by community members with intrinsic resistance or other growth advantages in the
presence of antibiotics. Our findings illustrate how members of the community that are not

susceptible to an antibiotic can provide expansion resistance limiting the abundance of ARGs
and emergence of resistant pathogens.

Studies of antibiotic resistance in the gut microbiota report increases in ARG abundance
and richness during and immediately after short-term (fewer than 10 days) antibiotic dosing (22,
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33-35) and/or cross-sectional studies in humans (36-38). These studies have shown that short-
term antibiotic exposures can have a lasting effect on the gut microbiota and resistome, although
some components of the microbiota and resistome eventually return to pre-treatment states (&,
22, 39-42). Consistent with prior reports (10, 43), we observed increases in ARG abundance and
reductions in taxonomic diversity soon after antibiotic dosing. However, unlike prior reports that
have been cross-sectional, our study is unique in performing a longitudinal analysis for most of
the natural lifespan of the mice. We were therefore able to observe dynamic changes in the gut
microbiota and ARG abundance over almost two years of dosing. Our findings show that the
early increases in ARG abundance can eventually fade.

A common concern related to excessive antibiotic dosing is the possibility that horizontal
gene transfer could confer resistance to antibiotics among organisms in the gut microbiota (3, 44,
45). Although we did not directly examine horizontal gene transfer, our finding that fluctuations
in taxonomic abundance explain over 85% of ARG abundance suggests that the majority of the
ARG s in our study were taxonomically stable, making it unlikely that horizontal gene transfer
had a significant effect on the overall ARG profile.

Our findings that FMT eliminates the detection of ARGs and taxa acquired after
prolonged antibiotic use aligns with clinical findings that FMT reduces the abundance of ARGs
(9, 46, 47). Collectively, our findings support the idea that FMTs can reduce the abundance of
ARGs even after prolonged antibiotic exposure. However, our findings highlight the importance
of the microbiota before perturbation.

There are some important limitations to our study. First, identification, classification and
association with host taxa of ARGs was limited to the databases used. Although the CZ-ID
pipeline uses the most updated National Center for Biotechnology Information (NCBI) and
Comprehensive Antibiotic Resistance Database (CARD) databases (48), it only includes ARGs
that have been previously sequenced and classified and is therefore biased to the most commonly
studied organisms (e.g., the Enterobacteriaceae family). It is unclear how much of our findings
are specific to the murine host, diet, the breadth of the antibiotic spectrum, or the specific
antibiotics used in this study.

Our findings show that the impact on ARG abundance is greatest in the first weeks after
antibiotic exposure. As a result, risks of transmission of antibiotic-resistant taxa and/or
antibiotic-resistant infections from the gut microbiota may be greatest in the first few weeks to
months of exposure, while steadily declining if antibiotic dosing continues for longer periods. In
situations requiring prolonged antibiotics, the risk presented by increased ARG abundance in the
gut microbiota may decline after the first few months of dosing. Our findings demonstrate that
the presence of commensal microbes that are not sensitive to the dosed antibiotic provides a limit
to the accumulation of antibiotic resistance within the community, an effect we term expansion
resistance. Taken together, our results demonstrate that a more diverse gut microbiome not only
helps to promote colonization resistance but can also moderate the abundance of antibiotic-
resistant microbes.
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SUPPLEMENTARY

Materials and Methods

Mouse strains

All animal procedures received prior approval from the local Institutional Animal Care
and Use Committee. Male and female C57Bl/6J mice were purchased from Jackson Laboratory
(Bar Harbor, ME, USA) and bred using trio breeding Pups were weaned at three weeks of age
and housed by sex (n = 4/cage). Second-generation pups from breeders were used in the study.
Sterile cages contained Y4-inch corn cob bedding (The Andersons’ Lab Beddin, Maumee, OH,
USA), standard laboratory chow (Teklad LM-485 Mouse/Rat Sterilizable Diet Irradiated, Envigo
Diets, Madison, WI, USA), reverse osmosis sterilized water ad libitum, and cardboard hut
(Ketchum Manufacturing, Brockville, Canada).

Study design
Male and female pups were divided into four treatment groups (n > 15/sex/group) over

two breeding rounds (same dams, two months apart). Treatment groups included: 1) Unaltered
control from birth-22 months of age, 2) Continuous alteration from 1-22 months of age, 3) Initial
alteration from 1-18 months of age that received an age- and sex-matched Unaltered donor fecal
microbiota transplant at 18 months of age, and 4) Delayed alteration from 18-22 months of age
only. Antibiotic dosing (microbiome alteration) consisted of reverse osmosis sterilized water or
reverse osmosis sterilized water containing 0.5 g/L neomycin (N6386, Millipore Sigma,
Burlington, MA, USA) and 1 g/L ampicillin (A0166, Millipore Sigma, Burlington, MA, USA) in
light-sensitive water bottles. Fresh antibiotic water was replaced every three days over the
duration of the study. Antibiotics were selected due to their poor oral bioavailability and limited
spectrum of activity, capable of acting directly on gut microbes. Weekly bedding mixing was
performed between cages of the same sex and treatment groups from 1-3 months of age.
Specifically, a sample of dirty bedding was collected from each cage within a treatment group,
pooled together and redistributed back to the cages to normalize gut microbiota composition
across cages of the same treatment and sex (49).

FMT to antibiotic-treated mice

Male and female C57Bl/6J mice (n = ~15/sex) that had been treated with ampicillin and
neomyecin in their drinking water from 1-18 months of age received a fecal microbiota transplant
(FMT) at 18 months of age to repopulate microbes. Mice were fasted for three hours prior to
receiving the transplant with ad libitum access to water. Fresh stool samples were collected from
age- and sex-matched unaltered control mice with two pellets being placed in sterile 1.5 mL
microcentrifuge tubes. Fecal samples were immediately transferred to an anaerobic chamber
(Coy Laboratory Products, Grass Lake, MI, USA) and suspended in 1 mL anoxic PBS with
0.05% L-cysteine. Pellets were allowed to soften for 15 minutes and were vortexed for three
minutes until the pellets were fully broken apart and homogeneous. Suspended bacteria were
separated from fibrous material by centrifuging for five minutes (150 rpm). Supernatant was
aliquoted into a sterile bottle and fecal slurries were pooled from multiple animals to create two
separate solutions: male and female. The prepared bacterial solutions were placed in an
anaerobic jar (BD BBL™ GasPak™ jar, Franklin Lakes, NJ, USA) and transported to the
conventional vivarium. Each mouse received 150 pL donor material from the corresponding age-
and sex-matched donor pooled sample. The remaining solution was frozen at -80°C. Mice
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received a single transplant and afterwards were placed in cages with dirty bedding from sex-
matched Unaltered control donor mice.
DNA extraction of the fecal metagenome

Shotgun metagenomic sequencing was employed to determine the composition of the
microbiota from fecal samples collected at 1, 3, 5, 13, 18, 18.5, 20, and 22 months of age. DNA
extraction was conducted at the Benioff Center for Microbiome Medicine Microbial Genomics
CoLab Plug-in at the University of California, San Francisco. Frozen fecal pellets were placed in
500 pL of cetyltrimethylammonium bromide (CTAB) extraction buffer (Lysing Matrix E tube,
MP Biomedicals, Burlingame, CA, USA), vortexed and incubated (65°C, 15 min) (50). A
mixture of 500 uL. phenol, chloroform, and isoamyl alcohol (in a ratio of 25:24:1) was placed in
the tube and the sample was subjected to bead-beating (5.5 m/s; 30 sec) and centrifuged (16,000
g, 5 min, 4°C). 400 pL of supernatant was placed in a 2 mL Eppendorf tube and 500 uL CTAB
buffer was added. This process was repeated until the extraction volume reached 800 uL, after
which 800 pL chloroform was added and centrifuged (3,000 g, 10 min). The supernatant (600
pL) was then placed in a 2 mL Eppendorf tube, 2-volume polyethylene glycol was added and the
mixture was kept at 4°C overnight to allow for DNA precipitation. The samples were
subsequently centrifuged (3,000 g, 60 mins), washed twice with chilled 70% ethanol, and placed
in 100 pL of sterile water. Extracted DNA was quantified with Qubit 2.0 Fluorometer using
dsDNA BR Assay Kit (Life Technologies, Grand Island, NY, USA).

Library preparation and quality control of fecal metagenome

Library preparation was performed at the Chan Zuckerberg Biohub San Francisco
Genomics Platform. All materials and samples were processed in a post-PCR lab. Six 96-well
plates containing extracted cDNA were quadrant pooled into two 384 deep-well plates, cDNA
wells were normalized to 2 ng/uL and further diluted 1:10 to achieve a concentration of 0.2
ng/uL using SPT Labtech Firefly Liquid Handler. 0.5 pL of diluted cDNA was transferred to a
regular 384 well plate using SPT Firefly and Integra ViaFLO384 liquid handlers, to be used as
input for library preparation. Library preparation was completed using a modified Nextera XT
DNA Library Kit protocol. This protocol has volumes that were miniaturized for high throughput
processing in plate format. In summary, 0.5 uL (~0.1 ng) of cDNA used as the input was
tagmented at 55°C for 5 minutes using Tagment DNA Buffer (0.2 pL) and Amplicon Tagment
mix (1.2 pL). The tagmentation reaction was neutralized by adding 0.4 pL of Neutralize
Tagment Buffer (NT) followed by 2000 RCF centrifugation for 5 minutes. Index PCR was
performed by adding 1.2 pL. of Nextera PCR mix (NPM), 0.4 uL of 5 uM 15 and 17 indexing
primers while ensuring each library received a unique combination of i5 and i7. Libraries were
amplified according to the following cycling parameters: 72°C for 3 min; 95°C for 30 sec; 12
cycles (95°C for 10 sec, 55°C for 30 sec, 72°C for 30 sec) and final extension at 72°C for 5 min.
Barcoded libraries were pooled to a 1.5 mL lo-bind Eppendorf tube using SPT Labtech
MosquitoLV. Pooled libraries were processed through two 0.7 X SPRI cleanups and were quality
controlled for sequencing using Aligent 4150 Tapestation System and D5000 ScreenTape and
via qPCR using Bio-Rad CFX96 RT System. All libraries were pooled equimolar for loading on
a Novaseq 6000 instrument.

Shotgun metagenomic sequencing of fecal metagenome

Sequencing was performed at the Chan Zuckerberg Biohub San Francisco Genomics
Platform. All libraries were sequenced using the loading guidelines provided by Illumina. The
[llumina sequencing library was loaded with a NovaSeq 6000 instrument using two S4 kits (2 x
10 billion reads) flow cells using PE150 run parameter.
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Quality control, taxonomic profiling metagenomes, and antimicrobial resistance gene
identification

The open-source CZ ID pipeline (https://czid.org/) was used for quality control
processing, the taxonomic classification of microbes (mNGS pipeline version 8.3), and
antimicrobial resistance genes (AMR pipeline version 1.4.2; CARD Database version 3.2.6;
Wildcard Database version 4.0.0). Microbial identification in the CZ ID pipeline involved
subtractive alignment to mouse host genome (Bowtie2) using raw FASTQ files and fastq quality
control (2). Microbial reads were aligned to the NCBI NT database (National Center for
Biotechnology Information Nucleotide Database) using minimap2 (assembly-based alignment)
(2). Microbial reads were also aligned to the NCBI NR database (non-redundant protein) (2).
Prior to quality control processing samples had an average number of 62,212,731+ 30,371,926
reads. Samples that had more than 150,000 reads were kept for downstream microbial and
antimicrobial resistance genes analyses. After quality control, samples had an average number of
30,557,604 + 13,488,671 reads (table S9). Following taxonomic alignment, samples were run
through CZ ID’s antimicrobial resistance pipeline (Comprehensive Antibiotic Resistance
Database Resistance Gene Identifier tool) and antimicrobial resistance genes that had > 5% read
coverage breadth were kept for resistance analyses (2). A table of identified antimicrobial
resistance genes and their microbial origin and resistance classification are provided (table S10).

Flow cytometry immune profiling

Spleens were collected at euthanasia in individual tubes on ice with 5 mL complete RMPI
medium, which contained 10% fetal bovine serum, 2 mM L-glutamine, 1% penicillin-
streptomycin (Corning), 2.5 pg/mL amphotericin B (Gibco), I mM sodium pyruvate (Corning),
and 10 mM HEPES (Corning). The spleens were processed through a 70 pm cell strainer with
isolation buffer comprising PBS supplemented with 2% fetal bovine serum, 1% penicillin-
streptomycin, and 1 mM EDTA. The resulting single-cell suspension was centrifuged at 350xg
for five minutes at room temperature. The pellet was then resuspended in 1 mL of ACK lysis
buffer (Thermo Fisher Scientific) and incubated for three minutes. Additional isolation buffer
was added to adjust the total volume to 10 mL, followed by another centrifugation. After
washing in isolation buffer, the cells were resuspended in 1 mL of freezing medium consisting of
90% fetal bovine serum and 10% DMSO, and stored in a liquid nitrogen tank until subsequent
thawing for analytical procedures.

Frozen splenocytes were thawed and analyzed for T cell, B cell, and myeloid populations

using multicolor spectral flow cytometry. All antibodies were used at a 1:200 dilution in FACS
buffer (PBS with 2% FBS and 1 mM EDTA). Dead cells were excluded using Zombie UV
viability dye. The specific staining panels are detailed below:
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T cell Myeloid B cell
Biomarker | Fluorophore Clone Biomarker | Fluorophore Clone Biomarker | Fluorophore Clone
CD4 FITC RM4-5 CD4 BUV615 RM4-5 B220 BUV395 RA3-6B2
B220 BUV395 RA3-6B2 B220 BUV395 RA3-6B2 GL7 FITC GL-7
CD3 APC 17A2 CD3 APC 17A2 FAS BV421 Jo2
PDI PE-CY7 J43 CD8 AF700 53-6.7 CD138 BV711 281-2
CD25 PE PC61.5 CDI19 BV711 6D5 CD38 APC 90
CXCRS PERCP- SPRCLS F4/80 PE BMS CXCR4 PE 2B11
eFluo710
CD8 AF700 53-6.7 CDl11b PE-Cy7 M1/70 CD86 BV605 GL-1
CD62L BV650 MEL-14 I-A/I- FITC M5/114.15.2 IeM APC- 11/41
E(MHCII) eFluo780
CD69 SuperBright H1.2F3 CDllc BV605 N418 IgG1 PE-Cy7 MI1-14D12
600
FAS(CD95) BV421 Jo2
CD44 AF532 M7
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CCR7 BUV737 4B12

LAG3 APC- eBioCIB7TW
eFluo780

CDI127 BV711 A7R34

Gut permeability histology

Fresh colon tissue was harvested from mice and stored at -80°C before processing for
RNA extraction using Trizol and cDNA synthesis. Real-time quantitative PCR was performed
using the QuantStudio 7 Real-Time PCR system using TagMan Universal PCR Master Mix and
TagMan Gene Expression Assays for the following genes: ppia (housekeeping), cldn2,
occluding, tipl, and muc2 (Applied Biosystems). Relative expression of transcript levels were
measured using the 224 method using amplified C; values.

Serum/plasma biomarker content

Whole blood was collected using cardiac puncture at euthanasia under anesthesia. For
serum collection, whole blood was placed in sterile 1.5 mL microcentrifuge tubes, allowed to
clot, centrifuged for 10 minutes, and placed in 25 pL aliquots and frozen at -80°C. For plasma
collection, whole blood was placed in EDTA (ethylenediaminetetraacetic acid)-coated
microcentrifuge tubes (BD Microtainer® Blood Collection Tubes, 365992, Franklin Lakes, NJ,
USA), centrifuged at 4°C for 10 minutes, and placed in 25 pL aliquots and frozen at -80°C. An
ELISA (enzyme-linked immunosorbent assay) was carried out at Duke Molecular Physiology
Institute Biomarkers Shared Resource. Serum was collected from fasted mice and was measured
for adiponectin, leptin, and insulin. Plasma was collected from unfasted mice and was measured
for estrogen (females only), interleukin 6 (IL-6), tumor necrosis factor-o. (TNF-a), and insulin-
like growth factor 1 (IGF-1).

Statistics

Principal coordinate analyses (PCoA) were performed on rarefied Bray-Curtis
dissimilarity matrices on ARGs and taxa to discern differences in composition amongst treatment
groups, timepoints, and cage assignments. Differences in Shannon diversity, body weight, fat
pad mass, and serum/plasma biomarkers were evaluated using a one-way analysis of variance
(ANOVA) with a post hoc Dunnett test to evaluate significance between each treatment group
relative to the Unaltered sex-matched control. Correlations between individual ARGs and
microbial species were determined using a pairwise Spearman correlation calculation followed
by a Benjamini-Hochberg FDR correction. To determine ARGs and genera that significantly
changes with time within individual treatment groups by sex Microbiome Multivariate
Associations with Linear Models (MaAsLin2) was performed in which cage assignment was
accounted for as a random effect. Post hoc Benjamini-Hochberg FDR g-values were reported
along with p-values. Taxa heatmaps were generated by averaging the relative abundance of 15
top taxa within each timepoint from the Continuous Dose group. A pseudocount of 0.1 was used
and the fold change of the relative abundance of each taxa was calculated relative to the baseline
value at 1 month of age with a log; transform. Here, we defined colonization as the detection of
genera that were not observed prior to antibiotic exposure (less than 0.1% relative abundance)
(12). Colonizers were not detected prior to antibiotic exposure and remained at an increased
abundance with prolonged antibiotic exposure. Dynamic colonizers were not detected prior to
antibiotic exposure and exhibited temporary increases or decreases in abundance with prolonged
antibiotic exposure. Genera that changed in abundance were present prior to antibiotic exposure
and remained increased or decreased with prolonged antibiotic exposure. Genera with a dynamic
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change in abundance were present prior to antibiotic exposure and exhibited temporary increases
or decreases in abundance with prolonged antibiotic exposure. ARG heatmaps were generated by
averaging the relative abundance of top ARGs within each timepoint from the Continuous Dose
group with a log> transform. Variance of % ARG abundance associated with Enterobacteriaceae,
ARG richness, ARG abundance, and relative abundance of taxa was calculated and followed
with Shapiro’s test to confirm normality and a Likelihood Ratio Test was used to compare two
Generalized Least Squares models with homoscedastic and heteroscedastic residual variance to
determine changes in variance over time. Rate constants associated with changes in taxonomy in
the first four months after the start of antibiotic dosing were determined with regression models.
All statistical testing was completed using R Statistical Software (v 4.0.3; R Core Team 2020).
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Fig. S1.

Gut permeability for Unaltered and Continuous Dose mice. Continuous antibiotic exposure did
not significantly influence gut permeability.
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Splenic immune cell profiling for Unaltered and Continuous Dose mice.
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Fig. S3.

Effects of Continuous exposure to antibiotics on the resistome of male mice. (A) In the first few
months of antibiotic dosing there was an increase in ARG abundance that peaked at three months
of age, however, the abundance of ARGs declined and reached levels indistinguishable from that
of the Unaltered group by 18 months of age. (B) In the first few months of antibiotic dosing there
was an increase in ARG richness that peaked at three months of age and declined shortly after
but remained increased relative to the Unaltered group for the remainder of life. (C) Two months
after the start of antibiotic exposure < 50% of the ARG burden was attributed to resistance to the
classes of antibiotics that were administered (beta-lactams and aminoglycosides). (D)
Continuous exposure to antibiotics resulted in dynamic changes in the resistome composition.
(E) The increase in ARG richness was primarily due to the sustained presence of ARGs that were
first detected shortly after the start of antibiotic dosing. (F) Longitudinal tracking in individual
mice showed that Continuous antibiotic exposure resulted in changes in the Bray-Curtis
resistome composition over time that shifted towards the baseline Unaltered composition. Lines
connect data points from the same individual and represent Bray-Curtis distance to baseline (one
month of age prior to antibiotic exposure).

28


https://doi.org/10.1101/2025.08.13.670183

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.13.670183; this version posted August 13, 2025. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A

1 Continuous Dose

3 mons age Female 22 mons age Female £ Unaltered
9 9 g : <£n't|nuous Dose p <0.001 0001
g p<
=90
. ’ 5 p < o 001 p <0.001
. Aminoglycoside % p 0 003 —=
. Beta_lactam 8 60
. Diaminopyrimidine §
. Fluoroquinolone _§30 @
. Glycopeptide g : °
M v 5, =SS
. [14
B wvuiti_drug 1 3 5 13 18 22
Male . Mupirocin_like Age (months)
3 mons age 22 mons age I nitroimigazole R _, Male
B other IS * Continuous Dose p <0.001
B repiice Ggo| =+ p=0001 _ 0006 p <0.001
. Phenicol L .
. Phosphonic_acid § 60 p <0.001
. Rifamycin E’ °
< ® Yo
Sulfonamide 3
= Tetracycline §30 *
o .
3 iy v
&0 :
1 3 5 13 18 22
Age (months)

Fig. S4.

(A) Average abundance of ARGs associated with different classes of antibiotics in Continuous
Dose mice revealed a decrease in ARGs associated with multidrug resistance and increase in
ARGs associated with tetracycline over time. (B) The relative abundance of zet(Q) constituted
the majority of the resistome in mice prior to antibiotic exposure, was significantly decreased
with antibiotic exposure, and gradually increased with prolonged antibiotic exposure.
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Fig. SS.

Effects of Continuous exposure to antibiotics on the microbiota of male mice. (A-B) Continuous
exposure to oral antibiotics resulted in a rapid, drastic change in gut microbial composition
compared to mice without antibiotic exposure and composition changed over time. (C) Shortly
after the start of Continuous antibiotic dosing the Shannon diversity of the taxa decreased. (D-E)
Genera-level analysis revealed complex dynamics of taxa during antibiotic dosing. (F-H)
Representative plots in males with relative abundance of genera classified based on their
response to antibiotics. (I) Regression of the relative abundance of Klebsiella against ARG
abundance in Unaltered and Continuous Dose mice demonstrated that changes in ARG
abundance were strongly linked with abundance of Klebsiella (Pearson correlation: 0.98). (J)
Shifts in relative abundance of ARG harboring taxa directly align with shifts in ARG abundance.
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Average relative abundance of key genera (Bacteroides, Klebsiella, Muribaculum, Parabacteroides, Phocaeicola)
over time in Continuous Dose mice revealed a dynamic shift amongst microbes.
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Fig. S7.
Pairwise Spearman correlation between genera and ARGs in Continuous Dose female mice; = indicates a significant

correlation (p < 0.05, Benjamini-Hochberg correction FDR).
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Fig. S8.
Pairwise Spearman correlation between genera and ARGs in Continuous Dose male mice; = indicates a significant

correlation (p < 0.05, Benjamini-Hochberg correction FDR).
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Fig. S9.

Effects of Delayed Dose antibiotic exposure on the microbiota and resistome of male mice. (A) Mice in the Delayed
Dose group had a transient increase in Klebsiella and more rapid decline in Klebsiella relative to mice in the
Continuous Dose group that were exposed to antibiotics for the same duration. (B) Delayed Dose mice had a
transient increase in the relative abundance of ARGs that were associated with Enterobacteriaceae. (C-D)
Composition of the resistome and microbiota over time in individual mice. (E-F) Bray-Curtis distance from baseline
in the resistome and microbiota composition of Delayed Dose male mice.

34


https://doi.org/10.1101/2025.08.13.670183

bioRxiv preprint doi: https://doi.org/10.1101/2025.08.13.670183; this version posted August 13, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

<= 10.01 = ) ) , .
§ = ARG associated with E. coli .
3
S 751 .
(1] .
2
5 .
Ke] 50 .
(]
2 25 E " . . L.
(o] . *
N %&égéaﬁaﬁﬁééé E[lal i
2 ool & s 1REE ‘
TR EEER T QST WLOoZOoLWWEF=Y<ZE 55
el%“’gmléIIEEEQU>S’g%avuv%ugugm§a%‘5'u'ﬁ‘ﬁﬁ
o < g o EI 8 d & o EI » » 3 x = E E E E E E E g E Q 22 3 2 3
£ = m
£ o < S L, [
% * % * *5 * * * * * UI* * * % * * * * * * * * g % % cg
| * © T © ©
o = * L
é L _ c
@ N
* S 2 2 2
1] () [TR]
o % %9
* x o >
S & &
g > >
Fig. S10.

Outliers in the relationship between Klebsiella abundance and ARG burden in Figure 3F had increased relative
abundance of more than 29 ARGs associated with E. co/i and more than 5 ARGs associated with other taxa. Colored
dots indicate mice housed in the same cage.
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Fig. S11.

After subtracting off contributions of ARGs associated with E. coli from total ARG abundance in Delayed Dose
female mice, ARG abundance declined after exposure to antibiotics as observed in male mice.
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Fig. S12.
(A) ARG richness in Delayed Dose, Continuous Dose, and Unaltered groups over time. (B) fet(Q) dominated the
resistome prior to antibiotic exposure and slowly increased in abundance after prolonged antibiotic exposure.
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Taxonomic composition of the gut microbiota in Delayed Dose mice significantly shifted over aging from one to 18
months of age in both females and males.
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Fig. S14. (A-B) As observed in female mice, male mice that received the FMT after prolonged antibiotic exposure
had their microbiota composition and resistome restored to the Unaltered state. (C-D) As observed in female mice,
male mice that receive the FMT after prolonged antibiotic exposure had their total ARG burden and richness

restored to the Unaltered state. (E-F) Composition of the microbiota and resistome prior to and after receiving the
FMT.
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Fig. S15.
Longitudinally tracking the Bray-Curtis distance principal coordinate analysis of the Initial Dose group.
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Table S1.

Circulating fasted serum (adiponectin, leptin, insulin) and non-fasted plasma (IL-6, IGF-1, TNF-
a, estrogen — female only) biomarkers. Average values with standard deviation are shown.
Dunnett test performed relative to Unaltered sex-matched control.

Treatment | Adiponectin Leptin Insulin IL-6 IGF-1 TNF-a Estrogen
Group (ng/mL) (pg/mL) (pg/mL) (pg/mL) (pg/mL) (pg/mL) (pg/mL)
Female
Unaltered 11791.600 £ | 6664.927 + 328.640 + 59.407 + 323744.286 25.336 + 739.319 +
1854.456 4513.005 284.080 40.367 +30842.775 17.843 414.776
Continuous 11603.600 + | 3155.279 + 233.815+ 95.657 + 264990.000 20.651 + 1240.004 +
Dose 1316.444 2115.732 229.871 94.067 +34082.415 5.155 892.425
p=10.994 p=0.012 p=0.516 p=0.612 p =0.007 p =0.998 p=0.204
Delayed 11601.000 £ | 3532.141 + 197.989 + 70.281 + 293688.571 25.148 + 833.631 =
Dose 1365.696 1990.284 113.136 67.956 +42610.087 15.417 274.280
p=0.993 p =0.027 p=0.268 p =0.980 p=0.226 p =1.000 p=0.974
Initial Dose 10307.100 + | 3160.301 + 202.444 + 102.700 + 359667.143 74361 + 640.484 +
1173.284 1975.363 107.547 48.065 +17646.433 114.718 239.664
p=0.281 p=0.012 p=0.294 p=0481 p=0.123 p=0.295 p=0.971
Male
Unaltered 6399.000 + 3374.644 + 290.774 + 87.982 + 293718.571 11.359 + --
304.501 2181.318 186.042 64.059 +23523.576 3214
Continuous 6002.960 + 2283911 + 327.804 + 48.077 = 288605.714 16.119 + -
Dose 935.092 1341.219 197.484 29.648 +20158.671 5.251
p=0.834 p=0.219 p=10.883 p=0.236 p=0.979 p=0.180
Delayed 5962.880 + 2099.470 + 238.974 + 73.761 295170.000 8.669 + -
Dose 1396.125 1129.790 99.210 39.391 +27974.134 5.436
p=0.794 p=0.126 p=0.743 p=0.876 p=0.999 p=0.599
Initial Dose 5274.200 + 2277777 + 242.443 + 63.823 + 298610.000 13.854 + --
654.134 1359.676 99.685 34.160 +44024.678 4.967
p=0.165 p=0.215 p=0.779 p=0.611 p=0.981 p=10.650
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Table S2.

Body weight at euthanasia and perigonadal fat pad mass. Average values with standard
deviations are shown. Dunnett test performed compared to Unaltered sex-matched control.

Treatment group | Body weight at euthanasia (g) | Perigonadal fat pad mass (g)
Female

Unaltered 27.343 + 4.863 0.773 +£0.386

Continuous Dose 24.194 +2.073 0.452+0.180
p=0.015 p =0.003

Delayed Dose 24.356 £2.619 0.495 +0.235
p=0.025 p=0.014

Initial Dose 24.353 £2.149 0.443 £0.203
p=0.022 p =0.002

Male

Unaltered 30.094 £ 2.180 0.621 + 0.207

Continuous Dose 28.500 £2.384 0.461 £0.182
p=0.176 p=0.154

Delayed Dose 31.239 £3.735 0.635 +0.422
p=0.432 p=10.997

Initial Dose 29.710 £2.115 0.512 +£0.156
p=0.944 p=0.424
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Table S3.

ARGs that significantly changed with time (3-22 months) in the Continuous Dose group with an
abundance greater than 1%.

ARG | Change over time | p-value | g-value
Female
Klebsiella pneumoniae Decrease <0.001 <0.001
acrd
ogxB Decrease <0.001 <0.001
ArnT Decrease <0.001 <0.001
ogxA4 Decrease <0.001 <0.001
eptB Decrease <0.001 <0.001
LptD Decrease <0.001 <0.001
tet(Q) Increase <0.001 <0.001
APH(3’)-la Decrease <0.001 <0.001
Klebsiella pneumoniae Decrease <0.001 <0.001
KpnG
OmpA Decrease <0.001 <0.001
OXY-1-3 Decrease <0.001 <0.001
FosA6 Decrease <0.001 <0.001
OXY-1-4 Decrease <0.001 <0.001
Klebsiella pneumoniae Decrease <0.001 <0.001
KpnF
Klebsiella pneumoniae Decrease 0.001 0.006
KpnE
bacA Decrease 0.001 0.006
Klebsiella pneumoniae Decrease 0.003 0.015
OmpK37
H-NS Decrease 0.007 0.029
emrK Increase 0.007 0.030
mdtO Increase 0.008 0.030
mdtA Increase 0.009 0.034
mdtN Increase 0.010 0.037
gadW Increase 0.012 0.043
mdtC Decrease 0.013 0.044
AcrS Increase 0.013 0.044
Escherichia coli mdfA Increase 0.018 0.057
CRP Decrease 0.020 0.058
vansS gene in vanD cluster Increase 0.019 0.058
evgA Increase 0.020 0.058
mdtF Increase 0.021 0.061
emrY Increase 0.025 0.067
leuO Increase 0.027 0.071
mdtE Increase 0.035 0.089
CepA-49 Increase 0.040 0.091
emrR Increase 0.040 0.091
PmrF Increase 0.049 0.108
Male
APH(3’)-la Decrease <0.001 <0.001
LptD Decrease <0.001 <0.001
tet(Q) Increase <0.001 <0.001
ArnT Decrease <0.001 <0.001
eptB Decrease <0.001 <0.001
Klebsiella pneumoniae Decrease <0.001 <0.001
KpnG
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ogqxB Decrease <0.001 <0.001
OXY-1-4 Decrease <0.001 <0.001
Klebsiella pneumoniae Decrease <0.001 <0.001
acrd
bacA Decrease <0.001 <0.001
OmpA Decrease <0.001 <0.001
Klebsiella pneumoniae Decrease <0.001 <0.001
KpnF
FosA6 Decrease <0.001 <0.001
Klebsiella pneumoniae Decrease <0.001 <0.001
KpnE
0gxA Decrease <0.001 <0.001
vanR gene in vanD cluster Increase <0.001 <0.001
Klebsiella pneumoniae Decrease <0.001 <0.001
KpnH
Klebsiella pneumoniae Decrease <0.001 0.001
OmpK37
vansS gene in vanD cluster Increase <0.001 0.001
emrA Decrease <0.001 0.002
OXY-1-3 Decrease <0.001 0.002
tet(W) Increase 0.002 0.006
tet(W/N/W) Increase 0.004 0.012
vanH gene in vanD cluster Increase 0.008 0.024
vanV gene in vanB cluster Increase 0.010 0.027
H-NS Decrease 0.022 0.058
mdtC Decrease 0.033 0.081
TolC Increase 0.039 0.095
msrC Increase 0.050 0.117
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Table S4.

ARGs with an abundance greater than 1% that significantly change with time (1-22 months) in
the Unaltered group. No genera changed significantly over time in the Unaltered female mice.

ARG | Change over time | p-value | g-value
Female
tet(0/32/0) Increase 0.006 0.159
tet(W/N/W) Increase 0.006 0.159
Male
tet(40) Increase | 0.002 0.100
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Table S5.

Genera that significantly changed with time (3-22 months) in the Continuous Dose group with a
relative abundance greater than 1%.

Genera | Change over time | p-value | g-value
Female

Caudoviricetes Increase <0.001 <0.001

Klebsiella Decrease <0.001 <0.001

Duncaniella Increase <0.001 <0.001

Flavonifractor Increase <0.001 <0.001

Bacteroides Increase <0.001 <0.001
Akkermansia Decrease <0.001 0.007
Muribaculum Increase 0.006 0.034
Blautia Decrease 0.011 0.050
Escherichia Increase 0.012 0.054
Enterococcus Decrease 0.018 0.064

Male

Flavonifractor Increase <0.001 <0.001
Akkermansia Decrease <0.001 0.001
Citrobacter Decrease <0.001 0.010
Muribaculum Increase 0.002 0.032
Phocaceicola Increase 0.004 0.074
Blautia Increase 0.012 0.165
Klebsiella Decrease 0.013 0.165
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Table S6.

Genera that significantly changed with time (1-22 months) in the Unaltered group with an
abundance greater than 1%. Unaltered female mice did not have any genera that significantly
changed with time.

Genera | Change over time | p-value | q-value
Male

Muribaculaceae bacterium Decrease <0.001 <0.001
Faecalibaculum Decrease 0.001 0.056
[Clostridium] Increase 0.019 0.165
Blautia Increase 0.018 0.165
Caudoviricetes Increase 0.019 0.165
Muribaculum Decrease 0.017 0.165
Lachnoclostridium Increase 0.028 0.185
Roseburia Increase 0.030 0.190
Acutalibacter Increase 0.035 0.204
Enterocloster Increase 0.038 0.208
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Table S7.

Variance in the % of ARG abundance associated with Enferobacteriaceae family amongst
treatment groups over time. Shapiro’s test was used to check for the normality of each dataset. A
Likelihood Ratio Test was used comparing two Generalized Least Squares models with
homoscedastic and heteroscedastic residual variance to determine changes in variance over time.

Sex Group Age (Months) p value
1 3 5 13 18 18.5 20 22
Unaltered 7.044 398.242 0.821 81.225 99.571 <0.001
Female Continuous Dose | 550.624 10.871 1122.147 31.780 296.521 311.983 0.003
Delayed Dose 55.596 814.657 4.248 20.991 3.127 457.193 159.998 | <0.001
Initial Dose 27.876 14.713 392.422 83.987 368.685 63.367 42.202 43.186 <0.001
Unaltered 94.663 46.378 132.576 63.907 54.000 0.866
Male Continuous Dose 1.342 13.083 60.052 31.834 47.476 65.539 0.385
Delayed Dose 14.805 72.633 1.182 337.242 44.286 275.398 | 297.194 | <0.001
Initial Dose 2.233 6.099 49.266 59.217 213.520 59.571 129.980 | 447.772 | <0.001
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Table S8.

Variance in the ARG richness and abundance amongst treatment groups over time. Shapiro’s test
was used to check for the normality of each dataset. A Likelihood Ratio Test was used
comparing two Generalized Least Squares models with homoscedastic and heteroscedastic
residual variance to determine changes in variance over time.

Sex Group Age (Months) p value
1 [ 3 ] 5 [ 13 [ 18 [ 185 | 20 | 22
ARG richness

Unaltered 1.667 365.667 6.333 14.054 32.691 <0.001

Female Continuous Dose | 112.500 | 24.333 2.333 134.250 81.200 74.992 0.213
Delayed Dose 110.250 426.000 28.667 37.242 14.167 180.515 222.981 0.004
Initial Dose 4.500 5.667 489.667 7.583 199.788 58.447 55.242 12.692 <0.001
Unaltered 40.000 21.583 72.333 42.233 30.374 0.867

Male Continuous Dose 4.500 4.250 6.250 15.000 26.386 26.218 0.369
Delayed Dose 9.000 13.667 4917 268.691 97.200 121.356 165.474 0.006
Initial Dose 0.500 8.250 18.000 4.000 22.164 51.818 106.750 63.381 0.007

ARG abundance

Female | Unaltered 4.102 74315 6.383 11.449 3.484 0.002
Continuous Dose | 13.468 | 750.200 41.709 77.982 93.890 58.519 0.011
Delayed Dose 3.740 45.690 13.091 11.236 1118.776 | 1378.560 | 1946.852 | <0.001
Initial Dose 5.848 128.480 83.415 9.152 105.099 11.877 7.222 10.566 <0.001

Male Unaltered 2.026 2.735 0417 21.294 20.488 0.014
Continuous Dose 0.120 78.237 10.136 19.831 12.289 23.834 0.065
Delayed Dose 4.927 12.675 4.615 45.944 1805.357 | 246.861 195.395 | <0.001
Initial Dose 31.920 | 103.841 13.030 0.337 29.421 4.299 6.183 221.139 | <0.001
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Table S9.
Quality control processing of shotgun metagenomic paired-end samples using the Chan
Zuckerberg ID pipeline.
Sample name Total Reads post Reads post | Reads post | Reads post | Reads post
reads bowtie2 ercc fastp bowtie2 hisat2 host | czid-dedup
(combined filter host filter filter
paired-
end)
431283 1 S385 98254790 98254256 86252768 81456210 | 81456120 42313340
435068 1 S47 78174480 78174348 66048086 64746448 | 64746428 34557762
431277 1 S235 38130396 38130374 36550942 36384350 | 36384344 18848960
431242 1 S396 110199866 | 110199694 98085530 96529696 | 96529650 47698584
431218 1 S142 50575594 50575540 48313664 47956910 | 47956894 24908656
431228 1 S373 68101464 68101422 64511926 64290002 | 64289992 33349054
431287 1 S281 83195204 83194958 78995442 76871444 | 76871370 36780318
431293 1 S9%4 23059416 23059380 22146096 21909206 | 21909206 13708014
435090 1 S374 63552618 63552592 58636430 58462610 | 58462610 36383398
435085 1 S190 64606822 64606788 61511926 61375426 | 61375426 32233710

439799NP 3 S325 70625354 70624954 66536922 63278524 63278454 33666686
435071LP 3 S88 19694508 19694498 18864946 18759846 18759846 12470880
439790LP 3 S276 56593580 56593524 52449186 52389208 52389196 28018656
439790NP 3 S230 39783532 39783356 38202670 38181948 38181938 19562470
435090NP 3 S323 89979696 89979652 82272354 82244112 82244104 45336820
435090LP 3 S368 67049752 67049662 62738884 62704372 62704368 32815768
435082LP 3 S278 49348462 49348378 46608018 45947900 | 45947894 23532006
435082NP 3 S232 72160594 72160536 68105120 67778314 67778306 35208504
435075RP 3 S326 90953166 90952116 84344956 74542538 74542298 37076218
435075BP 3 S371 46738462 46738264 44147760 43141066 | 43141046 22422508
435075LP 3 S279 85329562 85328312 78888864 66112308 66111998 33475500
435075NP 3 S233 87107260 87106922 81417080 78224640 78224578 38421918
435073LP_3 S90 47714912 47714816 45451542 44984060 | 44984042 24995956
435073RP 3 S44 34679472 34679112 32868008 30609250 30609186 18215590

439799LP 3 S370 54884196 54883994 51858506 50693228 50693202 27879372
435071BP 3 S184 94862402 94862344 90184714 89838924 89838902 41150758
435071NP 3 S42 17482554 17482538 16817078 16781376 16781372 11987542
439818LP 3 S86 22328292 22328256 21423304 21289496 21289486 11563198
439823LP 3 S138 12107004 12106826 11458274 10402940 10402892 7001186
439823BP 3 S186 83343730 83343128 77338350 72365246 72365128 36659748
439824BP 3 S46 80020526 80020278 75040356 72954552 72954516 37883270
439824RP 3 S92 13721136 13720694 12745684 10178486 10178386 6587030
439824NP 3 S140 101642052 | 101641248 95352048 86514928 86514764 38823566
439824LP 3 S188 49876346 49876222 47262730 46338278 46338232 25810910
439818NP 3 S40 81169152 81169116 76796784 76716394 76716394 39970016
431281NP 5 S78 130670442 | 130670252 116678872 | 114561092 | 114561016 54534028
431283RP 5 S130 45839370 45839276 43576630 42688676 | 42688664 22813686
431283LP 5 S178 51375088 51374714 48663066 45688624 | 45688536 25104760
431281LP 5 S126 79767512 79767422 75861434 75105696 75105672 37169570

435071RP 3 S136 28387586 28387562 27226090 27108638 27108638 16005218
435068NP 3 S134 39411840 39411776 37942260 37548918 37548882 19331922
435068LP 3 S182 27366870 27366840 26289722 26256168 26256166 15909022
439795BP 3 S366 70421666 70421550 64910016 64658918 64658900 33900318
439795LP 3 5274 33030312 33030300 31640968 31627680 31627680 17264466
439795NP 3 S228 76647368 76647278 70343378 70268348 70268330 36728702
439795RP 3 S321 82721652 82721002 77348306 73301284 73301122 37406040

3
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431277NP_5_S128 102949688 | 102949620 92634786 92099756 | 92099740 47253550
431277LP_5 S176 47616706 47616692 44810230 44669476 | 44669468 26782770
431242NP_5 S317 45861968 45861448 42397614 38700184 | 38700086 20426886
431242BP 5 S363 60542198 60541580 57193866 52592408 52592264 27774400
431218NP_5 S313 59836326 59836232 56721284 56301518 56301482 30614976
431218LP_5 S359 80472128 80472006 73759756 73435088 73435058 39847822
431233LP_5 S272 70354834 70354632 65686384 64237444 | 64237430 33365432
431233NP_5 5226 41089840 41089750 38992514 38234808 | 38234774 20379204
431230NP_5 S319 52041496 52041374 48932798 47869886 | 47869850 26686596
431230LP_5 S365 65303188 65303076 61116694 60523824 | 60523812 33721604
431229NP_5 5224 44492996 44492888 42165154 41077066 | 41077032 22691544
431229LP_5 S270 74311146 74310990 69395218 67830252 67830216 35528354
431226RP_5 S315 114336990 | 114336888 105808102 | 104979856 | 104979768 52005514
431226NP_5 5222 97329166 97329050 91925368 90823984 | 90823890 43567798
431226BP_5 S361 108504794 | 108504620 100572374 | 98599430 | 98599352 51957586
431289RP_5 S38 89059470 89059408 81870004 81729480 | 81729452 41226918
431289BP 5 S84 40144578 40144458 38021608 37415374 | 37415342 23184402
431289LP_5 S180 58280444 58280372 55584744 55325712 55325694 27823440
431289NP_5 S132 56974378 56974264 54184568 53471600 | 53471580 27264998
431287LP_5 S80 94042744 94042718 89289430 89170960 | 89170960 43845824
431287NP_5 S34 80437234 80437174 76400396 75983520 | 75983510 40807292
431290LP_5 S82 45404792 45404538 43169354 41526282 | 41526256 20387960
431290NP_5 S36 70035412 70035344 64089742 63785924 | 63785912 35097116
431293LP_5 S267 34852960 34852914 33388500 33056328 | 33056326 20439086
431293NP_5 S174 46360700 46360582 43875130 42740280 | 42740234 21775620
431281INP_13 S93 35302692 35302622 33803224 33230374 | 33230340 20247714
431287LP 13 _S120 76812082 76811826 71399824 71240498 71240498 38432252
431284NP 13 S172 32448348 32448336 30495522 30426016 | 30426016 20037520
431284BP 13 S219 98828472 98828274 90160086 88163754 | 88163702 46049670
431283NP_13 S170 34685982 34685870 30507716 29523520 | 29523468 19377100
431283LP 13 S217 68469168 68468870 60703410 58944246 | 58944196 31185070
431281LP 13 S141 82421384 82421272 78551386 77449054 | 77449010 39843888
431277NP_13 S168 53890556 53890478 51483582 50929024 | 50929018 30664094
431277LP_13 S215 80896454 80896364 76670144 75969072 75969048 43497722
431242BP 13 S30 88090768 88090196 81532184 76509786 | 76509672 40372750
431242NP 13 S355 69108762 69108366 64654222 61186342 61186224 34265870
431218NP_13 S280 13811288 13811258 13256982 13114772 13114772 8464228
431218LP 13 S327 75188974 75188812 70322208 69943572 69943530 41291928
431233NP_13 S265 85632122 85632024 78762242 78014930 | 78014914 40503762
431233LP_13 S311 94597132 94596744 86333786 83323776 | 83323708 44013926
431230NP_13 S357 88923086 88922780 81447462 78913070 | 78913026 42863396
431230LP_13_S32 77078750 77078594 72498144 71156438 71156414 38408004
431229NP 13 S309 40359746 40359536 38394222 37212272 | 37212222 21646366
431229LP 13 S263 62054876 62054476 54860572 51209788 51209684 30146966
431226NP 13 S261 | 103433794 | 103433336 95800106 93613178 | 93613120 51088788
431226LP 13 S307 96142134 96141922 88696870 88349758 88349624 46731332
431289LP 13 S124 54358070 54357994 51591856 51301678 51301676 29191516
431287NP_13 S73 69984808 69984506 66682692 66645022 66645020 37077570
431290LP 13 S122 81111610 81111260 75275630 72402844 | 72402774 38092096
431290NP_13 S75 66914596 66914328 62068764 59784670 | 59784590 33142618
431293LP 13 S234 62435464 62435430 58671678 58478866 | 58478854 34183608
431293NP 13 S189 94701924 94701812 89379708 88294684 | 88294654 46169382
435090BP 13 S353 49110614 49110414 46853698 46123916 | 46123896 26393496
435090LP_13 S28 89917874 89917464 85788688 85148430 | 85148412 42000828
439795NP_13 S26 99504984 99504722 93602388 93326420 | 93326356 49121016
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431236LP_ 13 _S372 70942654 70942448 67320002 66752348 66752318 33729104
431283BP 18 S316 42637134 42637060 40441668 40159310 | 40159300 22930452
431281NP_18 S24 107277332 | 107277304 99759282 99619134 | 99619132 52275612
431287LP 18 S262 | 110634028 | 110633644 103398662 | 103349578 | 103349576 57229868
439799RP 18 S133 31150608 31150242 29369716 26561088 | 26561002 15126988
439825RP 18 S362 50967930 50967842 48365146 47887254 | 47887248 25761748
431284NP_18 S320 93104654 93104298 85943814 83763618 83763584 42417764
431284BP 18 S41 51719540 51719280 48579140 46697886 | 46697850 26914100
431283LP_18 S360 65811422 65811044 60824946 57618420 | 57618322 32560786
435069NP 18 S275 48130118 48129946 45923658 44864770 | 44864762 24099626
435069BP 18 S367 59199640 59199518 55648912 54614170 | 54614140 27619018
435069LP 18 S322 75884534 75884336 70647608 68964554 | 68964534 38521456
431283NP_18 S314 63460622 63460470 57210262 55893260 | 55893230 31256630
431281BP_18 S305 | 140572758 | 140572716 131685010 | 131517914 | 131517914 60391630
431281LP_18 S71 97414410 97414384 92425004 92379138 | 92379138 45678618
431279LP 18 S264 85397480 85397428 73951368 73608944 | 73608932 42139294
431277NP_18 S308 | 110456924 | 110456888 99694278 99657528 | 99657528 50219650
431279NP 18 S218 79155222 79155166 75709280 75528362 75528348 38484790
431277LP 18 S354 | 124008234 | 124008174 113038354 | 112863600 | 112863594 56261304
431242BP 18 S179 35787524 35787516 33999738 33962534 | 33962532 20560642
431242NP 18 S131 59157036 59156898 56358784 55448346 | 55448328 28601420
431236LP 18 S119 88693000 88692990 84401338 84292394 | 84292374 46479108
431218NP_18 S25 56461874 56461528 53338398 51728878 51728838 30833552
431218LP_18 S72 89542420 89542186 84931166 84879354 | 84879324 47490196
431233NP_18 S89 39492910 39492602 37159918 34765328 | 34765254 20378254
431233LP 18 S137 35905464 35905296 34051230 32782862 | 32782812 20166946
431229NP_18 S37 55741888 55741806 53070022 52785934 | 52785914 30161046
431229LP 18 S8&3 46038268 46038228 43648188 43502228 | 43502228 23500090
431228NP 18 S312 99834756 99834528 93920578 93389354 | 93389292 47948252
431228LP 18 S358 | 114035432 | 114035128 104635416 | 102837834 | 102837744 52153796
431226NP_18 S31 91829636 91829376 86633326 86239524 | 86239486 46333028
431226BP_18 S127 9487548 9487484 9066058 8864542 8864528 6438586
431226LP_18 S77 126854744 | 126854464 119545976 | 118721596 | 118721450 57631230
431236BP_18 S74 85141238 85141222 80321478 80238474 | 80238434 46328602
431289LP 18 S273 33161328 33161276 31587618 31226454 | 31226446 19152942
431287NP_18 S216 | 125150556 | 125150124 115829626 | 115781040 | 115781036 58869894
431290NP 18 S221 54365800 54365764 47705186 47670654 | 47670654 25686608
431290LP_18 S268 52433466 52433434 49455348 49408818 | 49408818 26394018
431293LP 18 S166 72591302 72591274 68811816 68794854 | 68794854 37856324
431293NP_18 S118 39981258 39981238 38319220 38266686 | 38266686 21657580
431292LP 18 S259 | 105126688 | 105126676 99266648 99211944 | 99211944 47405116
431292NP 18 S213 59572354 59572336 57219234 57177130 | 57177128 28864002
439791NP 18 S185 27747412 27747400 26529856 26359406 | 26359384 15872648
439791BP_18 S187 74423150 74422994 70792366 69820860 | 69820838 32843582
439791LP 18 S231 30657652 30657558 29303732 28814836 | 28814822 17042452
439790NP 18 S220 15042138 15042106 14438834 14382506 14382498 9500212
439790RP_18 S175 64849596 64849500 61795810 61766154 | 61766146 31704462
439790LP_18 S266 33722774 33722686 32326508 32012714 | 32012706 19931988
435090LP_18 S173 43962858 43962588 41902442 41697652 | 41697644 25501046
435090BP 18 S125 15309890 15309810 14713064 14614324 14614320 10050156
435085RP_18 S306 25786 25786 24532 23496 23496 20616

435085LP_18 S260 49261494 49261300 47151530 46536870 | 46536838 27233168
435083NP_18 S39 73578164 73577920 70030574 68004114 | 68004074 34100116
435083LP 18 S85 74293796 74293730 69388236 68790738 68790724 39289908
435082RP_18 S181 74650636 74650480 70324286 68746630 | 68746588 36591708
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435082LP 18 S271 77469316 77469106 73272188 71432364 | 71432330 34154300
435082NP 18 S225 20579832 20579802 19554736 19502842 19502842 11813508
435075NP_18 S369 60337602 60337374 56760486 55113774 | 55113728 28538902
435073RP_18 S35 80093366 80093246 75560840 74521108 74521072 38777762
435073LP_18 S81 16884996 16884952 16156108 15991924 15991922 9844798
435071NP_18 S29 98860718 98860648 91112130 91047972 | 91047966 50851560
435071RP_18 S123 85335750 85335604 81192514 81095996 | 81095996 43151180
435071LP_18_S76 69025232 69025172 64715294 64624994 | 64624986 38401306
435068NP 18 S303 | 111051900 | 111051814 105101240 | 104256186 | 104256144 52688390
435068LP_18 S349 44869682 44869628 42415788 42083642 | 42083634 26692860
435075LP_18 S45 92269082 92268884 87356760 85741534 | 85741498 43775612
439794RP_18 S33 43413842 43413684 41799576 41569328 | 41569316 23693908
439795RP_18 S169 54731218 54731190 52521692 52233812 52233772 28623186
439795NP 18 S167 | 105010924 | 105010742 98526654 96750686 | 96750622 50876298
439795LP 18 S214 2031928 2031922 1674434 1628356 1628350 921926
439797BP_18 S121 68372666 68372466 65213010 64973130 | 64973126 36540364
439797LP_18 S27 90791376 90791104 86028410 85589544 | 85589520 47714034
439797NP_18 S352 64704628 64704442 60748030 60646892 60646866 36782792
439799LP 18 S364 89898468 89898248 84779504 82792480 | 82792408 43494560
439799NP 18 S318 48026412 48026314 45677454 44976884 | 44976830 23151980
439821RP_18 S356 88127636 88127614 82211770 81972994 | 81972990 47378734
439821NP 18 S310 91364042 91363876 85798136 84451768 84451752 45983900
435071BP_18 S171 55028772 55028708 52781396 52657952 52657948 30467016
439818LP 18 S257 85833878 85833674 81396162 79447724 | 79447660 41548032
439818NP 18 S211 38300032 38299994 36739468 36249302 | 36249296 24934214
439824NP 18 S183 | 103787204 | 103787050 97125806 95727096 | 95727052 44471892
439816LP 18 S135 86930970 86930726 82330530 80577920 | 80577838 41837012
439816NP_18_S87 87137468 87137048 82343524 79302090 | 79302008 39036124
439825LP 18 S269 40458002 40457940 38659198 38382832 | 38382820 19790698
439825NP 18 S223 55283454 55283442 52017524 51981840 | 51981836 29173514
439823BP_18 S177 23869638 23869606 22770500 22658650 | 22658648 13444008
439823LP 18 S129 65189220 65189150 60677638 59876832 59876824 31742794
439801BP_18 S139 77096134 77096008 73372060 72551092 72551074 36528640
439801RP_18 S91 64947954 64947880 61479000 60881578 60881568 36240082
439801LP 18 S324 54081394 54081322 51419932 51216900 | 51216894 26787196
439801NP_18 S277 28394310 28394266 27134304 26851524 | 26851520 15779312
439816RP_18 S43 55319984 55319830 52604520 51416246 | 51416196 28570726
439799RP 18 5 S22 | 50525718 50525682 48182488 47998690 | 47998690 25206208
431283NP 18 5 S114 | 117622334 | 117622062 101374788 | 99218620 | 99218542 51358898
431283LP 18 5 S162 | 136357708 | 136357424 116273656 | 113490028 | 113489966 53036904
431281BP_18 5 S110 | 91414458 91414336 86001888 85571532 85571518 41942578
431236BP_18 5 S253 | 79505020 79504494 74431338 69991558 69991446 36980040
431290LP 18 5 S67 | 62008226 62008166 59141738 58779822 58779814 31870424
431290NP 18 5 S20 | 43799956 43799938 41999956 41906548 | 41906548 24893284
431293RP_18 5 SI58 | 67362738 67362606 62920442 62240704 | 62240680 35938130
431292LP 18 5 S63 | 97864270 97864108 92279292 90788960 | 90788920 46696306
431292NP 18 5 S16 | 55352108 55352038 52906698 52641470 | 52641470 27833910
435085BP_18 5 S206 | 73459346 73458872 68385676 64584318 64584228 32598216
435085LP 18 5 S65 | 12321644 12321590 10373974 9826596 9826586 5276048
435085RP_18 5 S112 | 8230358 8230326 7812744 7578282 7578268 5086238
435082RP_18 5 S69 | 125249018 | 125248480 116057110 | 109913828 | 109913684 51963304
435082LP 18 5 S164 | 129981410 | 129981332 118085156 | 117436170 | 117436160 58171596
435082NP 18 5 S116 | 39306718 39306682 37585140 37320166 | 37320148 20278162
435073LP 18 5 S255 | 77555338 77552718 69526926 51035218 51034394 26133466
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435068RP 18 5 S295 | 19854228 19854178 18890758 18618476 18618470 11970964
435068NP_18 5 S108 | 16906450 16906324 16031370 15094598 15094574 9780992
435068BP 18 5 S341 | 47973422 47973334 45154164 44793416 | 44793404 21945304
435068LP 18 5 S156 | 28294712 28294604 26979490 26313056 | 26313042 14649678
439795BP 18 5 S297 | 83055458 83054708 76564076 70198816 | 70198664 34882756
439795LP 18 5 S18 | 86316720 86316416 79993726 77231600 | 77231524 38719512
439795NP 18 5 8343 | 25694320 25694226 24433158 23693956 | 23693938 13080224
439795RP_18 5 S345 | 41117106 41117006 38645748 38084850 | 38084834 21049300
439797BP_18 5 S299 | 39278004 39277962 37119122 36974616 | 36974608 21933990
439797LP 18 5 S208 | 22763032 22762776 21425056 19383994 19383908 12277888
439797NP_18 5 S160 | 11619896 11619892 11097280 11048286 11048284 7576928
439799LP 18 5 S347 | 112508234 | 112507966 104936028 | 102623962 | 102623912 44913566
439799NP 18 5 S301 | 117709404 | 117709314 108049306 | 107100064 | 107100028 55006536
439818BP 18 5 S249 | 41054120 41053986 38934822 38147796 | 38147776 22224230
439818LP 18 5 S61 | 103808066 | 103807936 96414642 95230478 | 95230426 48578900
439818NP 18 5 S14 | 41540004 41539980 39611674 39368594 | 39368588 24793516
439818RP_18 5 S204 | 42436516 42436162 40189042 37347422 | 37347338 20585722
431236LP_18 5 S251 | 120757452 | 120757086 110610512 | 107432544 | 107432468 54817786
431281NP 20 S192 34418776 34418228 32200628 28038496 | 28038410 16522014
431281LP 20 S237 15860794 15860474 14851996 12895216 12895192 8813696
431283LP_20_S150 31494556 31494430 30118126 29789018 | 29789002 19917280
431283NP 20 S102 10853448 10853416 10428968 10317002 10316996 6916306
431283BP 20 _S104 64428848 64428676 61579144 61537204 | 61537204 32258856
431281BP_20 S98 28559834 28559736 27160546 26230950 | 26230944 16311218
431242NP 20 S291 73202718 73202626 69607000 68823898 68823878 36806174
431242BP 20 S337 74405946 74405864 67496046 66913442 66913420 35332118
431236LP_20_S285 21757430 21756702 19999134 14815376 14815212 9364218
431218NP_20 S194 70183512 70182702 65008696 58034114 | 58033972 30962448
431218LP 20 _S239 33410996 33410654 31442100 29142162 | 29142086 16852854
431229NP 20 _S200 57093572 57093514 54749744 54452608 54452604 29555502
431229LP 20 _S245 90851600 90851276 85370972 81224920 | 81224800 42588952
431236BP_20_S241 25295354 25294786 23588020 19631172 19631094 12289602
431290LP_20_S55 344614 344614 331694 329296 329296 275062
431293RP_20_S146 15410518 15410146 14310762 11441092 11440994 7694854
431293LP 20 _S329 50995168 50994000 47121424 38530220 | 38529998 21154482
431293NP 20 _S283 34679586 34679018 32355376 27431456 | 27431332 16240650

431292NP 20 _S4 25997998 25997886 24748198 24227706 | 24227700 15129058
431292LP 20 S51 52732584 52731826 48894320 42450038 | 42449854 24668994
435085RP_20_S100 47830034 47829400 45049188 40022626 | 40022426 22153000
435085LP 20 _S53 53350388 53349922 50252378 45928124 | 45928048 24833886
435083LP 20 S247 | 113136254 | 113136222 105116332 | 104637228 | 104637208 56473924
435083NP 20 S202 | 111828640 | 111828502 105559062 | 104489214 | 104489192 51765136
435082RP_20 S339 | 104502354 | 104502272 97268782 96620774 | 96620724 46635630
435082LP_20_S59 150000000 | 149999830 141542408 | 140915502 | 140915472 60441244
435082NP_20 _S12 79594868 79594746 73127990 72324496 | 72324480 43550154
435073RP_20_S198 86310248 86310020 81518666 79467644 | 79467582 39884034
435073LP_20_S243 64677798 64677490 60684082 58018132 58018040 33626626
439795RP_20 S333 67809692 67809614 63695764 63036568 63036548 31986076

439795LP 20 _S6 31278502 31278372 28811262 27884154 | 27884140 18835254
439795NP_20 S331 40642534 40642304 38480844 37136060 | 37136044 20655370
439797BP_20 S287 59850538 59849684 55863520 47470886 | 47470716 25819166
439797LP_20 _S196 61448322 61447878 57962144 54028140 | 54028030 29118480
439797NP_20 _S148 25060324 25060264 23940892 23584976 | 23584976 14638640
439799NP 20 S106 58248340 58248274 55609240 55143810 | 55143804 31526938
439799LP 20 _S154 54696690 54696612 52218510 51730328 51730318 27930104
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435068LP_20_S144 33617430 33616952 31446084 27708698 | 27708526 17201834
435068NP_20_S96 45772466 45771726 42755832 36410770 | 36410596 21662008
439799RP 20 S293 | 111588440 | 111588242 101512934 | 99495340 | 99495300 51559166
439818LP_20_S49 34467452 34467264 32922422 31673062 | 31673016 18714378
439818NP_20_S2 39054626 39054386 37138098 35160902 | 35160876 21650948
439823BP 20 S335 89221764 89221696 83628052 83220222 83220208 44490496
439823LP_20_S289 29284638 29284588 28014708 27798492 | 27798490 17328324
439825LP_20_S57 129749152 | 129749028 120377336 | 119288894 | 119288868 58508152
439825NP_20_S10 79468250 79468194 75831818 75378456 | 75378454 38895970
439825RP 20 S152 74755038 74754872 71200924 70205424 | 70205408 34885632
431218LP 22 S238 25356730 25356448 22936304 20724500 | 20724456 13225768
431281NP 22 S191 29358128 29357988 27773928 26687680 | 26687642 17829934
431281LP 22 S236 29302682 29302538 27796536 26999898 | 26999880 16020890
431287LP 22 S54 71164220 71163862 67464676 65439994 | 65439910 36754608
439799NP 22 S111 76151474 76151412 71154578 70692718 70692714 40918934
439825NP 22 SI15 60242466 60242392 57481042 57337386 | 57337382 31240252
431284NP 22 S113 65083870 65083440 60942900 58027164 | 58027092 30091578
431283NP 22 5107 76218216 76218032 72985856 72660880 | 72660878 38253788
431284BP 22 S161 58859938 58859508 55512444 52411530 | 52411462 29726830
431283LP 22 S155 80698212 80697902 70401930 70000910 | 70000896 45858476
435069LP 22 S68 28050116 28050082 26767792 26648968 | 26648968 15057008
435071BP 22 S334 60058152 60057706 56986388 53738442 53738358 29135786
435069NP 22 S21 49738452 49738416 47238794 47127718 | 47127718 24772840
431283BP 22 S109 64697392 64697202 60916190 60432752 60432734 39916486
431281BP 22 S97 71667210 71666882 67021232 64241110 | 64241074 34865612
431277NP 22 5101 85822986 85822880 79207834 78067890 | 78067856 41863758
431279LP 22 S56 78364054 78364032 74893134 74727902 74727896 41435430
431279NP 22 S9 84632548 84632514 79994742 79941374 | 79941370 42552586
431277LP_22 S149 5906440 5906398 5659540 5465178 5465148 4320156
431242BP 22 S342 | 108510596 | 108510514 99323356 98739172 | 98739160 49806680
431242NP 22 5296 70706174 70706150 67498660 67404956 | 67404956 37675920
431242RP 22 S250 85115628 85115596 80433678 80116354 | 80116340 46007408
431236LP 22 S284 61137774 61137338 57301318 53575370 | 53575288 30623766
431236RP_22 S427 39328068 39327836 34067774 31988028 | 31987972 17733414
431218NP 22 S193 25713698 25713510 24323924 23090430 | 23090410 14020148
431233NP 22 S210 13628290 13628076 12852306 11488720 11488700 7635060
431233LP 22 S256 40604892 40604228 37774702 32700688 | 32700524 18391512
431229NP 22 S205 | 109210398 | 109210354 102122978 | 102071414 | 102071408 52695510
431228NP 22 S105 94346374 94346054 88264074 87227982 87227918 46408758
431228LP 22 S153 88200580 88200398 83711846 82912806 | 82912782 44621050
431226NP 22 S199 | 104361150 | 104360628 96508672 94370426 | 94370330 50932250
431226LP 22 5244 57996928 57996750 55423882 55319298 55319258 30242668
431226BP 22 S292 60585296 60585122 58010134 57454542 57454518 26895830
431236BP_22 S240 32165908 32165766 30165702 29315798 | 29315776 18425560
431289NP 22 S19 34317082 34316998 32602184 32162678 | 32162666 18181988
431289RP_22 S454 7360974 7360880 6974168 6623770 6623756 4421434
431289LP 22 S66 18984004 18983866 17940518 17037908 17037872 12076856
431287NP 22 S7 74231010 74230818 70819976 70491000 | 70490990 39202804
431290NP 22 SI13 69932916 69932518 66382552 65522912 65522892 39110124
431290LP_22 S60 91142888 91142554 83406666 82863176 | 82863164 49454364
431293BP 22 S445 23246188 23246108 22059660 21596810 | 21596794 11562752
431293LP 22 S328 34719352 34719222 33135112 32637200 | 32637178 18633704
431292NP 22 S3 50680128 50679982 48187928 47048550 | 47048518 25717186
431292LP 22 S50 53241714 53240786 49643630 41889660 | 41889438 23756664
439791LP 22 S348 32894330 32893804 30756858 26905968 | 26905864 15580876
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439791NP_22 S302 48380214 48379688 45483076 41659136 | 41659052 23745072
439791BP 22 S304 24125354 24125256 23015462 22303380 | 22303366 13705492
439790NP 22 S11 66481630 66481420 62980294 62702518 62702500 37053852
439790RP 22 S338 56696246 56696092 53424580 52788170 | 52788156 29705322
439790LP_22 S58 41070346 41070206 39336492 38996284 | 38996256 23617984
435090LP_22 S336 74617654 74617278 70727042 70457058 70457054 38376004
435090BP 22 S290 78905752 78905310 74541022 72961608 72961538 40104000
435085RP_22 S99 37765894 37765816 35702776 34795078 | 34795054 21250302
435085LP 22 S52 15361318 15361020 14389666 12203088 12203036 8117194
435083LP 22 S252 72714580 72714538 69324980 69192038 69192030 35036238
435083NP 22 S207 | 110668820 | 110668734 105240264 | 104617354 | 104617326 49755244
435083RP 22 S412 93056374 93056334 85364688 85093140 | 85093140 44309218
435083BP 22 S380 71774886 71774860 65304124 64962780 | 64962776 35665214
435082RP 22 S344 | 104181868 | 104181688 96292656 94196418 | 94196254 43657878
435082BP 22 S423 99042056 99041982 90799928 90429706 | 90429698 43396298
435082LP 22 S64 130126308 | 130126210 121681200 | 121466820 | 121466818 60358670
435082NP_22 S17 109087806 | 109087754 102312544 | 101878544 | 101878526 55980482
435075NP 22 S117 26196706 26196672 24984082 24861996 | 24861994 13973698
435075BP_22 S350 33079864 33079692 31543828 30387420 | 30387374 15997472
435075LP_22 S165 85399192 85398940 81089132 78828164 | 78828088 41048546
435073RP_22 S203 42978534 42978348 40998964 39522282 | 39522252 22086230
435073LP_22 S248 35217874 35217810 33691922 32914210 | 32914176 20011254
435071INP_22 S197 30443508 30443478 28874470 28621540 | 28621540 19437656
435071RP_22 S288 70266806 70266708 66270008 65818172 65818150 36852340
435071LP 22 S242 88406210 88406004 82606016 81050912 81050876 44131182
435068RP_22 5402 39206744 39206594 36188346 35214928 | 35214902 19215336
435068LP 22 S143 7006750 7006698 6647168 6391498 6391490 4799288
439821NP 22 S103 42515466 42515330 40655560 39587512 | 39587482 23679834
439818BP 22 S425 36182760 36182588 31623852 29790250 | 29790198 17263188
439795LP 22 S5 60502400 60502066 44224052 41034536 | 41034466 32120616
439795NP 22 S330 25322034 25321888 24021238 23254038 | 23254000 13484514
439795RP_22 S332 30437898 30437616 28447816 26455654 | 26455608 14523352
439797BP_22 S286 38224082 38223890 36190192 34384582 | 34384534 20628392
439797LP_22 S195 32047746 32047614 30031236 29046150 | 29046108 18499224
439797NP 22 S147 36509442 36508630 34022170 27919886 | 27919714 16317940
439799RP_22 S298 85418802 85418654 81118774 80089756 | 80089740 40601418
439799LP 22 S159 | 100964896 | 100964608 94873840 92108876 | 92108822 48008496
439825BP 22 5434 65366756 65366732 59302938 59291026 | 59291026 32221544
439825LP 22 S62 39254082 39254062 37579292 37573924 | 37573922 22211504
439823BP 22 S340 49340394 49340382 46914732 46899770 | 46899770 23464328
439794LP 22 5246 | 148370616 | 148369984 137894444 | 136131444 | 136131342 65114192
439794RP_22 S201 68063070 68062742 62640878 62519014 | 62519010 37860924
439824NP 22 S300 38087272 38087158 36349322 35519804 | 35519768 20713954
439801BP 22 S258 39904094 39903956 38125042 37227902 | 37227884 19445294
439801LP 22 S70 15547898 15547882 14898538 14805234 14805234 9713694
439801RP 22 S212 24302426 24302332 23180998 22413830 | 22413814 13056242
439816RP 22 S163 11782176 11782096 11194898 10803630 10803616 7277458
439816NP 22 5209 23440642 23440600 15215636 14842844 14842824 12540600
439816LP 22 S254 41814792 41814632 39915510 39534060 | 39534050 22502556
439823LP 22 S294 | 103496308 | 103496028 97531756 97480044 | 97480044 49767778
439824BP 22 S414 34436298 34435916 30159074 26984296 | 26984216 16122990
439824LP 22 S346 50362526 50362262 47612190 45986758 | 45986734 23618428
439816BP 22 S391 53515976 53515880 49164538 48628058 | 48628042 25332446
439818LP 22 S48 81440142 81439820 75497866 72254086 | 72254036 38685290
439818NP 22 S1 56690526 56689886 53325476 48149584 | 48149436 29728446
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| 439818RP 22 S444 | 16539528 | 16539474 | 13466802 | 13146384 | 13146382 | 6794026 |
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Table S10.

Microbial origin and classification of antimicrobial resistance genes (> 1% relative abundance)
detected in female and male mice in overall study.

Antimicrobial resistance

Microbial origin

Class of resistance drug

Mechanism of resistance

ileS conferring resistance
to mupirocin

gene
AAC(6")-1i E. faecium Aminoglycoside Antibiotic inactivation
acrB P. distasonis, Phenicol, Efflux pump
C. amalonaticus, Rifamycin,
K. michiganensis, Tetracycline,
K. pneumoniae, Beta-lactam,
C. koseri, Fluoroquinolone,
C. freundii, Disinfecting agents and
E. coli, antiseptics
S. flexneri
acrD K. oxytoca, Aminoglycoside Efflux pump
K. michiganensis,
C. amalonaticus,
E. coli,
K. pneumoniae,
C. koseri,
B. thetaiotaomicron
AcrE E. coli, Beta-lactam, Efflux pump
C. amalonaticus Fluoroquinolone
APH(3’)-Ia S. enterica, Aminoglycoside Antibiotic inactivation
K. pneumoniae,
M. tuberculosis,
K. michiganensis,
A. nosocomialis,
P. multocida,
E. coli,
A. baumannii,
K. aerogenes
APH(3’)-VIla -- Aminoglycoside Antibiotic inactivation
ArnT K. oxytoca, Peptide Antibiotic target alteration
K. michiganensis,
K. pneumoniae
bacA C. amalonaticus, Peptide Antibiotic target alteration
E. coli
baeR K. michiganensis, Aminoglycoside, Efflux pump
K. oxytoca, Aminocoumarin
E. coli,
C. koseri,
C. amalonaticus,
K. pneumoniae
baeS C. amalonaticus, Aminoglycoside, Efflux pump
E. coli Aminocoumarin
Bifidobacterium B. longum, Rifamycin Antibiotic target alteration
adolescentis rpoB mutants B. animalis,
conferring resistance to K. pneumoniae,
rifampicin E. coli,
E. hormaechei
Bifidobacterium bifidum -- Mupirocin Antibiotic target alteration

CepA-49

Beta-lactam

Antibiotic inactivation

CpxA

C. amalonaticus,

Aminoglycoside,

Efflux pump
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E. coli, Aminocoumarin
C. koseri,
C. freundii
CRP C. amalonaticus, Beta-lactam, Efflux pump
K. oxytoca, Fluoroquinolone,
C. koseri, Macrolide
K. pneumoniae,
E. coli,
M. morganii
Escherichia coli acrA C. amalonaticus, Fluoroquinolone, Efflux pump
E. coli, Beta-lactam,
C. koseri Phenicol,
Tetracycline,
Rifamycin,
Disinfecting agents and
antiseptics
emrA K. michiganensis, Fluoroquinolone Efflux pump
E. coli,
K. oxytoca,
E. albertii
emrR C. amalonaticus, Fluoroquinolone Efflux pump
K. oxytoca,
C. koseri,
K. pneumoniae,
E. coli
eptB K. oxytoca, Peptide Antibiotic target alteration
K. michiganensis,
K. pneumoniae
evgS E. coli, Beta-lactam, Efflux pump
S. dysenteriae Fluoroquinolone,
Macrolide,
Tetracycline
FosA6 K. oxytoca, Phosphonic acid Antibiotic inactivation
K. michiganensis,
K. huaxiensis,
K. quasipneumoniae,
K. pneumoniae
gadX E. coli Beta-lactam, Efflux pump
Fluoroquinolone,
Macrolide
H-NS K. michiganensis, Beta-lactam, Efflux pump
C. amalonaticus, Fluoroquinolone,
K. oxytoca, Macrolide,
C. koseri, Tetracycline
K. pneumoniae,
S. boydii
Klebsiella pneumoniae S. enterica, Beta-lactam, Efflux pump
acrA C. amalonaticus, Fluoroquinolone,
K. pneumoniae Rifamycin,
Phenicol,
Tetracycline,
Disinfecting agents and
antiseptics
Klebsiella pneumoniae C. amalonaticus, Rifamycin, Efflux pump
KpnE K. oxytoca, Tetracycline,
K. pneumoniae, Aminoglycoside,
C. koseri, Peptide,
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K. michiganensis,

Beta-lactam,

E. coli Macrolide,
Disinfecting agents and
antiseptics
Klebsiella pneumoniae K. oxytoca, Rifamycin, Efflux pump
KpnF K. pneumoniae, Tetracycline,
K. michiganensis Aminoglycoside,
Peptide,
Beta-lactam,
Macrolide,
Disinfecting agents and
antiseptics
Klebsiella pneumoniae K. oxytoca, Aminoglycoside, Efflux pump
KpnG K. michiganensis, Peptide,
K. pneumoniae Beta-lactam,
Fluoroquinolone,
Macrolide
Klebsiella pneumoniae K. oxytoca, Fluoroquinolone, Efflux pump
KpnH C. amalonaticus, Beta-lactam,
K. michiganensis, Peptide,
E. coli, Aminoglycoside,
C. koseri, Macrolide
K. pneumoniae
Klebsiella pneumoniae K. pneumoniae Beta-lactam Reduced permeability to
OmpK37 antibiotic
LptD K. oxytoca, Rifamycin Efflux pump
K. michiganensis, Aminocoumarin
K. pneumoniae Peptide
marA C. amalonaticus, Rifamycin, Efflux pump
E. coli, Phenicol,
C. koseri Beta-lactam,
Tetracycline,
Fluoroquinolone,
Disinfecting agents and
antiseptics
mdtA E. coli Aminocoumarin Efflux pump
mdtB C. amalonaticus, Aminocoumarin Efflux pump
E. coli,
C. koseri
mdtC E. coli, Aminocoumarin Efflux pump
C. amalonaticus,
C. koseri
MdtK -- Fluoroquinolone Efflux pump
mdtN E. coli Nucleoside, Efflux pump
Disinfecting agents and
antiseptics
mdtO E. coli Nucleoside, Efflux pump
Disinfecting agents and
antiseptics
mdtP E. coli Nucleoside, Efflux pump
Disinfecting agents and
antiseptics
mel P. vulgatus, Macrolide, Antibiotic target
S. suis, Lincosamide, protection
E. faecium Streptogramin
msbA K. oxytoca, Nitroimidazole Efflux pump
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C. amalonaticus,
E. coli,
C. koseri,
K. michiganensis,
K. pneumoniae
msrC E. faecium Macrolide, Antibiotic target
Lincosamide, protection
Streptogramin
OmpA K. michiganensis, Peptide Reduced permeability to
K. oxytoca, antibiotic
K. pneumoniae
0gqxA K. oxytoca, Fluoroquinolone, Efflux pump
K. pneumoniae, Tetracycline,
C. amalonaticus, Diaminopyrimidine,
K. michiganensis Nitrofuran
oqxB K. oxytoca, Fluoroquinolone, Efflux pump
K. michiganensis, Tetracycline,
K. pneumoniae, Diaminopyrimidine,
C. amalonaticus, Nitrofuran
A. xylosoxidans,
P. distasonis
OXY-1-1 K. michiganensis Beta-lactam Antibiotic inactivation
0OXY-1-3 K. michiganensis Beta-lactam Antibiotic inactivation
OXY-1-4 K. michiganensis Beta-lactam Antibiotic inactivation
ramA Enterobacter Phenicol, Efflux pump
(chromosome) Rifamycin,
Beta-lactam,
Tetracycline,
Fluoroquinolone,
Disinfecting agents and
antiseptics
tet(M) S. suis, Tetracycline Antibiotic target
E. faecium protection
tet(O) S. suis, Tetracycline Antibiotic target
A. hadrus, protection
G. urolithinfaciens
tet(O/M/O) G. urolithinfaciens Tetracycline Antibiotic target
protection
tet(0/32/0) E. ramosum, Tetracycline Antibiotic target
E. hirae, protection
S. suis,
E. clostridioformis,
M. mulieris
tet(Q) B. thetaiotaomicron, Tetracycline Antibiotic target
P. vulgatus, protection
B. fragilis,
B. ovatus,
B. caccae,
P. distasonis
tet(W) B. longum, Tetracycline Antibiotic target
C. aerofaciens, protection
B. breve
tet(W/N/W) T. pyogenes, Tetracycline Antibiotic target
E. lenta, protection
B. breve,
S. suis,
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L. johnsonii,
C. aerofaciens
tet(W/32/0) T. pyogenes Tetracycline Antibiotic target
protection
tet(32) E. hirae, Tetracycline Antibiotic target
E. clostridioformis, protection
E. ramosum,
B. longum
tet(40) -- Tetracycline Efflux pump
tet(44) E. clostridioformis, Tetracycline Antibiotic target
C. perfringens protection
TolC E. coli Beta-lactam, Efflux pump
Rifamycin,
Aminocoumarin,
Fluoroquinolone,
Macrolide,
Tetracycline,
Aminoglycoside,
Peptide,
Phenicol,
Disinfecting agents and
antiseptics
vanR gene in vanD -- Glycopeptide Antibiotic target alteration
cluster
vanR gene in vanG -- Glycopeptide Antibiotic target alteration
cluster
vanS gene in vanD cluster -- Glycopeptide Antibiotic target alteration
vanV gene in vanB -- Glycopeptide Antibiotic target alteration
cluster
vanY gene in vanG -- Glycopeptide Antibiotic target alteration
cluster
Yojl E. coli, Peptide Efflux pump
S. flexnerti,
S. sonnei
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Abstract

Decline in ovarian function with age not only affects fertility but is also linked to a higher risk of
age-related diseases in women (e.g. osteoporosis, dementia). Intriguingly, earlier menopause is linked to
shorter lifespan; however, the underlying molecular mechanisms of ovarian aging are not well understood.
Recent evidence suggests the gut microbiota may influence ovarian health. In this study, we
characterized ovarian aging associated microbial profiles in mice and investigated the effect of the gut
microbiome from young and estropausal female mice on ovarian health through fecal microbiota
transplantation. We demonstrate that the ovarian transcriptome can be broadly remodeled after
heterochronic microbiota transplantation, with a reduction in inflammation-related gene expression and
trends consistent with transcriptional rejuvenation. Consistently, these mice exhibited enhanced ovarian
health and increased fertility. Using metagenomics-based causal mediation analyses and serum
untargeted metabolomics, we identified candidate microbial species and metabolites that may contribute
to the observed effects of fecal microbiota transplantation. Our findings reveal a direct link between the

gut microbiota and ovarian health.
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Main

Women are born with a definitive number of ovarian follicles and the gradual decrease in the
number of the follicles ultimately leads to menopause' . The onset of menopause has been linked with an
elevated risk of numerous age-related conditions, including osteoporosis and dementia*®. Moreover, a
later onset of menopause has been identified as a potential predictor of extended lifespan”®. While the
profound effects of menopause on the health- and lifespan of women are well-documented, the factors
that contribute to ovarian aging and the strategies for its prevention remain poorly understood.

During the reproductive years, the hypothalamus-pituitary-ovarian hormone axis ensures the
proper production and release of hormones necessary for ovulation and menstruation®. However, as
menopause progresses, ovaries become less responsive due to reduced follicle numbers, ultimately
leading to the hormonal imbalances characteristic of menopause'®. Specifically, the serum concentrations
of follicle-stimulating hormone (FSH) and Iuteinizing hormone (LH) increase, whereas anti-Mlllerian
hormone (AMH) and Inhibin A (INHBA) decrease with menopause progression''®. These hormonal
adjustments are hallmarks of the menopausal transition and highlight the diminished function of the
ovaries'®. Importantly, this disrupted feedback mechanism has been attributed to the wide array of
menopausal symptoms and health risks associated with this transition phase'*'. For instance, recent
studies have shown FSH receptor activation by FSH in the brain increases susceptibility for Alzheimer’s
disease pathogenesis in women and blockade of FSH improves cognition in a mouse model of

Alzheimer’s disease'*'°.

The adult human gut microbiome is composed of approximately 10" to 10'* micro-organisms'”®.

The microbiome consists of bacteria, viruses and fungi, with bacteria representing the largest proportion
of the microbial population'®. Perturbations in the gut microbiota configuration are reported to lead to

20,21

development and/or progression of serious disease, including diabetes and depression™ . Interestingly,

reported health effects of fecal microbiota derived from aged individuals have been inconsistent®**°. F

or
example, one study demonstrated that fecal microbiota transplantation (FMT) from 24-month-old mice to
3-month-old mice led to the acceleration of age-associated phenotypes in the brain, retina, and gut of the
recipient mice®. In contrast, another study found that grafting of fecal microbiota from 24-month-old mice

to 5- to 6-week-old germ-free mice enhanced neurogenesis in the hippocampus and induced intestinal
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growth®. These findings underscore the microbiome's complex, multifaceted effects on various organ
systems throughout life, significantly affecting host health.

A recent study discovered that women with premature ovarian insufficiency exhibited significantly
altered gut microbial profiles compared to healthy women®*. Notably, alternations in the gut microbiome in
premature ovarian insufficiency patients were associated with changes in serum hormone levels of key
ovarian endocrine markers, including FSH, LH and AMH?. Similarly, the composition of the gut
microbiome has been implicated in the development of polycystic ovary syndrome (PCOS), a disorder
characterized by hyperandrogenism and polycystic ovaries®. Specifically, FMT of samples from PCOS
patients to mice resulted in ovarian dysfunction in otherwise healthy recipient mice®®. Consistent with the
importance of a healthy microbiome for ovarian function, another study has shown that 17B-estradiol
levels are significantly lowered in the germ-free female mice®. Moreover, transcriptome analysis of sexual
development marker genes of the liver and histological studies of ovarian follicle development in germ-
free female mice indicated that sexual maturation is perturbed in microbiota-depleted mice®®. Importantly,
the gut microbiota has been shown to modulate serum estrogen levels (through the “estrobolome”),
further highlighting the potential role of the gut microbiota in female reproductive health®’. The gut
microbiota regulates action of estrogens through the secretion of B-glucuronidase, an enzyme that
deconjugates estrogens into their active forms®°. Dysbiosis of the gut microbiota can impair this process,
leading to a reduction in circulating estrogens and potentially contributing to the development of estrogen-
modulated conditions®. Collectively, these findings highlight a significant causal relationship between the
gut microbiota and ovarian function and health, suggesting a pivotal role for microbial communities in
modulating female reproductive conditions.

In this study, we analyzed the gut microbial profiles of young and estropausal (post-reproductive
phase in rodents, analogous to human menopause) female mice via 16S rRNA amplicon sequencing and
explored how the distinct microbial communities affect ovarian health through FMT experiments in young
female mice. Unbiased RNA-seq analyses revealed that modifying the gut microbiota leads to profound
changes in the ovarian transcriptomic landscape. Surprisingly, heterochronic gut microbiota transplant
from estropausal mice to young female recipients led to a reduction in inflammation-related gene

expression in the ovaries, and dampened expression of genes that tend to be upregulated in aging
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ovaries. Consistently, we observed improved ovarian function and health in the estropausal FMT
recipients, supporting a surprising finding whereby old gut microbiota has beneficial effects on ovarian
health. Lastly, we identified specific microbial genera and species, through 16S rRNA amplicon
sequencing and whole genome shotgun sequencing, respectively, that might drive the observed
transcriptomic changes in the ovaries via causal mediation analyses. Overall, our study shows that

manipulating the gut microbiota can directly influence ovarian function and health.
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106  Results

107  Young and estropausal female mice show distinct fecal microbial profiles

108 To investigate the potential link between changes in the gut microbiome and ovarian aging in
109 mice, we assessed (1) the ovarian health state and (2) microbial profiles of young (YF, 4-months) and
110 naturally aged estropausal (EF, 20-months) C57BL/6JNia female mice® (Fig. 1A). To quantify the overall
111  ovarian health state of the mice, we developed a composite “ovarian health index”, modeled after the
112 concept of frailty index®' (Extended Data Fig. 1A). Our goal in constructing this index was to create a
113  standardized, integrative tool that would enable comparative analysis of ovarian function across different
114  datasets. The index combines ovarian follicle counts and serum levels of AMH, FSH, and Inhibin A, using
115  a 3-tier scoring system based on the median values of the young and estropausal groups as reference
116  points. Specifically, values beyond the young median are scored as 3, values between the medians of the
117  young and estropausal groups are scored as 2, and values beyond the estropausal median are scored as
118 1 (Extended Data Fig. 1A). Given that ovarian follicle count and serum levels of key pituitary and ovarian
119  hormones—AMH, FSH, and Inhibin A—are widely recognized as reliable indicators of ovarian health®®,
120 we combined these parameters to form a comprehensive and objective evaluation of ovarian function
121  (Fig.1A-D; see Methods). Additionally, to facilitate accessibility and broader use of the ovarian health
122  index, we developed an R shiny application, allowing the public to analyze their own datasets using this
123  tool (https://alanxu-usc.shinyapps.io/Ovarian_Health_Index_Calculator/).

124 Consistent with previous reports>*°

, we observed a significant reduction in ovarian follicle counts
125 and serum levels of AMH and Inhibin A, as well as increased FSH levels in the estropausal group
126  (Fig.1B,C and Extended Data Fig. 1B-D). Furthermore, the estropausal group exhibited a significantly
127  lower ovarian health index score compared to the young group (p-value ~0.0117; Fig.1D), validating the
128  subsequent use of our index as a measure of ovarian health and function.

129 We then collected fecal samples from four independent cohorts of mice and performed 16S rRNA
130  V3-V4 amplicon sequencing to compare the gut microbial profiles of the young and estropausal female
131  mice. 16S rRNA amplicon sequencing allows identification of bacteria at the genus level by amplifying

132  and sequencing variable regions of the 16S rRNA gene (e.g. V3-V4 region), which contains unique

133 sequences specific to different species®’. Quantification and analysis of the sequences from the variable
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134 regions, or amplicon sequence variants (ASVs), have been shown to provide important insights of the
135  microbial compositions and environment™®.
136 Our analysis focused on both beta diversity, which assesses differences between microbial

137  communities, and alpha diversity, which looks at diversity within a community®**

. Beta diversity was
138  evaluated using the Bray-Curtis dissimilarity and Jaccard index (Extended Data Fig. 2A). The analysis of
139  Bray-Curtis dissimilarity and Jaccard index, conducted by cohort, revealed a distinct separation between
140 the young and estropausal female groups (Extended Data Fig. 2A). Moreover, the results of the principal
141  component analysis, applied to center log-ratio (CLR)-transformed and batch-corrected ASV counts,
142  further highlighted clear clustering between the young and estropausal females across 4 independent
143  cohorts of animals (Fig. 1E). Batch correction was performed to account for technical variability across
144  cohorts*'. Alpha diversity measures the diversity within a single microbial community or ecosystem,
145 focusing on the variety and abundance of ASVs in a specific environment®. Importantly, estropausal
146  females exhibited significantly higher scores in both observed features and Shannon entropy compared to
147  the young female group (Fig. 1F). Our results suggest that the estropausal females have a higher
148 Dbiodiversity and increased species richness and evenness. This pattern of increased alpha diversity with
149  age in female mice aligns with findings from previous studies*’. However, in humans, alpha diversity has
150 been shown variable trends with age, with both increases and decreases reported in different studies™*.
151  Additionally, a recent study reported elevated alpha diversity indices in PCOS model mice®.

152 We next asked which specific microbial genera changed in abundance between young and
153  estropausal female mice recurrently across our 4 independent cohorts (Fig. 1G and Extended Data Fig.
154 2B, 3). Our analysis identified three genera that were more abundant (“UP in EF”) and six that were less
155  abundant (“DOWN in EF”) in the microbiota of estropausal females (Fig. 1G and Extended Data Fig. 2B, 3;
156  absolute effect size > 1, adjusted p-value < 0.05). Most of the differentially abundant genera belonged to
157 the Lachnospiraceae family, offering a potential lead for future research on their impact on ovarian health.
158 Previous studies have reported a relative decrease in abundance of microbial species from the

159  Lachnospiraceae family with age in humans*®*

. Further studies will be required to elucidate the
160  molecular mechanisms through which these genera affect ovarian function and health. Additionally, we

161 conducted a predictive analysis of functional consequences of these changes in microbial abundances
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162  using PICRUSt2*® (Fig. 1H). This analysis suggested an increase in metabolic pathways such as
163 ketogluconate metabolism and the superpathway of glycerol degradation to 1,3-propanediol, while
164  pathways including the superpathway of fatty acid biosynthesis initiation and phospholipases were
165  predicted to decrease in the estropausal group (Fig. 1H). These predicted metabolic changes, including
166 an increase in ketoglutarate and alterations in lipid metabolism, have been previously associated with
167  ovarian cancers, underscoring the potential relevance of our findings to understanding ovarian health*.
168  Our results collectively underscore the pronounced differences in the fecal microbial profiles between
169  young and estropausal females.

170

171  Chemically-induced premature ovarian failure model mice show distinct fecal microbial profiles
172 The 4-VinylCyclohexene Diepoxide (VCD)-injected mouse model is a follicle-deplete, ovary-intact
173 animal model that is known to recapitulate many key aspects of human ovarian aging51’52. VCD
174  accelerates atresia by causing selective loss of primary and primordial follicles in the ovary, while leaving

152 We assessed the ovarian

175  the rest of the ovarian structure intact for residual hormone production
176 health index and fecal microbial profiles of vehicle- and VCD-exposed mice (CTL and VCD, respectively;
177 Extended Data Fig. 4A). Briefly, 4-month-old C57BL/6NTac female and male mice were subjected to daily
178 intraperitoneal injections of either vehicle (safflower oil) or VCD (at a dosage of 160 mg/kg/day) for 15
179  consecutive days. Then, the mice were maintained for an additional 100 days to ensure the complete
180 development of phenotypes associated with VCD exposure®® (Extended Data Fig. 4A). To determine
181  whether the observed effects on microbial profiles in females were a direct consequence of VCD-induced
182  ovarian dysfunction rather than off-target effects of VCD administration, we also generated and analyzed
183  data from male mice.

184 For female mice, ovarian follicle depletion and alterations in crucial ovarian hormone levels (i.e.
185 AMH, FSH, and Inhibin A) were confirmed through ovarian histology analysis and serum hormone
186  concentration measurements, respectively (Extended Data Fig. 4B-E). In line with these findings, the

187  VCD-treated group exhibited a markedly lower ovarian health index (p-value ~0.0104; Extended Data Fig.

188  4F), consistent with overall depleted ovarian function.
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189 Subsequently, we conducted 16S rRNA V3-V4 amplicon sequencing on vehicle- and VCD-treated
190 animals. Analysis through principal component analysis of CLR-transformed ASV counts, along with Bray-
191 Curtis dissimilarity and Jaccard index, demonstrated a distinct separation between the vehicle-treated
192 (CTL) and VCD-exposed groups (Extended Data Fig. 5A-B). Alpha diversity indices, on the other hand,
193 revealed no significant differences between these two groups (Extended Data Fig. 5C). These findings
194  suggest that the overall diversity within the group’s communities may appear similar, but they may be
195  different in the species present, their relative abundances and the functions the species perform. Notably,
196  beta diversity analysis of microbial profiles in male mice showed no notable distinctions between vehicle-
197 and VCD-treated groups (Extended Data Fig. 5A, B). Additionally, there were no differences in alpha
198  diversity between these groups (Extended Data Fig. 5D). These findings indicate that the observed
199  effects on microbial profiles in females are causally induced by ovarian dysfunction and not off-target
200 effects of VCD administration.

201 Our analysis revealed differentially abundant genera from CTL vs. VCD groups (Extended Data
202 Fig. 5E and 6; absolute effect size > 1, adjusted p-value < 0.05). We detected several genera from the
203 Lachnospiraceae family, yet none of the unique ASV IDs corresponded with those identified as
204  differentially abundant in the estropausal female mice. Thus, further research to accurately identify the
205  species significant to ovarian aging and health will be important. Then, we utilized PICRUSt2 to predict
206  functional abundance between the CTL and VCD groups (Extended Data Fig. 5F). Notably, we detected
207  down-regulation of the phospholipases pathway in the VCD group, a finding consistent with observations
208 in the estropausal female group (Fig. 1H and Extended Data Fig. 5F). Our findings suggest that
209 physiological ovarian aging and chemically-induced ovarian failure lead to substantially different
210  outcomes on the gut microbiota.

211

212  Young and old male mice show distinct fecal microbial profiles

213 Next, as an important comparison point, we also characterized the fecal microbial profiles of
214  young (4-months) and naturally aged old (20-months) C57BL/JNia male mice (Extended Data Fig. 7A).
215  This comparative study among female and male aging mice, as well as the VCD-exposed mice, aimed to

216  identify differences in microbial profiles attributable to general aging and those specific to ovarian aging.
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217  We collected fecal samples from three independent cohorts of mice and performed 16S rRNA V3-V4
218  amplicon sequencing to compare the gut microbial profiles of the young and old male mice. Analysis
219 using principal component analysis of CLR-transformed ASV counts, coupled with Bray-Curtis
220  dissimilarity and Jaccard index, showed a distinct divergence between the young and old male groups
221  (Extended Data Fig. 7B-C). However, this separation was less pronounced compared to what was
222  observed in the female cohorts (Fig. 1E). Alpha diversity indices indicated no significant disparities
223  between the two age groups of males (Extended Data Fig. 7D). Similarly, a previous study examining
224  microbial profiles in male mice aged 3-4 months and 19-20 months found comparable alpha diversity
225  index values between the two age groups®. Through differential abundance and functional abundance
226  prediction analyses, we identified several genera and functional terms that varied significantly between
227  young and old male mice (Extended Data Fig. 7E-F and 8). Importantly, we observed a few consistent
228  functional terms across female and male aging cohorts. In particular, the L-lysine biosynthesis | pathway
229 was found to be up-regulated, while the pyridoxal 5-phosphate biosynthesis | pathway and the
230  superpathway of pyridoxal 5-phosphate biosynthesis were down-regulated with age in both sexes (Fig.
231 1H and Extended Data Fig. 7F). These results suggest that these pathways may play roles in the general
232  aging processes, rather than being uniquely related to ovarian aging. Further research will be necessary
233 to elucidate the influence of these functional pathways on the aging process.

234

235 Gut microbiota manipulation can induce changes in the ovarian transcriptome

236 To investigate the potential effects of gut microbiota on ovarian health, we conducted FMT
237  experiments to directly assess how alterations in the gut microbiota after estropause may influence
238  ovarian function. Specifically, young adult female mice (4-months) were subjected to treatment with anti-
239 biotics/anti-mycotic (Ab/Am) treatment to eliminate their initial microbial environment, and then received
240  fecal microbiota grafts from either young (FMT-YF) or estropausal (FMT-EF) female mice (Fig. 2A).
241  Subsequently, the ovaries were harvested for bulk RNA-seq analysis (Fig. 2A). Based on previous
242  research that has shown adverse effects of gut microbiota from donors with ovarian dysfunction, such as
243 PCOS®, our initial hypothesis was that transplanting fecal matter from estropausal mice could potentially

244  induce estropause-like conditions in the recipient mice.
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245 Multi-dimensional scaling (MDS) analysis of the ovarian RNA-seq dataset revealed a clear
246  separation between the FMT-YF and FMT-EF groups (Fig. 2B). Additionally, we detected 2,131
247  differentially expressed genes between the FMT-YF and FMT-EF groups (FDR < 5%; Extended Data Fig.
248  9A). Then, we investigated the pathways that were distinctively regulated between the FMT-YF and FMT-
249 EF groups. Our gene set enrichment analysis (GSEA)*® results highlighted that pathways related to
250  immune regulation were significantly down-regulated in the FMT-EF groups (Fig. 2C-E; highlighted in red).
251  To evaluate whether these changes were the results of substantial changes in immune cells infiltration in
252  the tissue, we leveraged a publicly available ovarian single-cell RNA-seq dataset®™® to conduct
253  deconvolution analysis, thus allowing us to deduce alterations in immune cell proportions within our
254  dataset. Using two distinct tools, CSCDRNA®’ and Granulator®®, we determined that the proportions of
255  immune cells did not significantly differ between the FMT-YF and FMT-EF groups (Extended Data Fig.
256  9B), consistent with the notion that the transcriptional changes that we observed may reflect cell
257  autonomous changes in gene expression profiles. In addition, our GSEA results revealed terms
258  associated with chromatin structure and dynamics, including kinetochore, chromatin silencing complex,
259  chromosome, centromeric region, and spindle pole (Fig. 2E). These findings suggest that transcriptional
260 changes in the ovaries may reflect alterations in chromatin organization and chromosome dynamics,
261  processes critical for maintaining oocyte quality®>®®. Together, these results indicate that pathways
262  associated with both immune regulation and chromatin dynamics distinguish the FMT-YF and FMT-EF
263  groups.

264 To identify transcription factors potentially driving the transcriptomic alterations observed between
265  the FMT-YF and FMT-EF groups, we utilized Gene Transcription Regulation Database (GTRD)®' with the
266  GSEA paradigm. While our analysis did not identify any transcription factors meeting the usual stringent
267  criteria of FDR < 5%, we found two transcription factors showing trends of up-regulation and eight
268  displaying down-regulation trends from the FMT-EF group, with an adjusted FDR < 10% threshold (Fig.
269  2F). Then, we identified publicly available ChlP-seq datasets for the trending transcription factors via the

270  Cistrome Data Browser®®

, using corresponding bona fide peaks to determine potential enrichment by
271  GSEA. Our analysis showed significant negative enrichment scores of Ncoal and Usp7-regulated genes

272 within the FMT-EF group (p-value ~0.0138 and ~1e-04, respectively; Extended Data Fig. 9C). Moreover,
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273 we noted that the expression levels of Ncoa1 and Usp7 remained consistent across FMT-YF and FMT-EF
274  groups (Extended Data Fig. 9D), suggesting potential post-transcriptional or post-translational regulation.
275  While research on the roles of Ncoal and Usp7 in ovarian function is sparse, one study highlighted that
276  Ncoat function is important in egg production traits in Shaobo hens®. Additionally, an inhibitor of Usp7,
277 P5091, was found to inhibit the proliferation of ovarian cancer cells in another study65. Together with our
278  findings, this suggests that Ncoal and Usp7 represent potential transcriptional regulators of ovarian
279  function.

280

281 Heterochronic FMT may have rejuvenating effects on the ovarian transcriptome of the recipients
282 Cumulative studies have indicated that aging leads to a pro-inflammatory shift in the ovarian
283  microenvironment, adversely affecting ovarian function and oocyte quality®®®’. Based on our GSEA
284 results which indicated down-regulation of inflammatory pathways in the ovaries of the FMT-EF group, we
285 next asked whether changes in the ovarian transcriptome upon FMT-EF could represent a more general
286  trend of transcriptional rejuvenation. For this purpose, we analyzed two publicly available bulk RNA-seq
287  datasets profiling ovaries from young (2-3-months) and aged/estropausal (12-months) wild-type female
288  mice®® to identify gene sets that are either up- or down-regulated with ovarian aging (Fig. 3A). To
289  evaluate whether the genes identified from publicly available RNA-seq datasets on ovarian aging (“UP
290  with ovarian aging” and “DOWN with ovarian aging”) were significantly regulated in response to FMT-EF,
291  we conducted GSEA using significant age-regulated genes as input gene sets. Surprisingly (and contrary
292  to expectations based on previously reported observation at the somatic level for heterochronic FMT), our
293  findings revealed a significant negative enrichment score for genes that were up-regulated in the context
294  of ovarian aging (p-value ~0.0046; Fig. 3B), suggesting that the ovarian transcriptome of the
295 heterochronic FMT recipients (i.e. FMT-EF group) displays transcriptional profiles resembling those of
296  younger females.

297 As an orthogonal line of evidence, we next asked whether indicators of cellular senescence (as
298  measured by the highly curated senescent marker gene set, SenMayo’®) were significantly impacted by

299  FMT-EF. Importantly, our results showed a significant negative enrichment score for the SenMayo gene
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300 set in the FMT-EF group, consistent with an overall “rejuvenation” trend for the ovarian transcriptome of
301 FMT-EF mice (p-value ~0.0382; Fig. 3C).

302 A recently published study highlighted the role of Nicotinamide Adenine Dinucleotide (NAD+)
303 metabolism in ovarian aging, showing that increased NADase CD38 expression accelerated ovarian
304 aging ®. CD38 deletion or pharmacological inhibition preserved fertility and follicle reserves in aged mice
305 %9, Building on these findings, we examined the expression of Cd38 as well as inflammation markers
306  discussed in the study, including Cdknia and //1a (Fig. 3D). In our analysis, we observed reduced Cd38
307  expression in the FMT-EF group compared to the FMT-YF group, along with decreased expression of the
308 inflammation markers (Fig. 3D). These findings suggest the potential involvement of the CD38-NAD
309 pathway in the observed phenotypes of the FMT-EF group.

310

311  FMT-EF mice show improved ovarian health

312 Since we observed large ovarian transcriptome remodeling in the FMT-EF group consistent with
313 a less inflammatory, more youthful ovarian state, we next assessed the ovarian health state of the FMT-
314 YF vs. FMT-EF groups to determine whether FMT-EF led to enhanced ovarian function (Fig. 4). We
315  evaluated ovarian health function using a 2-pronged approach (Fig. 4A): (i) calculating the ovarian health
316 index, and (ii) evaluating effective fertility using litter size and time to first pregnancy after mating’' (Fig. 4).
317 Consistent with our prediction from the ovarian transcriptomes, the FMT-EF mice exhibited
318  significantly higher scores on the composite ovarian health index than FMT-YF mice (p-value ~0.0255;
319 Fig. 4B, Extended Data Fig. 10A-D), supporting an enhanced ovarian health phenotype. The ovarian
320 health index incorporates multiple parameters, including serum levels of AMH, FSH, and Inhibin A, as well
321  as ovarian follicle counts (Extended Data Fig. 1A). Notably, for the FMT cohorts, FSH levels were
322  measured using two different assay kits during the study due to an update implemented by the core
323  facility conducting the assays. To ensure consistency and comparability of data across cohorts, we
324  applied a correction (see Methods). This adjustment ensured that FSH levels accurately reflected ovarian
325  health and were comparable between cohorts (Extended Data Fig. 10D). Next, we evaluated the result of
326  ovarian function — fertility — through measures of litter size and reproductive success rate. Specifically,

327  there was a suggestive trend for increased litter size in FMT-EF mice (p-value ~0.1726; Fig. 4C). In
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328  addition, FMT-EF mice remained nulliparous for a shorter amount of time after pairing with a young health
329  male (p-value ~0.002; Fig. 4D), also suggestive of improved fertility. To determine whether the inclusion
330 of 0 pup count data influenced our findings, we re-analyzed the latency data after excluding animals with
331 0 pup counts. Importantly, the latency data remained statistically significant (p-value ~0.0159 without 0O
332 pup counts vs. p-value ~0.002 with all data). Together, our findings are consistent with
333  improved/rejuvenated ovarian function after FMT-EF.

334 Importantly, no significant differences were observed in body weight between FMT-YF and FMT-
335  EF groups after Ab/Am treatment (Extended Data Fig. 10E and Extended Data Table 1). Additionally,
336  staging of the estrous cycle on the day of sample collection revealed no significant differences between
337  the groups (Extended Data Table 2).

338

339 FMT-YF and FMT-EF mice show distinct microbial profiles

340 Importantly, we next verified that fecal transplants from young or estropausal female mice led to
341  distinct microbial profiles in the recipient mice. For this purpose, we conducted and analyzed 16S rRNA
342  V3-V4 amplicon sequencing on the gut microbiota of FMT-YF and FMT-EF mice (Extended Data Fig. 11).
343 Principal component analysis of CLR-transformed ASV counts, complemented by Bray-Curtis
344  dissimilarity and Jaccard index, showed a clear segregation between the FMT-YF and FMT-EF groups
345 (Extended Data Fig. 11B). While no significant differences were noted across four alpha diversity indices
346 (Extended Data Fig. 11C), we identified several microbial genera with significant differential abundance
347 between the FMT-YF and FMT-EF groups (absolute effect size > 1, adjusted p-value < 0.05; Extended
348 Data Fig. 11D and 12). Notably, two genera that showed increased abundance in the FMT-EF recipient
349  group were also elevated in the donor estropausal females
350 (Bacteria;Firmicutes;Clostridia;Clostridiales;Ruminococcaceae and Bacteria;Firmicutes;Clostridia;
351 Clostridiales;Lachnospiraceae;Coprococcus 2;uncultured organism ; Extended Data Fig. 11E). These
352  results indicate that transplanting microbiota from young or estropausal female mice led to changes in the
353  microbial landscape of the recipient mice. Other studies have also reported the selective enrichment of

22,72

354  specific microbial species from donor microbiota in recipient subjects™ . These observations may be
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355 attributable to variations in the intestinal microenvironments, which allow the proliferation of certain
356  species.

357 Subsequently, we used PICRUSt2 to predict functional abundance differences between the FMT-
358 YF and FMT-EF groups (Extended Data Fig. 11F). We identified significant functional groups only with
359  up-regulated functional terms in the FMT-EF group, with no significant down-regulated terms. Notably,
360 there was a significant presence of terms related to the menaquinol biosynthesis pathway, including those
361 involved in 1,4-dihydroxy-6-naphthoate biosynthesis II, 1,4-dihydroxy-6-naphthoate biosynthesis I, and
362 the superpathway of menaquinol-8 biosynthesis |l (Extended Data Fig. 11F). Menaquinols, the active
363  hydroquinone forms of vitamin K, also known as menaquinones (MKs), facilitate the carboxylation of
364  vitamin K-dependent proteins, which are crucial for biological processes such as blood clotting, bone
365  health, and heart health™.

366 To pinpoint specific microbial species that may contribute to the observed changing in the ovarian
367 health state, we performed whole genome shotgun (WGS) metagenomics on the FMT cohort (Fig. 5A).
368  Consistent with the 16S amplicon sequencing results, PCA analysis of CLR-transformed data and beta
369  diversity analysis revealed distinct clustering between the FMT-YF and FMT-EF groups (Fig. 5B-C).
370 Similarly, no significant differences were observed in alpha diversity indices, reinforcing the similarity in
371  overall microbial diversity between the groups (Fig. 5D). WGS analysis identified 168 differentially
372  abundant microbial species (FDR < 5%; Fig. 5E-F and Extended Data Fig. 13), further confirming distinct
373 microbial compositions in the FMT-YF and FMT-EF groups. Intriguingly, microbial species previously
374 reported to be differentially enriched in the fecal microbiota of PCOS patients, such as Bacteroides
375  xylanisolvens, Bacteroides thetaiotaomicron, Parabacteroides distasonis, and Bacteroides stercoris®,
376  were significantly depleted in the FMT-EF group (Extended Data Table 3).

377 Functional abundance analysis using HUMANN3"* revealed up-regulation of pathways related to
378 menaquinol biosynthesis, including PWY-7371: 1,4-dihydroxy-6-naphthoate biosynthesis I, consistent
379  with predictions from the 16S amplicon analysis (Fig. 5G and Extended Data Fig. 11F). Intriguingly, we
380 detected terms associated with the NAD biosynthesis pathway, such as PWY-7761: NAD salvage

381 pathway Il (PNC IV cycle) and PYRIDNUCSYN-PWY: NAD de novo biosynthesis | (from
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382 aspartate)lunclassified, which aligns with our ovarian RNA-seq data showing altered expression of Cd38
383  inthe FMT-EF ovaries (Fig. 3D, 5QG).

384 Given the stability of menaquinones and their primary synthesis by gut microbiota, we further
385  evaluated their levels in stool samples (MK6-MK13) to explore potential systemic effects post-absorption,
386 as they contribute significantly to the host's vitamin K status. However, no significant differences in MKs
387  concentrations in the stool samples of FMT-YF and FMT-EF animals were observed (Extended Data Fig.
388  14A,B), although this may be the result of high animal-to-animal variability and/or the high vitamin K
389  content of the standard mouse chow at the USC vivarium dietary (see Discussion).

390

391 FMT-YF and FMT-EF mice show distinct serum metabolomic profiles

392 It is well established that gut microbiota-derived molecules can enter the bloodstream and
393 influence health”. Additionally, metabolite levels in plasma have been shown to be affected by aging.
394  To assess whether shifts in the gut microbial profiles of the FMT animals induced changes in circulating
395 metabolites, we performed untargeted metabolomics on serum samples from two independent
396  experimental cohorts (Fig. 6A). First, we performed PCA of the identified metabolites to detect unbiased
397  separation between the FMT-YF and FMT-EF groups. Although non-linear batch effects were present and
398  could not be fully corrected, a clear separation was still evident within each batch (Fig. 6B). Subsequent
399 LDA analysis further showed the distinct metabolomic profiles of the two groups (Fig. 6C). Finally, we
400 extracted metabolites that changed consistently across both cohorts and selected the top 15 based on
401 the LDA loadings (Fig. 6D).

402 Among the metabolites identified, 3,4-dihydroxyphenylpropionic acid (3,4-DHPPA) and lactamide
403 were significantly decreased in FMT-EF animals at FDR < 0.1 (Fig. 6D, E). 3,4-DHPPA, a microbial
404  metabolite derived from polyphenol metabolism, has been linked to lipid metabolism and broader
405 metabolic regulation77. Given the critical role of lipid metabolism in hormonal balance and ovarian function,
406  its reduction in FMT-EF animals may reflect metabolic adaptations that contribute to improved ovarian
407  health. Additionally, while the direct role of lactamide in ovarian function is unclear, microbial-derived
408 lactic acid and its derivatives have been implicated in gut microbiota-driven regulation of reproductive

409  health”. For instance, lactic acid bacteria have been shown to influence sex hormone-related gut
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410  microbiota composition, leading to beneficial effects on ovarian physiology in preclinical models’®. The
411  observed decrease in lactamide levels may indicate broader microbiome-mediated metabolic changes
412  that support ovarian health.

413 In addition to these significant metabolic changes, palmitoylcarnitine, a key metabolite involved in
414  fatty acid B-oxidation and mitochondrial energy production”, was elevated in FMT-EF animals according
415 to LDA loadings. This suggests enhanced mitochondrial efficiency and metabolic flexibility, which are
416  essential for oocyte and follicular health®. Furthermore, palmitoylcarnitine has been implicated in immune
417  modulation®’, and its increased levels may indicate a metabolic shift supporting both energy homeostasis
418 and an anti-inflammatory ovarian environment. This aligns with our bulk RNA-seq analysis, which
419  revealed a downregulation of inflammatory pathways in the ovaries of FMT-EF animals (Fig. 2C-E).

420 Conversely, LDA loadings for p-estradiol suggested that serum levels are decreased in FMT-EF
421 mice. Based on the improved ovarian function observed in FMT-EF mice, this may reflect a more
422  physiologically regulated hormonal environment, rather than a pathological decline. Estradiol plays a
423 critical role in ovarian function, lipid metabolism, and mitochondrial activityaz, and its levels may be
424  influenced by gut microbiota-driven metabolic pathways®’. The gut microbiome is known to modulate
425 steroid hormone metabolism®’, and FMT from EF donors may have contributed to a systemic
426 reprogramming of lipid and hormonal pathways that promote ovarian resilience.

427 Together, these findings suggest that FMT from estropausal donors induces distinct metabolic
428  shifts that may contribute to the observed improvements in ovarian health. Further studies will be needed
4729  to determine the functional impact of these metabolites on ovarian physiology and their potential role in
430  reproductive aging.

431

432  Causal mediation analyses reveal microbial species potentially influencing ovarian transcriptome

433 Lastly, we performed causal mediation analyses to characterize microbial species that may
434  directly influence the ovarian transcriptome remodeling that we observed between FMT-YF and FMT-EF
435 mice (Fig. 7A). From the features exhibiting significant abundance variations between the groups, we
436 identified four microbial species (Bacteroides zhangwenhongii, Shigella flexneri, Bacteroides stercoris,

437  and Bacteroides graminisolvens) with a significant mediation effect on ovarian transcriptome changes
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438  (Fig. 7B). Interestingly, Bacteroides stercoris was previously highlighted as a key contributor to the distinct
439  fecal microbiota profiles between healthy individuals and those with PCOS®. Further investigation into the
440 functional roles of these identified species in modulating ovarian function will be essential in future studies.
441  Similarly, we identified four ASV IDs (850e0d58c1aa35238538564a8010e0ff,
442  e4f32cdc3407edbB8423447421078fdae, 55ebdcf041fb6b8b4632993423011372, and
443  d4840c45eb37593108d020fb6a63f8e2) with a significant mediation effect on ovarian transcriptome
444  changes (Extended Data Fig. 16).

445 To further explore the relationship between gut microbiota and ovarian health, we performed
446  Spearman correlation analysis using WGS metagenomics data and serum hormone quantification data
447  (Fig. 7C). This analysis revealed significant correlations between multiple microbial species and hormone
448 levels, including Shigella flexneri, Parabacteroides merdae, and Porphyromonas sp. oral taxon 275,
449  suggesting these species as potential candidates influencing ovarian function. These findings provide a
450  strong foundation for future studies aimed at experimentally validating the roles of these microbial species
451  in modulating ovarian function and hormone levels.

452

453  Discussion

454 In this study, we examined the fecal microbial profiles of three distinct groups: (1) young and
455 naturally aged estropausal female mice, (2) mice with chemically-induced premature ovarian failure and
456  their control counterparts, and (3) young and naturally aged male mice. Through our comparative analysis,
457  we identified and differentiated between functional pathways that may be unique to ovarian aging (i.e.
458  phospholipases pathway) and those specific to general aging (i.e. L-lysine biosynthesis |, pyridoxal 5-
459  phosphate biosynthesis |, and superpathway of pyridoxal 5-phosphate biosynthesis). Furthermore,
460 through fecal microbiota transplantation assays, we discovered that alterations in the gut microbiota can
461  significantly impact the ovarian landscape, affecting both fertility and the health state of the ovaries. We
462  also identified specific microbial species as potential mediators of the observed effects on ovarian
463  function. The vitamin K2 and CD38-NAD pathways emerged as potential mechanisms to explore for

464  investigating the underlying causes of the observed phenotypes in our FMT experiments (Fig. 7D). Future
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465 investigations focusing on these species hold significant promise for crafting novel therapeutic strategies
466  aimed at mitigating or potentially reversing ovarian aging.

467

468 Ovarian RNA-seq data of the FMT recipients supports causal influence of the gut microbiota on
469  ovarian function

470 Our analysis of ovarian RNA-seq data from the FMT recipients (FMT-YF vs. FMT-EF) revealed
471  significant changes in the ovarian transcriptome following alterations in the gut microbiota. While existing
472  research underscores the broad effects of the gut microbiome on host health, evidence detailing its direct
473  effects on the transcriptome of various tissues remains sparse. For instance, earlier research
474  demonstrated that mice raised in a germ-free environment exhibit a markedly distinct liver transcriptome
475  compared to their conventionally raised counterparts®. To the best of our understanding, the direct
476 influence of gut microbiota on the ovarian transcriptome has not yet been documented. Our analysis not
477  only uncovered significant variations in the ovarian transcriptome among FMT recipient mice (i.e. reduced
478 inflammatory pathway in the FMT-EF group), but we also noted the transmission of phenotypic alterations
479  (ie. improved fertility and ovarian health). Collectively, these results offer substantial evidence of gut
480 microbiota's direct role in influencing ovarian function and health. Furthermore, the microbial species and
481 genera, and functional pathways we identified serve as valuable assets for future research aimed at
482  investigating potential therapeutic strategies.

483

484  Unexpected advantageous effects of grafting estropausal female fecal microbiota may be due to
485 compensatory mechanisms

486 Based on previous research that has shown detrimental effects of gut microbiota from donors
487  with ovarian dysfunction, such as PCOS?®, we initially hypothesized that transplanting fecal microbiota
488  from estropausal mice might induce estropause-like phenotypes in the recipient mice. Contrary to our
489  expectations, however, we observed an ovarian transcriptome in the recipients that resembled that of
490 young ovaries, alongside improvements in ovarian health and fertility following the transplantation of
491  microbiota from estropausal females. The unexpected advantageous effects observed could be attributed

492  to a compensatory mechanism. For instance, FSH, required for follicle maturation and ovulation, is found


https://doi.org/10.1101/2024.05.03.592475
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.03.592475; this version posted February 26, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

493 in elevated levels in post-menopausal women and estropausal mice®®*®*. After reproductive senescence,
494  the ovaries no longer produce estrogen or mature eggs, so the pituitary gland compensates by producing
495 more FSH in an attempt to stimulate the now non-responsive ovaries®. Similarly, it is conceivable that the
496  gut microbiota in reproductively senescent female mice could be enriched with beneficial microbes and/or
497  metabolites that support ovarian health, perhaps as a compensatory response. Cumulative studies have
498 highlighted the role of gut microbiota in compensatory processes. For instance, one study demonstrated
499  that gut microbiota can influence the levels of peptides that regulate energy balance in the hypothalamus,
500 serving as a mechanism to decrease body fat®*. Furthermore, an increase in microbes that produce
501 metabolites critical for the nervous system's function—such as serotonin, acetylcholine, histamine, and
502 dopamine—was observed in patients with mild cognitive impairment®. Therefore, when young adult
503 female mice received fecal microbiota transplants from estropausal females, it is possible that the
504  enriched gut microbial environment contributed to the manifestation of younger or more reproductively
505  active phenotypes in recipient mice.

506

507 Potential involvement of MKs in ovarian health and aging

508 Although our analysis of functional abundance from both WGS and 16S rRNA amplicon
509 sequencing datasets predicted potential shifts in the biosynthesis pathway of MKs in the FMT mice, we
510 observed no significant differences in the stool concentrations of MKs between the FMT-YF and FMT-EF
511  groups. This lack of observable difference might be attributed to the vitamin K content of the standard
512 chow used by the USC vivarium during our experiments (LabDiet, PicoLab Rodent Diet 20). Specifically,
513  the high vitamin K dietary content could have saturated the system, thus masking subtle variations in MK
514  production by the gut microbiome. Such nuances are typically more pronounced under conditions of a low
515  vitamin K diet®. Published studies have shown that vitamin K status influences MK production because
516  gut bacteria require vitamin K substrates to synthesize MKs®’. In our study, the presence of vitamin K3
517  (menadione) in the diet, which is converted into MK4 in the body, likely contributed to the high basal MK
518 levels observed in the fecal matter of the recipient mice. While there have been limited studies, MKs have
519 demonstrated potential benefits for ovarian health in specific contexts, such as certain ovarian cancers

520 and in patients with PCOS®**®. Additionally, some studies have underscored the anti-inflammatory
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521 properties of MKs®. Given our observations of decreased inflammatory function and enhanced ovarian
522 function in the FMT-EF mice, coupled with the documented benefits of MKs, MKs may be therapeutic
523 candidates for improving ovarian health and function. However, further research into the direct effects of
524  MKs on ovarian function will be necessary.

525

526  Sex-differences in aging-associated gut microbial profiles

527 In our comparative study, while we detected certain similarities in the microbial profiles of both
528 females and males with aging, our analysis primarily revealed notable differences between the sexes.
529  Specifically, while aging was associated with significant changes in alpha diversity in female mice, such
530 changes were not observed in males. Moreover, our analyses of differential abundance of microbial
531 genera and predictions of functional abundance revealed substantial differences in the gut microbial
532  profiles and their functions between females and males as they age. Indeed, extensive research has
533  established that aging manifests differently in females and males, a phenomenon known as sex
534  dimorphism in agingg1. Particularly, the susceptibility to diseases associated with aging, including

535  Alzheimer’s disease and obesity, varies significantly between the sexes®™**

. Furthermore, the disparity in
536 lifespan between females and males is consistently observed across various species%'%. In agreement
537  with our findings in this study, sex differences in the gut microbiome associated with aging have
538  previously been documented®”®®. While the limited number of existing studies suggest a possible

539 influence of sex hormones on the observed sex differences in the gut microbial profiles® '

, these
540 findings do not negate the potential effects of non-hormonal factors, such as those related to sex
541  chromosomes, on the differences noted between sexes. Given the significant distinctions between sexes
542  highlighted in this study and their varied impacts, it is imperative to consider sex as a contributing factor in
543  future gut microbiome research, not only to deepen our understanding but also to address the specific
544  differences effectively.

545

546 The potential role of the CD38-NAD pathway in mediating ovarian rejuvenation in the FMT-EF mice
102

547 CD38, a primary NADase in mammalian tissues, plays a pivotal role in regulating NAD+ levels ™.

548  Emerging evidence implicates the CD38-NAD axis in aging, with increased CD38 expression contributing
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549  to age-related declines in NAD+ levels, impairing mitochondrial function and cellular metabolism'®'%, In

550 the context of ovarian aging, studies have shown that CD38 overexpression accelerates follicular
551  depletion and diminishes ovarian function, whereas CD38 inhibition preserves follicle reserves and fertility
552  in aged mice®.

553 In this study, we observed reduced Cd38 expression in the ovaries of the FMT-EF group,
554  alongside downregulation of inflammatory markers such as Cdknia and ll1a (Fig. 3D). Functional
555  pathway predictions from the metagenomics data further supported these findings, revealing enrichment
556  of pathways related to NAD biosynthesis in the FMT-EF group (Fig. 5G). Specifically, pathways such as
557 NAD salvage pathway Il (PNC IV cycle) and NAD de novo biosynthesis | (from aspartate) were
558  upregulated (Fig. 5G). These results suggest that the gut microbiota established through estropausal
559  fecal microbiota transplantation may suppress CD38 activity, influencing ovarian NAD metabolism and
560 creating a more favorable ovarian environment. This aligns with previous research linking CD38-mediated
561 NAD+ depletion to inflammation and cellular senescence, processes that are detrimental to ovarian
562  function'®'%.

563 Together, these findings indicate that modulation of the CD38-NAD pathway by gut microbiota
564 may alleviate ovarian inflammation and promote a more youthful transcriptomic profile, contributing to the
565  enhanced ovarian health observed in FMT-EF mice.

566

567 Limitations of the study

568 One potential caveat in our chemically induced ovarian failure model is that VCD, while
569  selectively depleting ovarian follicles, is a systemically administered agent and could potentially affect
570  other biological systems. However, studies have shown that VCD's effects are confined to ovarian tissue,
571  and its impact on other organ systems have not been reported'®'®. To further assess off-target effects,
572  we conducted control experiments in male mice injected with VCD or vehicle, and no significant
573  differences in gut microbial beta diversity indices (Bray-Curtis dissimilarity and Jaccard index) were
574  observed. These findings suggest that the observed microbial changes in female mice are primarily due
575  to ovarian dysfunction rather than direct effects of VCD, though we acknowledge the potential for non-

576  specific effects. Additionally, it is possible that the improved fertility outcomes in the FMT-EF group,
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577  compared to the FMT-YF group, may reflect differences in how aged and young donor microbiota
578  recolonize the gut following antibiotics treatment. For example, the aged microbiota might better adapt to
579  recolonization, reducing the likelihood of artificially poor fertility outcomes in the recipients. Nonetheless,
580 the changes in the microbiota induced by FMT resulted in significant changes in ovarian health, as
581  evidenced by differences in ovarian transcriptomic profiles, fertility outcomes, and overall ovarian health
582  indices in the FMT-YF and FMT-EF groups. Finally, another limitation of the study involves the use of
583 PICRUSt2, which predicts functional abundances based on marker gene sequences. While PICRUSt2
584  provides insights into potential functional pathways affected by changes in the microbiota, it is a predictive
585  tool and does not directly measure functional abundances. Future studies will require additional functional
586  assays to validate these predictions.

587

588 In summary, we performed a comparative analysis of microbial profiles among aging female,
589  aging male and a chemically-induced menopause model mice to characterize microbial genera that are
590 unique to general aging vs. ovarian aging. Our work highlights potential microbial species and genera,

591 and functional pathways that may play key roles in modulating ovarian function.
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621  Methods

622

623  Mouse husbandry

624 All animals were treated and housed in accordance with the Guide for Care and Use of
625 Laboratory Animals. All experimental procedures were approved by the USC’s Institutional Animal Care
626  and Use Committee (IACUC) and are in accordance with institutional and national guidelines. Samples
627  were derived from animals on approved IACUC protocol number 20770 and 21212.

628 For the “aging cohort,” female and male C57BL/6JNia mice (4- and 20-month-old animals) were
629  obtained from the National Institute on Aging (NIA) colony at Charles River Laboratories. For the “VCD
630 cohort” and “fecal microbiota transplantation (FMT) cohort”, female and male C57BL/6NTac mice (3.5-
631  month-old animals) were ordered from Taconic Biosciences. All animals were acclimated at the specific-
632  pathogen-free animal facility at USC for 2 weeks before any processing. All animals were fed PicoLab
633  Rodent Diet 20 (LabDiet, 5053). The facility is on a 12-h light/dark cycle and animal housing rooms are
634 maintained at 72 °F and 30 % humidity. All animals were euthanized between 8-11 am, by CO,
635  asphyxiation followed by cervical dislocation.

636 For the “VCD cohort,” animals were subjected to daily intraperitoneal injections of either vehicle
637  (safflower oil) or VCD (at a dosage of 160 mg/kg/day) for 15 consecutive days. All injections were
638  performed between 8:00 AM and 10:00 AM to minimize variability due to circadian effects. Lethality was
639  observed in male VCD-injected mice (4 out of 10 males in the experimental group within 16 days of the
640  start of injections). Intriguingly all lethality cases occurred in males that had to be single-housed prior to
641 injections due to fighting and wounds. Effects may have been aggravated due to lack of social
642 interactions and/or temperature regulation.

643

644  Ovarian follicle counts

645 Ovaries were fixed in Bouin's solution (Sigma, HT10132) for 24 hrs at room temperature and
646 transferred to 70 % ethanol for storage. Paraffin embedding, tissue sectioning and staining with
647  hematoxylin and eosin (H&E) were performed by the USC Norris Comprehensive Cancer Center

648  Translational Pathology Core Facility. H&E staining slides were imaged on the Keyence BZ-X All-in-One
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649 Fluorescence Microscope platform. Three sections per ovary were used to count the number of primordial,
650 primary, secondary, and antral follicles and corpus luteum by three blinded observers. Median counts
651 across the 3 observers were used for data analysis. Statistical significance between groups was
652  assessed using the non-parametric Wilcoxon rank-sum test.

653

654 Quantification of serum AMH, FSH and Inhibin A concentrations

655 After euthanasia, blood was collected directly from the heart. Blood was allowed to clot at room
656  temperature for 1 hour, and serum was separated using MiniCollect® Serum Tube (Greiner, 450472),
657  then stored at -80 °C until further processing. Quantification of serum AMH (Rat and Mouse Anti-Miillerian
658  hormone (AMH) ELISA kit, Ansh Labs, AL-113), FSH (Millipore Pituitary Panel Multiplex kit, RPT86K and
659  Ultra-Sensitive Mouse & Rat FSH, UVA Ligand Core, in-house'®), and Inhibin A (Inhibin A ELISA kit, Ansh
660 Labs, AL-161) levels were performed by the University of Virginia Center for Research in Reproduction
661 Ligand Assay and Analysis Core. Standard normalized values were provided by the core. Statistical
662  significance between groups was assessed using the non-parametric Wilcoxon rank-sum test.

663 For FSH quantification, two different kits were used during the course of the study, necessitating
664  correction of the dataset generated by the ultra-sensitive kit. To ensure consistency, we generated data
665 using both kits with the same serum samples and devised a polynomial model to fit the relationship
666  between the two datasets (R2 = 0.90). The trained polynomial model was then applied to correct the data
667 generated by the Ultra-Sensitive Mouse & Rat FSH assay. This correction process was specifically
668  applied to the data for the FMT cohort. The raw data used to train the model has been uploaded to Github
669  (https:/github.com/BenayounLaboratory/Ovarian_Aging_Microbiome).

670

671  Ovarian health index calculation

672 The ovarian health index was calculated by integrating two key components: (1) ovarian hormone
673 levels (AMH, FSH, and Inhibin A) and (2) follicle counts (combined counts of primordial, primary,
674  secondary, antral follicles, and corpus luteum). A 3-tier scoring system was used for each parameter.
675  Values beyond the young medians were assigned a score of 3, values between the young and

676  estropausal medians were assigned a score of 2, and values beyond the estropausal medians were
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677  assigned a score of 1. The average hormone score (calculated from the AMH, FSH, and Inhibin A scores)
678  was then combined with the follicle score in a 1:1 ratio to generate the overall ovarian health index. This
679  combined score was scaled to a 0-100 range for ease of interpretation.

680 Statistical significance between groups was assessed using the Wilcoxon rank-sum test. Scripts
681  ysed to calculate the ovarian health index are available on the Benayoun lab GitHub at
682 https://github.com/BenayounLaboratory/Ovarian_Aging_Microbiome.

683

684  DNA extraction for 16S rRNA amplicon and shotgun metagenomics analyses

685 Fecal matter for 16S rRNA V3-V4 amplicon and shotgun metagenomics analyses were collected
686  aseptically post-euthanasia. Samples were immediately snap frozen in sterile tubes and stored at -80 °C.
687  DNA extraction was performed using QlAamp Fast DNA Stool Mini Kit (QIAGEN, 51604), following the
688  manufacturer’s protocol.

689 V3-V4 region targeted amplification and sequencing were performed by Novogene Inc.
690  Ampilification primers used were CCTAYGGGRBGCASCAG (FWD_341F) and
691 GGACTACNVGGGTWTCTAAT (REV_806R). Amplicon libraries were sequenced on the lllumina
692 NovaSeq 6000 machine. Shotgun metagenomics library preparation and sequencing were performed by
693 Novogene Inc. on the lllumina NovaSeq X machine. De-multiplexed FASTQ files were provided by
694  Novogene Inc. for data analysis.

695

696  16S rRNA V3-V4 amplicon sequencing data analysis

697 Data pre-processing, quality control and denoising

698 Data pre-processing, quality control and denoising were performed within the QIIME2'"

(v.
699  2023.7) platform. Each cohort was analyzed independently for memory and computing efficiency. FASTQ
700 files were imported to QIIME2 and denoised using DADA2'"". Forward and reverse reads were truncated
701  at 226 bp and 224 bp, respectively, to obtain reads with quality scores above 25 and to ensure coverage
702  of the V3-V4 region (—p-trunc-len-f 226 —p-trunc-len-r 224).

703

704 Batch correction and principal component analysis of amplicon sequence variants
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705 Previous studies have shown that effectiveness of batch correction tools are dataset-dependent®’.
706 For batch correction, a previously described benchmarking pipeline’’ was used to select the most
707  effective batch correction tool for our dataset. removeBatchEffect function from limma''® (v. 3.50.1),
708  Combat from sva''® (v. 3.42.0) and FAbatch from bapred'* (v. 1.1) were benchmarked. Denoised feature

709  tables were imported to R using giime2R'"

package (v. 0.99.6). Then, features with low counts (less than
710  0.01% of all the counts) were removed and filtered counts were centered log ratio (CLR)-transformed.
711 Based on principal component analysis results (method described below) and variance calculations,
712 FAbatch-corrected values were chosen for downstream analyses.

713

714 Principal component analysis of amplicon sequence variants

715 For principal component analysis (PCA), pca function from mixOmics''® (v. 6.18.1) was used in R.
716  For female and male aging cohorts, FAbatch-corrected values were used for PCA. For VCD and FMT
717  cohorts, CLR-transformed values were used for PCA.

718

719 Beta diversity and alpha diversity analyses

720 For beta and alpha diversity analyses, phylogenetic trees were generated using the ‘giime
721  phylogeny align-to-tree-mafft-fasttree’ command. Rooted phylogenetic trees were used to run the ‘giime
722 diversity core-metrics-phylogenetic’ command for beta and alpha diversity analyses. Diversity analysis
723 results were imported to R using giime2R™"® package (v. 0.99.6) for further plot generation and
724  significance tests. Bray-Curtis dissimilarity and Jaccard index principal coordinate analysis results were
725 used to generate beta diversity plots using ggplot2 (v. 3.4.2). To ensure comparability across different
726  cohorts, we normalized alpha diversity metrics within each cohort by dividing the values of each sample
727 by the median value of the corresponding metric (e.g., observed features, Shannon entropy) within that
728  cohort (e.g., CTLvs. VCD, FMT-YF vs. FMT-EF). This normalization allowed for combined cohort analysis.
729  The statistical significance of differences in alpha diversity between groups was determined using the
730  Wilcoxon rank-sum test.

731

732 Differential abundance analysis of microbial genera
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733 Differential abundance analysis of microbial genera was performed using the ALDEx2 * plugin

734  within the QIIME2'™ platform. Taxonomic classifier was generated using the SILVA'®

(132 release)
735 reference. Reference reads were extracted for CCTAYGGGRBGCASCAG (FWD_341F) and
736 GGACTACNVGGGTWTCTAAT (REV_806R) primer set and a classifier was trained using the ‘giime
737  feature-classifier extract-reads’ and ‘giime feature-classifier fit-classifier-naive-bayes’ commands,
738  respectively. Differential abundance analysis results and taxonomic classifier were imported to R using
739 qiime2R115 for comparative analysis and plot generation. For female and male aging cohorts, differential
740  abundance analysis results for each cohort for each sex was combined based on the directionality of the
741  differential abundance measures, identifying features that consistently exhibited either an increase or
742  decrease across all cohorts for each sex. Using Fisher’s method and Benjamini-Hochberg (BH) correction
743  method, p-values for each feature’s differential abundance were combined and corrected, respectively.
744  Additionally, the mean of effect size across cohorts for each feature was used for analysis. For combined
745  female and aging cohorts, as well as VCD and FMT cohorts, features with an adjusted p-value < 0.05 and
746  an absolute effect size > 1 were identified as significantly different in abundance.

747

748 Functional abundance prediction analysis

749 Functional abundance prediction analysis was performed via the PICRUSt2* plugin within the
750  QIIME2"° platform using default parameters. PICRUSt2 results were imported to R using qgiime2R. For

751  differential abundance and statistical significance analyses, ALDEx2"’

was used (500 Monte Carlo
752 samples, Wilcoxon test for statistical testing, effect size calculation enabled, and the interquartile log ratio
753 (iglr) for denominator calculation). To combine independent cohorts for female and male aging cohorts,
754  Fisher's method and Benjamini-Hochberg multiple testing correction were used to combine and correct
755  the p-values. Also, the mean values of effect sizes were calculated for each feature. Adjusted p-value less
756  than 0.05 and absolute effect size greater than 1 were used as criteria to filter functional pathways that
757  were significantly different in abundance.

758

759  Fecal microbiota transplantation
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760 For fecal microbiota transplantation (FMT), animals underwent a 10-day course of
761 antibiotics/antimycotic (Ab/Am) treatment before transplantation. The regimen included ampicillin in
762  drinking water at 1 g/L (Sandoz, 00781), and oral gavage of amphotericin-B (Sigma, A9528) at 1
763 mg/kg/day, metronidazole (MFR VIONA PHARMACEUTICALS, 096988) at 100 mg/kg/day, vancomycin
764 (Alvogen, Vet-Rx-MW 090160) at 50 mg/kg/day, and neomycin (MFR VETONE, 510570) at 100
765 mg/kg/day. Starting on the third day after the end of the Ab/Am treatment, FMT was performed biweekly
766  for three weeks via oral gavage. Donor stool samples from more than 30 young or estropausal female
767 mice were pooled and prepared by suspending in saline (20 mg/ml), followed by vortexing and
768  centrifugation to obtain the supernatant. Each recipient animal received 100 ul of the fecal suspension.
769  Two independent cohorts were enrolled in the study, each using independently prepared pools of FMT
770  materials. Sample collection for subsequent processing and analysis occurred three days after the final
771 FMT session.

772

773 Ovarian RNA-seq sample preparation

774 Ovaries were harvested and immediately snap-frozen in sterile tubes, and then stored at -80 °C.
775 For RNA extraction, 600 ul of Trizol reagent (Ambion, 15596018) was added to the ovaries in Lysing
776  Matrix D tubes (MP, 6913500) and tissues were homogenized with a BeadBug 6 microtube homogenizer
777 (Benchmark Scientific, D1036) at 3,500 rpm for 30 seconds for 3 cycles in the cold room. Total RNA was
778  purified using the Direct-Zol RNA Miniprep (Zymo Research, R2052), following the manufacturer’s
779  instructions. Integrity and quality of the purified total RNA were assessed on the 4200 TapeStation system
780 (Agilent, G2991A) using High Sensitivity RNA ScreenTapes (Agilent, 5067-5579) to determine the RNA
781 Integrity Number (RIN). Subsequently, mRNA-seq libraries were prepared and sequenced by Novogene
782 Inc. to obtain PE150 sequencing reads on the NovaSeq X Plus platform.

783

784  FMT cohort ovarian RNA-seq data analysis

785 Data quality control and pre-processing

786 Paired-end 150-bp reads were hard-trimmed to remove the first 6 bases and keep up to 100bp

787  using Fastx Trimmer'"® (v. 0.0.14) and processed using Trim Galore'?° using default parameters (v. 0.6.6).
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788  Trimmed reads were mapped to the mm39 genome reference using STAR™' (v. 2.7.9a). Read counts
789  were assigned to genes from the mm39 genome reference using subread'?® (v. 2.0.3). After assigning
790 read counts to genes, downstream processing was performed in R (v. 4.1.2). Low count genes (genes
791  with less than 1 count in at least 6 out of 14 RNA-seq libraries) were removed to improve memory and

123

792  speed efficiency of DESeq2'<", as recommended by the developers. We used surrogate variable analysis

113

793  to estimate and correct for unwanted experimental noise. R package sva ° (v. 3.42.0) was used to

794  estimate surrogate variables and the removeBatchEffect function from limma''®

(v. 3.50.1) was used to
795  regress out the effects of surrogate variables and RNA integrity differences (RNA integrity number scores)
796  from raw read counts. To remove extreme values within the read counts, Winsorize function from
797  DescTools™ (v. 0.99.50) was used to adjust the values above the 99.9th percentile to the values at the
798  99.9th percentile. DESeq2'® package (v. 1.34.0) was used for downstream analyses of the RNA-seq data.
799  Genes with FDR < 5% were considered statistically significant. For the multidimensional scaling (MDS)
800 analysis, we calculated the distance between samples using the inverse of Spearman’s rank correlation
801 coefficient (1-Rho) as the distance metric. These distances were then input into the cmdscale function in
802 R to compute the MDS coordinates.

803

804 Gene ontology analysis of RNA-seq dataset

805 We used the GSEA® approach through the phenoTest package. GO term annotations
806 (ENS.GO.BP, ENS.GO.MF, ENS.GO.CC and GTRD gene sets) were sourced from ENSEMBL (Ensembl
807  108) and Molecular Signature Database'®. The t-statistic from DESeq2'®® was used to rank genes for
808 functional enrichment analysis. For readability, only the top ten most-significant pathways with negative
809 NES and top ten most-significant pathways with positive NES are shown in figures if more than that
810 passed the FDRL<L 5% significance threshold for GO terms and FDR < 10% for GTRD transcription
811 factor targets (see main text for explanation).

812

813 Deconvolution analysis of immune cell type proportion

814 To estimate any differences in the immune cell proportions between FMT-YF and FMT-EF groups

815  of the FMT cohort, single-cell RNA-seq reference-based deconvolution analyses were performed, using
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816 CSCDRNA'® and Granulator'?’. We downloaded the cell type annotated Seurat object of a publicly
817 available murine ovarian single-cell RNA-seq dataset (Open Science Framework dataset ID 924f2)*°. In

818  the CSCDRNA analysis, the min.p parameter was set to 0.3 following the authors' recommendation'®

, to
819 efficiently exclude the 30% least significant portion of marker genes for each cell type. This threshold was
820 chosen to increase efficiency and reduce noise. For Granulator, the gprogwc method'?® was used with
821  default parameters to estimate the immune cell proportions within the ovarian bulk RNA-seq dataset. Cell
822 proportions were tested for significance using a Wilcoxon test rank-sum test.

823

824 Pre-processing and filtering candidate transcription factor-bound genes

825 For potential transcription factors identified from GSEA®® analysis against GTRD®' transcription
826 factor targets, peak information was obtained for Cistrome.org. Peak annotation was performed using
827 HOMER'® (v. 4.11.1). Genes with peaks annotated in TSS-promoter of protein coding genes were
828  considered direct target genes. Obtained gene lists were used to perform GSEA through the phenoTest (v.
829  1.42.0) package.

830

831 Pre-processing of public ovarian aging datasets

832 To evaluate the correlation between ovarian aging and FMT gene expression profiles of the
833  ovaries, we pre-processed and analyzed two publicly available ovarian aging datasets (2-3-month-old vs.
834  12-month-old female mice; BioProject dataset PRINA100222 and GSA dataset CRA003645)%%. For
835  each dataset, reads were pre-processed and aligned to the mm39 genome reference using the same
836  methods as for the FMT cohort ovarian RNA-seq dataset. Low count genes (genes with less than 1 count
837 in at least 4 out of 7 RNA-seq libraries) were removed. sva''® (v. 3.42.0) was used to estimate surrogate

112

838  variables and the removeBatchEffect function from limma = (v. 3.50.1) was used to regress out the

839 effects of surrogate variables from raw read counts. DESeq2'?®

package (v. 1.34.0) was used for
840  downstream analyses of the RNA-seq data. p-values for common genes between the two datasets were
841  combined and corrected using Fisher’s method and BH correction method, respectively. FDR < 1e-5 was
842  used to catalog gene sets that are robustly up- or down-regulated with aging. Obtained gene lists were

843  used to perform GSEA through the phenoTest package.
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844

845  Fertility assay

846 Fertility assay was performed as previously described’’. FMT female mice were paired with 4-
847  month-old males at a 1:1 ratio 3 days after the last day of FMT administration until the birth of the first
848 litter. The number of pups in the first litter and the latency, defined as the duration between the pairing
849  date and the birth date of the first litter, were recorded and analyzed. Statistical difference in latency in the
850 1% litter after pairing was evaluated using a log-rank test. For pairs that did not produce pups within the
851  60-day timeframe, the latency was recorded as 60 days.

852

853  Whole genome shotgun metagenomics analysis

854 Data quality control and pre-processing

855 Paired-end 150-bp reads were pre-processed to remove sequencing adapters and low-quality
856 reads using Trimmomatic (v. 0.39)130. Trimmed reads were then mapped to the mouse reference genome
857  (mm10) using Bowtie2 (v. 2.4.4)"®' to remove host DNA contamination. Unmapped reads from paired-end
858 files were extracted using the --un-conc-gz option in Bowtie2 and used for subsequent analyses. Quality-
859  controlled and host-depleted reads were then processed for taxonomic classification and functional
860  profiling.

861

862 Taxonomic classification, abundance estimation and functional profiling

863 Kraken2 (v. 2.1.2)'* was used for taxonomic classification of unmapped reads. Reads were
864  classified against a pre-built standard Kraken2 database containing bacterial, archaeal, and viral
865 sequences. Classification outputs were summarized using Bracken (v. 2.7)'® to refine species- and
866  genus-level abundance estimates. Bracken was configured with a read length of 150 bp and default
867  settings for abundance profiling. Functional profiling was conducted using HUMANN3 (v. 3.0)"*. Reads
868 were processed in paired-end mode. Pathway and gene family tables were further merged and
869  normalized using human_join_tables and human_renorm_table functions.

870

871 Alpha and beta diversity and differential abundance analysis
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872 Raw taxonomic abundance tables from Bracken (v. 2.7)'* were loaded in R and filtered to
873 remove low-abundance and low-prevalence features. Features with total counts <20, relative abundance
874  <0.01%, or prevalence in fewer than 10% of samples were excluded. Samples with high host DNA
875 alignment rates (i.e., MHK271) were also removed. Centered log-ratio (CLR) transformation of filtered
876  relative abundances was performed. Shannon entropy was calculated using the mia* (v. 1.12.0) R
877  package. CLR-transformed relative abundance data were analyzed using mixOmics''® (v. 6.28.0) and
878 Bray-Curtis and Jaccard distance matrices were calculated using vegan (v. 2.6-8). Differential abundance
879  of species was assessed using ALDEx2"" (v. 1.36.0). Features with adjusted p-values of <0.05 were
880  deemed significant.

881

882 Functional pathway analysis

883 Relative abundance data for microbial pathways from HUMANN3" (v. 3.9) was loaded in R and
884 low-abundance pathways with total abundance below 0.001 across all samples were removed.

885 Differential abundance of microbial pathways between groups was analyzed using ANCOMBC2'®®

(v.
886  2.0.0). Significant pathways with Q-values below 0.1 were identified, and log2-fold change values were
887  used to assess the direction and magnitude of differential abundance.

888

889  Stool menaquinone concentration quantification

890 Frozen stool samples were shipped to the Vitamin K Laboratory at the Tufts University Human
891 Nutrition Research Center on Aging (HNRCA), where stool menaquinones concentrations were measured
892  using the LC/MS, as detailed elsewhere'.

893

894  Serum untargeted metabolomics

895 Sample processing

896 Serum samples were stored at -80°C until they were thawed on ice for analysis. Metabolites were
897  extracted by adding 80 pL of ice-cold methanol to 20 L of serum, followed by incubation on ice with
898  vortexing every 5 minutes. The samples were then centrifuged at 21,300 x g for 10 minutes at 4°C.

899
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900 Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS)

901 Untargeted metabolomics was performed at the USC Alfred E. Mann Multi-Omics Mass
902 Spectrometry Core. A volume of 10 yL from each sample was injected onto a SeQuant ZIC-pHILIC
903 Column (5 pm, 2.1 mm x 150 mm; Millapore Sigma) using a Vanquish Flex UHPLC System (Thermo
904  Fisher Scientific). Chromatography was conducted at a flow rate of 100 pL/min with an optimized gradient
905 of solvent A (water/20 mM ammonium carbonate, pH 9.8) and solvent B (acetonitrile) as follows: 0 min/97%
906 B, 1 min/97% B, 28 min/75% B, 39 min/50% B, 44 min/20% B, 45 min/20% B, 45 min/97% B, 60 min/97%
907 B. The chromatography system was coupled to a heated electrospray ionization (HESI) source and a
908  hybrid quadrupole-Orbitrap mass spectrometer (Q Exactive, Thermo Fisher Scientific). Mass spectra were
909  acquired in Full MS/data-dependent MS2 mode, alternating between positive and negative ion polarities.
910 Source parameters were set as follows: a source voltage of 3.5 kV, source temperature of 275°C,
911  sheath gas of 45, auxiliary gas of 10, sweep gas of 2, and capillary temperature of 320°C. Full scans
912  were performed across an m/z range of 70 - 1050 with the following settings: an automated gain control
913 (AGC) target of 5 x 10, a maximum injection time of 100 ms, and a resolution of 70,000 at m/z 200. Up
914  to five consecutive MS/MS scans were acquired per full scan with the following parameters: quadrupole
915 isolation of charge states 1-7, isolation window of 0.6 m/z, normalized collision energies of 20, 30, and 40,
916 dynamic exclusion of 30 s, AGC target of 1 x 1071, maximum injection time of 100 ms, and resolution of
917 17,500 at m/z 200.

918

919  Data analysis

920 Raw data were processed using Compound Discoverer (Version 3.3 SP3, Thermo Fisher
921 Scientific) for metabolite identification, retention time alignment, and unknown compound detection across
922 all samples. Metabolites were identified by matching exact masses (delta ppm of >10 or <-10) and
923  fragmentation spectra to the mzCloud database (ddMS2; ‘mzCloud Best Match’ > 50). For quality control,
924  only ions with a peak rating > 4 in at least six samples within a group were retained. VSN normalized
925 filtered metabolic matrix via normalizeVSN function of limma''® (v. 3.50.1) was used for PCA analysis. The

926 filtered metabolic matrix was then scaled, and Linear Discriminant Analysis (LDA) was performed via the
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927 MASS (v. 7.3-60.2) R package. Metabolites with a consistent direction of log, fold change (log,FC)
928  between two batches were subsequently retained for abundance analysis.

929

930 Causal mediation analysis

931 Causal mediation analysis to identify specific features and amplicon sequence variants (ASVs)
932 from WGS and 16S rRNA amplicon sequencing datasets from the FMT cohort acting as mediators
933  between the treatment (FMT-YF vs. FMT-EF) and outcome (changes in the ovarian transcriptome profiles)

137

934  was performed using mediation package °* (v. 4.5.0) in R. Feature table, taxonomic reference and

"% were imported to R using giime2R".

935  differential abundance analysis results generated from QIIME2
936  ASVs identified as significant in differential abundance analyses were tested. CLR-transformed ASV
937 counts were used for the mediation analyses. For the outcome variable, the first dimension from the
938 multidimensional scaling (MDS) analysis of the FMT ovarian mRNAseq dataset was used. Linear models
939  were constructed for both the mediator and the outcome, incorporating the treatment as an independent
940  variable in each. The mediate function from the mediation package was then employed to estimate the
941  Average Causal Mediation Effects (ACME), Average Direct Effects (ADE), and Total Effects.

942

943  Quantification and statistical analysis

944 All statistical analysis was performed using the R software, version 4.2.4. For all boxplots, the
945 data is shown with the median, the 25th and 75th percentile of the data, and the whiskers represent 1.5 *
946 the inter-quartile range (IQR). Individual datapoints are always overlayed for transparency and rigor.
947  Specific statistical tests used, the number of biological replicates and how many animals they are
948 indicated in the corresponding figure legends and associated method section.

949

950 Data availability

951 The raw FASTQ files have been deposited to the Sequence Read Archive under accession
952 PRJNA1076509. Raw microscopy pictures of ovarian hematoxylin and eosin staining are available on
953 Figshare (Figshare DOls: 10.6084/m9.figshare.25749588, 10.6084/m9.figshare.25749594,

954 10.6084/m9.figshare.25749591, 10.6084/m9.figshare.28462274). Processed serum metabolomics data
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can be found in Extended Data Table 4. Raw data can be found on Metabolomics Workbench, project
ST003750. All R code was run using R 4.1.2. Any additional information required to reanalyze the data

reported in this work paper is available from the corresponding author upon request.

Code availability
All scripts used to analyze the datasets are available on the Benayoun lab GitHub at

https://github.com/BenayounLaboratory/Ovarian_Aging_Microbiome.
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962  Figure legends

963

964 Fig 1. Characterization of ovarian health state and fecal microbial profiles of young and
965  estropausal female mice. (A) Schematic diagram of the experimental setup of female aging cohorts.
966  Resources from Flaticon.com were used. (B) Boxplot of combined follicle count of young and estropausal
967 mice. (C) Boxplot of serum concentrations of AMH. (D) Boxplot of ovarian health index of young and
968  estropausal mice. (E) Principal component analysis result of CLR-transformed and batch-corrected ASV
969  counts from young and estropausal female mice. Animals from four independent cohorts (C1-C4), n=19-
970 20 per group (variation due to animal death prior to experiment; n=20 for young females; n=19 for
971  estropausal females). (F) Boxplots of Observed features and Shannon entropy indices of young and
972  estropausal female mice. Medians from young females for each cohort were used to normalize indices
973  per cohort. (G) Differential abundance analysis results of microbial genera of young vs. estropausal
974  female mice using ALDEx2. (H) Functional abundance prediction analysis of young vs. estropausal
975 female mice using PICRUSt2. Significance in nonparametric two-sided Wilcoxon rank-sum tests are
976  reported for (B) and (D). YF: Young female; EF: Estropausal female. C: Cohort.

977

978  Fig 2. Bulk RNA-seq analysis of ovaries from young and estropausal female mice fecal microbiota
979 transplantation recipient mice. (A) Schematic diagram of the experimental setup of fecal microbiota
980 transplantation (FMT) cohort. Fecal microbiota from either young (4 months old) or estropausal (20
981 months old) female mice were transplanted into young (4 months old) female recipient mice. FMT
982 recipient groups are referred to as FMT-YF (receiving young donor microbiota) and FMT-EF (receiving
983  estropausal donor microbiota). (B) Multidimensional scaling (MDS) analysis result of RNA expression
984  between young and estropausal female mice FMT recipient mice (FMT-YF and FMT-EF, respectively).
985  (C-F) Top GSEA enriched terms from (C) Gene Ontology Biological Process (GO BP), (D) Gene Ontology
986  Molecular Function (GO MF), (E) Gene Ontology Cellular Component (GO CC) and (F) Gene
987  Transcription Regulation Database (GTRD — TF targets). Only up to top ten most-upregulated and top ten
988  most-downregulated gene sets are plotted for readability.

989
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990 Fig 3. Analysis of public ovarian aging bulk RNA-seq datasets. (A) Schematic diagram of the analysis
991  setup of public ovarian aging bulk RNA-seq datasets, CRA003645 and PRJNA1002222, from young (2-3-
992 months) and estropausal (12-months) female mice. (B-C) GSEA enrichment score plots of (B) genes that
993 are up-regulated with ovarian aging (“UP with ovarian aging”, left panel) and down-regulated with ovarian
994  aging (“DOWN with ovarian aging, right panel), and (C) SenMayo gene set. In both (B) and (C), the black
995  vertical lines indicate the positions of the genes from the gene set within the ranked list of genes. The
996 curve represents the running enrichment score (ES), with the peak indicating the point of maximum
997  enrichment for the gene set. The color scale at the bottom of the plot reflects the ranking metric, where
998 red represents upregulated genes and blue represents downregulated genes. The p-value shown is
999  calculated based on GSEA and adjusted for multiple testing using the Benjamini-Hochberg method. DGE:
1000 Differential gene expression. (D) Boxplots of DESeq2 normalized log. counts of Cd38, Cdkn1a and ll1a.
1001
1002  Fig 4. Evaluation of fertility and ovarian health state of fecal microbiota transplantation recipient
1003  mice. (A) Schematic diagram of the experimental setup. (B) Boxplot of ovarian health index of FMT-YF
1004  and FMT-EF mice. Ovarian health index was calculated for two independent cohorts (n=5 or 7 per group
1005 and 10 or 14 per cohort). (C) Boxplot of pup counts of first litters of young and estropausal female mice
1006 fecal microbiota transplantation recipient mice (FMT-YF and FMT-EF, respectively). Pup counts were
1007 measured from two independent cohorts (n=8 or 10 per group and 16 or 20 per cohort). (D) Reproductive
1008  success rate analysis result shown as percentages of nulliparous between FMT-YF and FMT-EF.
1009 Significance in nonparametric two-sided Wilcoxon rank-sum tests are reported for (B) and (C), and
1010 logrank test for (D).
1011
1012  Fig 5. Characterization of fecal microbial profiles of fecal microbiota transplantation recipient mice.
1013 (A) Schematic diagram of the experimental setup. (B) Principal component analysis result of CLR-
1014  transformed and batch-corrected counts from young and estropausal female mice fecal microbiota
1015 transplantation recipient mice (FMT-YF and FMT-EF, respectively). (C) Principal coordinate analysis
1016  results of Bray-Curtis dissimilarity (left panel) and Jaccard (right panel) indices. (D) Boxplots of Observed

1017  features and Shannon entropy indices of FMT-YF and FMT-EF mice. (E) Volcano plot of differential
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1018  abundance analysis results of microbial species of FMT-YF vs. FMT-EF mice using ALDEx2. (F) Bubble
1019 plot of top 10 up- and down-regulated microbial species in FMT-EF. (G) Functional abundance analysis of
1020  FMT-YF vs. FMT-EF mice using HUMANNS3 (Q-value < 0.1). Significance in nonparametric two-sided
1021  Wilcoxon rank-sum tests are reported for (D).

1022

1023 Fig 6. Characterization of serum metabolic profiles of fecal microbiota transplantation recipient
1024 mice. (A) Schematic diagram of the experimental setup. (B) PCA plots of identified serum metabolites
1025 from two independent FMT cohorts. (C) LDA2 projection scatter plot displaying LDA1 scores for the FMT-
1026  YF and FMT-EF groups. (D) Top 15 metabolites contributing to LDA-based separation, ranked by their
1027  positive and negative contributions to the LDA axis. (E) Boxplots of 3,4-dihydroxyphenylpropionic acid
1028 (3,4-DHPPA) and lactamide serum levels between FMT-YF and FMT-EF groups. Significance in

1029  nonparametric two-sided Wilcoxon rank-sum tests are reported for (E).

1030 Fig 7. Causal mediation analysis of microbial species and ovarian transcriptome changes in fecal
1031 microbiota transplantation recipient mice. (A) Graphical representation of causal mediation analysis.
1032  (B) Causal mediation analysis results of whole genome shotgun metagenomics counts that showed
1033  significant mediation effects on changes in the ovarian transcriptome in fecal microbiota transplantation
1034  recipient mice. Nonparametric bootstrap confidence intervals with the percentile method are reported. (C)
1035 Heatmap of Spearman correlation analysis between CLR-transformed WGS count data and serum
1036  hormone quantification data. #: p-value < 0.1; *: p-value < 0.05. (D) Summary diagram. The estropausal
1037 female fecal microbiota exhibits increased levels of commensal microbes and metabolites through
1038 compensatory mechanisms. As a result, fecal transplantation of estropausal microbiota enhances ovarian
1039 health measures. Potential mechanisms, including NAD and vitamin K synthesis pathways, should be
1040  further examined. Generic Diagramming Platform (GDP) was used to generate the summary diagram'*®.

1041  ACME: Average Causal Mediated Effect; ADE: Average Direct Effect.
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1042  Extended Data Fig. legend

1043

1044  Extended Data Fig. 1. Characterization of ovarian health state of young and estropausal female
1045 mice. (A) Schematic diagram of ovarian health index calculation. (B) Representative images of ovarian
1046 hematoxylin-eosin stained sections. Scale bar: 50 ym. (C) Boxplots of ovarian follicle counts per section.
1047  The schematic diagrams of the follicles were created using the Generic Diagramming Platform (GDP)'%®.
1048 (D) Boxplots of serum concentrations of FSH and Inhibin A. Significance in nonparametric two-sided
1049  Wilcoxon rank-sum tests are reported for (C) and (D). YF: Young female; EF: Estropausal female.

1050

1051 Extended Data Fig. 2. Characterization of fecal microbial profiles of young and estropausal female
1052  mice. (A) Principal coordinate analysis results of Bray-Curtis dissimilarity (top panel) and Jaccard (bottom
1053 panel) indices. (B) Boxplots of base abundance of differentially abundant microbial genera. YF: Young
1054 female; EF: Estropausal female.

1055

1056 Extended Data Fig. 3. Characterization of fecal microbial profiles of young and estropausal female
1057 mice. Boxplots of base abundance of differentially abundant microbial genera. YF: Young female; EF:
1058  Estropausal female.

1059

1060 Extended Data Fig. 4. Characterization of ovarian health state of VCD cohort mice. (A) Schematic
1061  diagram of the experimental setup of VCD cohort. (B) Representative images of ovarian hematoxylin-
1062  eosin stained sections. Scale bar: 50 um. (C-F) Boxplots of (C) ovarian follicle counts per section, (D)
1063 combined follicle counts, (E) ovarian health index, and (E) serum concentrations of AMH, FSH and Inhibin
1064 A of control and VCD-injected mice. The schematic diagrams of the follicles were created using the
1065 Generic Diagramming Platform (GDP)'*, Significance in nonparametric two-sided Wilcoxon rank-sum
1066 tests are reported for (C-F).

1067

1068 Extended Data Fig. 5. Characterization of fecal microbial profiles of VCD cohort mice. (A) Principal

1069  component analysis result of CLR-transformed and batch-corrected ASV counts from control and VCD-
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1070 injected mice. (B) Principal coordinate analysis results of Bray-Curtis dissimilarity (top panel) and Jaccard
1071 (bottom panel) indices. (C, D) Boxplots of normalized observed features and Shannon entropy indices of
1072 (C) females, and (D) males. Median from control-injected mice was used to normalize indices. (E)
1073 Differential abundance analysis results of microbial genera of control vs. VCD-injected female mice using
1074  ALDEx2. (F) Functional abundance prediction analysis of control vs. VCD-injected female mice using
1075 PICRUSt2. Significance in nonparametric two-sided Wilcoxon rank-sum tests are reported for (C,D).

1076

1077 Extended Data Fig. 6. Differential abundance analysis of 16S amplicon sequencing data of VCD
1078 cohort female mice. Boxplots of base abundance of differentially abundant microbial genera between
1079  control and VCD-injected female mice.

1080

1081 Extended Data Fig. 7. Characterization of fecal microbial profiles of young and old male mice.
1082 (A) Schematic diagram of the experimental setup of male aging cohorts. (B) Principal component analysis
1083  result of CLR-transformed and batch-corrected ASV counts from young and old male mice. Animals from
1084 three independent cohorts, n=14 per group (variation due to animal death or abnormal health issues prior
1085 to experiment). (C) Principal coordinate analysis results of Bray-Curtis dissimilarity (top panel) and
1086  Jaccard (bottom panel) indices. (D) Boxplots of observed features and Shannon entropy indices of young
1087  and old male mice. Medians from young males for each cohort were used to normalize indices per cohort.
1088 (E) Differential abundance analysis results of microbial genera of young and old male mice using ALDEx2.
1089  (F) Functional abundance prediction analysis of young vs. old male mice using PICRUSt2. Significance in
1090 nonparametric two-sided Wilcoxon rank-sum tests are reported for (D). YM: Young male; OM: Old male.
1091

1092 Extended Data Fig. 8. Differential abundance analysis of 16S amplicon sequencing data of young
1093 and old male mice. Boxplots of base abundance of differentially abundant microbial genera between
1094  young and old male mice.

1095

1096 Extended Data Fig. 9. Bulk RNA-seq analysis of ovaries from young and estropausal female mice

1097 fecal microbiota transplantation recipient mice. (A) Heat map of significant (FDR < 5%) genes
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1098  differentially expressed in FMT-YF vs. FMT-EF mice. (B) Dot plots of immune cell proportions in
1099 percentages between young and estropausal fecal microbiota transplantation recipient mice (FMT-YF and
1100 FMT-EF, respectively) predicted by deconvolution analyses using CSCDRNA (left panel) and Granulator
1101  (right panel). (C) GSEA enrichment score plots Ncoal-peak (left panel) and Usp7-peak (right panel)
1102  genes. (D) Bar plots of normalized log, counts of Ncoa? and Usp7 expression.

1103

1104 Extended Data Fig. 10. Characterization of ovarian health state of FMT cohort mice. (A)
1105 Representative images of ovarian hematoxylin-eosin stained sections. Scale bar: 50 um. (B-E) Boxplots
1106  of (B) combined ovarian follicle counts, (C) ovarian follicle counts per section, (D) serum concentrations of
1107 AMH, FSH (Multiplex assay), FSH (Ultra-sensitive assay), FSH combined and INHBA, and (E) weight
1108 percentage difference between day 0 and 16 of FMT regimen. The schematic diagrams of the follicles
1109  were created using the Generic Diagramming Platform (GDP)'.

1110

1111 Extended Data Fig. 11. Characterization of fecal microbial profiles of FMT cohort mice. (A) Principal
1112  component analysis result of CLR-transformed and batch-corrected counts from young and estropausal
1113 female mice fecal microbiota transplantation recipient mice (FMT-YF and FMT-EF, respectively). (B)
1114 Principal coordinate analysis results of Bray-Curtis dissimilarity (left panel) and Jaccard (right panel)
1115 indices. (C) Boxplots of observed features and Shannon entropy indices of FMT-YF and FMT-EF mice. (D)
1116  Differential abundance analysis results of microbial species of FMT-YF vs. FMT-EF mice using ALDEXx2.
1117  (E) Venn diagram of overlapping microbial genera between genera that increase in abundance with
1118 female aging (“UP in EF”) and increase in abundance in FMT-EF recipient mice (“UP in FMT-EF”). (F)
1119 Functional abundance prediction analysis of FMT-YF vs. FMT-EF mice using PICRUSt2. Significance in
1120  nonparametric two-sided Wilcoxon rank-sum tests are reported for (C). YF: Young female; EF:
1121  Estropausal female.

1122

1123  Extended Data Fig. 12. Differential abundance analysis of 16S amplicon sequencing data of FMT
1124  cohort mice. Boxplots of base abundance of differentially abundant microbial genera between FMT-YF

1125 and FMT-EF mice.
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1126

1127  Extended Data Fig. 13. Differential abundance analysis of WGS data of FMT cohort mice. Boxplots
1128  of base abundance of differentially abundant microbial species between FMT-YF and FMT-EF mice.

1129

1130 Extended Data Fig. 14. Stool vitamin K quantification of FMT cohort mice. (A) Stool concentrations
1131  of combined vitamin K (MK6-MK13) of FMT-YF and FMT-EF. (B) Fold change in stool concentrations of
1132 vitamin K (MK6-MK13) of FMT-YF and FMT-EF.

1133

1134  Extended Data Fig. 15. Serum untargeted metabolomics analysis of FMT cohort mice. Boxplots of
1135  metabolite abundances of top 15 metabolites contributing to LDA separation between FMT-YF and FMT-
1136 EF.

1137

1138 Extended Data Fig. 16. Causal mediation analysis of microbial species and ovarian transcriptome
1139 changes in fecal microbiota transplantation recipient mice. (A) Graphical representation of causal
1140  mediation analysis. (B) Causal mediation analysis results of 16S amplicon ASVs that showed significant
1141 mediation effects on changes in the ovarian transcriptome in fecal microbiota transplantation recipient
1142 mice. Nonparametric bootstrap confidence intervals with the percentile method are reported. ACME:

1143  Average Causal Mediated Effect; ADE: Average Direct Effect.
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Extended Data Table

Extended Data Table 1. Weight measurements of FMT cohort.

Extended Data Table 2. Estrous cycle staging data of FMT cohort.

Extended Data Table 3. ALDEx2 differential abundance analysis result of metagenomics data of FMT
cohort.

Extended Data Table 4. MS2-filtered metabolite abundance matrix.
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ABSTRACT

Chronic inflammation has been implicated in the pathophysiology of major depressive disorder
(MDD). Activating the resolution of inflammation through -3 fatty acid supplementation may
prove to be a successful therapeutic strategy for the treatment of MDD.Patients with MDD, body
mass index >25 kg/m? and plasma high-sensitivity C-reactive protein >3 ug/mL (n=61) were
enrolled in a 12-week randomized trial consisting of 4 parallel arms: EPA 1, 2, and 4 g/d, and
placebo. The supplement contained EPA and DHA in a 3.9:1 ratio. Depression symptoms were
assessed using the IDS-C30 scale. Plasma fatty acids and pro-resolving lipid mediators (SPMs)
were measured in 42 study completers at baseline and at the end of treatment by liquid
chromatography/mass spectrometry. The response rate (>50% reduction in IDS-30 score) was
higher in the 4 g/d EPA arm than placebo (Cohen d = 0.53). In the 4 g/d EPA arm, responders
had significantly greater increases in 18-hydroxyeicosapentaenoic acid (18-HEPE) and 13-
hydroxydocosahexaenoic acid (13-HDHA) than non-responders (p < 0.05). Within the 4 g/d EPA
arm, the increase in 18-HEPE was significantly associated with reductions in plasma hs-CRP
concentrations (p < 0.05) and IDS-C30 scores (p < 0.01). In summary, response rates were
greater among patients with MDD randomized to EPA 4 g/d supplementation and in those who
showed a greater ability to activate the synthesis of 18-HEPE. The inverse association of 18-
HEPE with both systemic inflammation and symptoms of depression highlights the activation of
the resolution of inflammation as a likely mechanism in the treatment of MDD with ®-3 fatty

acid supplementation.

Abbreviations used: DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; EPA,
eicosapentaenoic acid; HDHA, hydroxy docosahexaenoic acid; HEPE, hydroxyeicosapentaenoic;
HETE, hydroxyeicosatetraenoic acid; hs-CRP, high sensitivity C reactive protein; LT,
leukotriene; LX, lipoxin; Mar, maresin; P, protectin; PG, prostaglandin; Rv, resolvin; SPM,

specialized pro-resolving lipid mediator; TX, thromboxane.
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INTRODUCTION

Chronic low-grade inflammation plays an important role in the pathogenesis of several non-
communicable diseases, including those affecting the central nervous system. Symptoms of
major depressive disorder (MDD) are frequently observed when the immune system is activated,
such as during infections or in inflammatory autoimmune diseases or conditions associated with
chronic inflammation.!-3 Inflammation is characterized by an initial phase of immune cell
activation and secretion of pro-inflammatory cytokines, prostaglandins (PG) and leukotrienes
(LT), followed by the resolution phase of inflammation.* > The resolution phase is mediated by
specialized pro-resolving lipid mediators (SPMs) derived in large part from conversion of the ®-
3 fatty acids eicosapentaenoic acid (EPA, 20:5 »3), docosapentaenoic acid (DPA, 22:5 ®3) and
docosahexaenoic acid (DHA, 22:6 ®3) via cyclooxygenase (COX) and lipoxygenase (LOX)
enzymatic pathways.® SPMs include resolvins (Rv), protectins (P), and maresins (Mar) that act
by binding to specific membrane receptors present on peripheral immune cells, but also on
neurons and microglia.”® The resolution phase of inflammation is characterized by efferocytosis
of cell debris and apoptotic cells by specialized macrophages and by the counter-regulation of
pro-inflammatory mediators to promote homeostasis.®

Chronic inflammation is thought to result from an impaired resolution phase.® Several studies
have shown dysregulation of SPMs in conditions associated with low-grade chronic

10, 11T ower concentrations of SPMs

inflammation, such as obesity and cardiovascular disease.
have also been observed in the cerebrospinal fluid and the hippocampus of patients with
neurodegenerative diseases compared to controls.® However, it is not known whether deficient

concentrations of SPM result from lower dietary intakes of the ®-3 fatty acid precursors or from

an impaired ability to activate the resolution machinery to produce SPM.
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MDD is common among children and adults with obesity,'? and the rate of depression
increases with BMI.!3 Obesity is characterized by low-grade chronic inflammation and is
associated with lower SPM concentrations in adipose tissue.!* !> In mice, obesity and dietary
intake of ®-3 fatty acid intake have opposite effects on MSFD2A2 (major facilitator superfamily
domain-containing protein 2), a cell membrane transporter that mediates the translocation of
DHA across the blood-brain barrier.'® Therefore, it has been hypothesized that obesity may lead
to reduced availability of ®-3 fatty acids in the brain and lower local SPM synthesis. However,
leukocytes from individuals with obesity also display lower activity of 15-LOX, an enzyme
involved in the synthesis of several SPMs.!® We and others have shown that plasma and tissue
concentrations of ®-3 fatty acids can be increased via supplementation in a dose-dependent
fashion.!”!° This has the potential to increase the substrate availability for SPM production.!”!?

Meta-analysis studies of randomized controlled trials examining the potential of ®-3
supplements to improve clinical depression have reported reduced depression severity with
formulations containing pure EPA or greater than 60% EPA, but not with supplements
containing pure DHA or greater than 60% DHA.?%2! EPA supplementation may be an effective
therapeutic option for the sub-group of patients with MDD who are overweight or with obesity
and have low-grade chronic inflammation.?? However, the threshold for effective SPM synthesis
following -3 supplementation is not known. In addition, in the current era of precision
medicine, it is important to identify biomarkers that may predict therapeutic response and the
mechanism(s) driving the response.

We had previously conducted a randomized, double-blind, placebo-controlled, parallel-arm
study in patients with MDD to evaluate the clinical response to three different doses of EPA (1

g/d, 2 g/d, and 4 g/d) and the association between reduction in depression severity following
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EPA supplementation and changes in inflammation, as assessed by plasma high sensitivity C
reactive protein (hs-CRP) and peripheral blood monocyte mitogen-stimulated tumor necrosis
factor o, (TNFa) production.?? The study showed better response rates and lower plasma hs-CRP
levels with EPA 4 g/d than placebo. The current study is a secondary analysis of the EPA dose
finding study and is aiming at assessing the biosignature of response to EPA supplementation in

patients with MDD.

METHODS

Study participants

The study design and participants’ characteristics have been previously described.?? Briefly,
eligible individuals were required to have non-psychotic MDD (diagnosed using the Mini
International Interview version 7.0.2), a depression severity score > 25 on the Inventory of
Depressive Symptomatology — 30 item (IDS-C30), a body mass index (BMI) > 25 kg/m?, and
low-grade chronic inflammation (plasma high-sensitivity C reactive protein, hs-CRP, >3
ug/mL). Participants were recruited at two sites, Emory University (Atlanta, GA) and
Massachusetts General Hospital (Boston, MA). Subjects with a high dietary intake of ®-3 fatty
acids, as assessed by dietary history using Food Processor, or taking fish oil supplements were
excluded from the study. Sixty-one subjects enrolled into the double-blind study and 45
completed it. Forty-two participants had baseline and week 12 plasma samples obtained for the

assessment of SPMs.

Study design

The study had a randomized, double-blind, placebo-controlled, parallel-arm design,

consisting of four arms: 1) placebo, 2) EPA 1 g/d, 3) EPA 2 g/d, and 4) EPA 4 g/d.?} The
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supplementation phase lasted 12 weeks. EPA was provided in capsules, each containing
approximately 590 mg of EPA and 152 mg DHA in triglyceride form. Matched placebo capsules
contained soybean oil (approximately 51% linoleic acid, 25% oleic acid and 6% a-linolenic acid,
but no EPA or DHA). Study participants were instructed to take eight capsules each day, four in
the morning and four in the evening, with meals. Study subjects were asked to avoid taking non-
steroidal anti-inflammatory drugs (NSAIDs) for at least 24 hours before visits. The IDS-C30
scale is a validated clinician-rated measure which has been previously described.?* Hs-CRP was
measured by an immunoturbidometric method using reagents and calibrators from Sekisui. The
study protocol was approved by the IRB at both institutions and is registered on

ClinicalTrials.gov (NCT02553915). All subjects provided written informed consent.

Fatty acid and SPM analysis

Fasting blood samples were collected in the morning in EDTA tubes at weeks 0 (baseline)
and 12, centrifuged at 1000 g for 25 min at 4°C, and plasma was immediately stored at -80°C
until analysis. All samples were batch-analyzed at the end of the study. For the analysis of
plasma fatty acids, samples were hydrolyzed, and the fatty acid concentrations were assessed by
ultrahigh-performance liquid chromatography/mass spectrometry as previously described.!”- 23
The concentration of individual fatty acids was validated against standard curves generated for
each fatty acid. Fatty acid concentrations were then converted to molar percent of total plasma
fatty acids (mol%). The plasma concentration of lipid mediators derived from EPA, DPA, DHA
and AA were assessed by liquid chromatography-mass spectrometry as previously described.!”
26.27 Briefly, 100 pl of plasma was spiked with 5 ng each of PGEi-d4, RvD2-ds, LTB4-d4, and
15S-hydoxyeicosatetraenoic acid-ds (15S-HETE-ds) as internal standards for analyte recovery

and quantitation. Lipid metabolites were extracted with C18 extraction columns and then
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subjected to LC-MS analysis. Data were collected with Analyst 1.6 software and quantitated
using MultiQuant software (AB Sciex). All quantified lipid mediators were identified by

comparison with authenticated standards (Cayman Chemicals, Ann Arbor. MI).

Peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMC) were isolated from fasting blood collected in
sodium citrate Vacutainer Cell Preparation Tubes (Becton Dickinson, NJ). Cells were
resuspended in cell culture medium (RPMI-1640, 10% fetal bovine serum, 100 U penicillin, 100
ug streptomycin) and plated in 12-well plates at the density of 2 x 10° cell/well. Two wells were
treated as control and two wells were treated with 10 ng/ml lipopolysaccharide (LPS). After 5
hours incubation, cells were scraped and cell pellet and cell culture medium were separately
collected after centrifugation. Concentrations of interleukin-6 (IL-6) and tumor necrosis factor a
(TNF-a) in cell culture media were quantified using V-PLEX immunoassay kits from Meso

Scale Diagnostics (MD).
Statistical analyses

Statistical analyses were conducted in R (version 3.5.2). Variables with skewed distribution
are presented as median and interquartile range (75 percentile — 25 percentile). Response to
treatment was defined as > 50% reduction in IDS-C30 scores at week 12, relative to baseline.
Differences between responders and non-responders were assessed by exact Wilcoxon-Mann-
Whitney test. Partial Least-Squares Discriminant Analysis (PLS-DA) of the change in plasma
lipid mediators was performed on normalized and scales data using MetaboAnalyst 5.0
(https://www.metaboanalyst.ca), a web-based platform for comprehensive analysis of

quantitative metabolomic data. Associations between depression scores, inflammation, and fatty
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acid and lipid mediator concentrations were assessed by Spearman’s rank-order correlation tests.

A p value < 0.05 was considered statistically significant.

RESULTS

The results of the primary outcomes of the trial have been reported.?? The study participants’
age, BMI, depression scores and plasma hs-CRP concentrations at baseline in the four treatment
arms are shown in Table 1. There were no significant differences in baseline characteristics
among the four groups. Moreover, baseline plasma concentrations of EPA, DPA, DHA and AA,
and of their related lipid mediators, were similar among the four arms (Supplementary Table).
Response to treatment occurred in 16 of the 35 subjects in the EPA treatment arms [5 of 13
(38%) in EPA 1 g/d, 4 of 11 (36%) in EPA 2 g/d, and 7 of 11 (64%) in EPA 4 g/d arm], and in 4
of the 10 subjects in the placebo arm (40%). At baseline, the amount of plasma EPA, DHA and
AA and the concentration of their related lipid mediators were similar between responders and

non-responders (Table 2).

The changes in plasma EPA, DHA and AA, defined as the difference between week 12 and
baseline, were similar in responders and non-responders within each treatment arm
(Supplementary Figure). A non-significant trend (p = 0.25) was observed for EPA, but not

DHA, in the 4 g/d arm.

The PLS-DA score plot of the changes in lipid mediators derived from EPA, DHA, and AA
in all subjects receiving active EPA supplementation indicated a partial separation of responders

and non-responders (Figure 1).

Figure 2 shows the change in lipid mediators following treatment in responders and non-

responders by treatment arm. The change in plasma 18-HEPE was significantly greater in
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responders than non-responders in the 4 g/d arm (p < 0.01), but a trend for greater increases in
responders than non-responders was also observed for 11-HEPE and 15-HEPE (p=0.067)
(Figure 2). In the 4 g/d EPA arm, the change in plasma DHA-derived 13-HDHA was also
significantly greater in responders than non-responders (p < 0.05) (Figure 2). There was a non-
significant trend for a lowering of AA-derived lipid mediators in non-responders, and an increase
in 12-HETE and PGE: in responders in the EPA 4 g/d arm (Figure 2). No significant differences
between responders and non-responders were observed in the 1 and 2 g/d arms. When all EPA
treatment groups were combined, changes in TXB2 were significantly higher (median [IQR], 431
[3,600] and -1250 [-2535] pg/mL, respectively; p=0.04) and changes in 18-HEPE (594 [1597]
and 361 [426] pg/mL; p=0.067) and 13-HDHA (311 [402] and 51 [202] pg/mL; p=0.067) were
higher in responders than non-responders. RvE1 was not detected by our assay at baseline and
end of treatment. However, RvE2 was detected at end of treatment in four out of six responders
and none of four non-responders, and RvE3 in five of six responders and one of four non-

responders.

Within the 4 g/d EPA arm, reductions in hs-CRP were significantly correlated with
reductions in IDS-C30 scores (p < 0.05) (Table 3). Increases in 18-HEPE, 15-HEPE, and 17-
HDHA were significantly correlated with reductions in IDS-30 scores. In addition, increases in

18-HEPE and 15-HEPE were significantly correlated with reductions in hs-CRP.

DISCUSSION

EPA supplementation reduced clinical symptoms of depression, defined as achieving > 50%
reduction in IDS-C30 scores, in 64% of participants in the 4 g/d arm, relative to 40% in the
placebo arm. At baseline, study participants who responded to treatment had plasma

concentrations of EPA, DHA, DPA, AA and related lipid mediators similar to non-responders.
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However, after supplementation, there was a trend for greater increases in some of the lipid
mediators derived from these fatty acids in responders versus non-responders, and differences
were significant for 18-HEPE and 13-HDHA in the 4 g/d arm. To our knowledge, this is the first
clinical trial demonstrating a differential response to EPA supplementation in patients with
MDD, with overall greater ability to synthesize EPA- and DHA-derived lipid mediators in

responders than non-responders.

Chronic low-grade inflammation is a characteristic feature of metabolic syndrome, obesity
and cardiovascular disease, and has recently emerged as a contributing factor to diseases of the
central nervous system, including MDD, Parkinson’s disease and Alzheimer’s disease.> 28
Impairment in the active process of inflammation resolution is thought to play a significant role
in chronic inflammation, and several pre-clinical and clinical studies have demonstrated lower
levels of SPM production associated with chronic inflammation. Mice on a high-fat diet had
higher concentrations of pro-inflammatory lipid mediators and lower concentrations of SPMs in
their adipose tissue, compared to control mice.'*?? In subjects with obesity, it has been reported
that leukocytes had significantly lower levels of DHA-derived SPMs, relative to levels of the
classic inflammatory mediators LTB4 and PGs, than subjects without obesity.'® Lower SPM
concentrations have also been observed in subjects with cardiovascular disease.!! A healthy
control group was not included in our study and therefore we do not know if the baseline plasma
concentrations of ®-3 fatty acids and lipid mediators in our participants with MDD were lower
than those of healthy age- and sex-matched subjects. At baseline, patients with MDD who
responded to EPA supplementation had plasma concentrations of EPA and DHA and of their
derived lipid mediators similar to non-responders, but responders showed a greater increase in

EPA- and DHA-derived lipid mediators following supplementation than non-responders. Since
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responders and non-responders achieved overall similar plasma concentrations of EPA, DHA
and AA following supplementation, it is unlikely that the availability of precursors for the

synthesis of SPMs played a significant role in the response to supplementation.

Other mechanisms such as the activation of enzymatic pathways involved in SPM synthesis
may account, at least in part, for the differences in response. Immune cells of subjects with
obesity exhibit lower concentrations of 17-HDHA, a 15-LOX metabolite of DHA, but, when
these cells were incubated with 17-HDHA, the production of SPMs was rescued.!? These
findings suggest a potential deficit in 15-LOX activity in subjects with obesity which may lead to
lower synthesis of precursors and SPMs. In our study, other metabolites derived from other
enzymatic pathways were also different between responders and non-responders. Specifically,
18-HEPE was one of the most important lipid mediators differentiating responders and non-
responders. 18-HEPE is synthesized by both COX and cytochrome P450. It has been shown that
COX-2 activation follows a biphasic pattern during inflammation: the first peak occurs during
the early pro-inflammatory phase and is associated with increased PGE: secretion and pro-
inflammatory cytokine expression, and the second peak coincides with the resolution phase of
inflammation and is characterized by increased PGD:2 synthesis, reduction in neutrophil
recruitment, and increase in macrophage mobilization from the inflammation site.?% 3! In our
study, TXB2, which is also synthesized in response to COX-2 activation, was significantly
elevated after EPA supplementation in responders. Therefore, it may be hypothesized that the
biphasic COX-2 activation is an important player in the resolution phase of inflammation and

that both EPA- and AA-derived lipid mediators may be increased during resolution.

The results of our study are somewhat in contrast with those of a study conducted in 16

patients with MDD and supplemented with 1.6 g/d EPA and 0.8 g/d DHA for six weeks, where
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responders had higher mol% DHA, but not EPA mol%, in plasma phospholipids than non-
responders.3? It should be noted that in that study none of the responders but most of the non-
responders had previously taken antidepressants and therefore the results may have been affected
by patient characteristics related to treatment resistance. A meta-analysis of ®-3 fatty acid
supplementation studies conducted in patients with MDD found that only supplementation with
pure EPA or fish oil mostly containing EPA demonstrated significant therapeutic effect.?! In
contrast, pure DHA or preparations containing mostly DHA did not show significant
improvement in depression.?! The lack of response to DHA supplementation may be due to the
different metabolism of EPA and DHA in the brain and the preferential incorporation of DHA
into cell membrane phospholipids, with DHA accounting for up to 40% of all fatty acids in some
regions of the brain,* and EPA mostly subjected to beta-oxidation.** However, both EPA and
DHA may undergo conversion to SPM in the brain as 15-LOX is expressed by neurons and
microglia.®> In a mouse model of depression, intracranial administration of RvE1-3 or RvD1-2
was associated with reduced symptoms.3¢-3® The contribution of EPA- and DHA-derived lipid

mediators to clinical response in MDD therefore needs to be further investigated.

Efficacy of EPA supplementation was greater in the 4 g/d arm, consistent with findings from
cardiovascular prevention studies®® and suggests activation of the resolution phase of
inflammation as a mechanism of clinical response. In the 4 g/d arm, plasma levels of both RvE2
and RvE3 were detectable in most responders, compare to no or low detection in non-responders.
The strong association between changes in 18-HEPE and 15-HEPE, the precursors of RvE1-4,
with changes in depression symptoms and plasma hs-CRP concentrations are highly suggestive
of a mechanistic role of EPA-derived SPMs on inflammation and subsequent reduction in

depression. A significant correlation between the increase in the concentration of selective SPMs
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and circulating immune cell characteristics following administration of a high dose of a marine

oil and SPM supplement was previously reported in another study.*’

A strength of this study was the selection of patients with MDD and with chronic
inflammation, who are the ideal target for activation of the resolution of inflammation. In
addition, we were able to correlate changes in plasma SPMs with hs-CRP, a marker of systemic
inflammation, and with clinical symptoms of depression. One limitation of our study was the
sample size, with a small number of subjects in each group of responders and non-responders.
Our analyses were exploratory. The parent study was limited by a high placebo response rate.?3
In the original report, we remarked that placebo responders had lower baseline IDS-C30 scores
than non-responders, a commonly reported finding,*' while clinical responders had similar mean
baseline IDS-C30 scores compared to non-responders. Baseline plasma IL-6 levels in placebo
responders versus non-responders also suggested that placebo may be more effective in subjects
with MDD and lower baseline inflammation. This may impact the current findings. Our results
strongly support a need for larger and definitive trials. We were also unable to report plasma
concentrations of E-series and D-series resolvins at baseline and in the placebo arm due to levels

below the detection limit of our assay.

Taken together, the results of our study indicate a dose-dependent reduction in depression
symptoms following EPA supplementation. Among study participants receiving EPA, those who
responded showed a greater ability to activate the synthesis of 18-HEPE. In addition, the increase
in 18-HEPE following EPA supplementation in the 4 g/d arm was highly and negatively
correlated with both systemic inflammation and symptoms of depression, highlighting the

activation of the resolution of inflammation as a likely mechanism in the treatment of MDD.
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Figure 1. PLS-DA of changes in lipid mediators derived from EPA, DHA and AA in responders and non-responders in the combined

treatment arms.
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Figure 2. Median changes in lipid mediators in responders (green) and non-responders (red) by treatment group. Top row: EPA-
derived lipid mediators; middle row: DHA-derived lipid mediators; and bottom row: AA-derived lipid mediators. * p <0.05,

responders versus non-responders in same treatment arm.
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Table 1. Baseline characteristics of study participants by treatment group.

Placebo | EPA1g/d | EPA2g/d | EPA 4g/d

(n=10) (n=13) (n=11) (n=11)
Men/Women (n) 2/8 4/9 3/8 4/7
Age (y) 52113 41+16 47+15 43115
BMI (kg/m?) 38.8(9.6) | 33.0(6.7) 34.3(7.7) | 35.7 (8.8)
Hs-CRP (ug/mL) 6.9 (4.5) 3.6 (8.3) 4.8 (1.2) 3.94.7)
IDS-C30 36.6£10.5| 36.117.4 31.4+7 .1 31.5£5.0

Data presented as mean+SD or median (IQR)

154



155

Table 2. Baseline plasma concentrations of EPA, DPA, DHA, AA and their derived lipid
mediators in non-responders versus responders in the combined active treatment arms

(EPA 1 g/d, 2 g/d, and 4 g/d).

Non-responders Responders P
(n=19) (n=16) value*

EPA

EPA, mol% 0.42 (0.32) 0.43 (0.36) 0.85
5-HEPE, pg/mL 50 (29) 55 (563) 0.31
11-HEPE, pg/mL 43 (48) 49 (38) 0.70
12-HEPE, pg/mL 806 (2094) 588 (1838) 0.60
15S-HEPE, pg/mL 92 (62) 79 (87) 0.67
18-HEPE, pg/mL 47 (29) 47 (25) 0.88
DPA

DPA, mol% 0.37 (0.17) 0.34 (0.26) 0.83
RvDS pea, pg/mL 15 (6) 14 (3) 0.73
DHA

DHA, mol% 7.42 (4.59) 7.11 (3.40) 0.42
4-HDHA, pg/mL 60 (45) 56 (39) 0.57
7-HDHA, pg/mL 18 (14) 8 (17) 0.93
13-HDHA, pg/mL 145 (251) 165 (248) 0.60
14-HDHA, pg/mL 1810 (4012) 1580 (2254) 0.55
17-HDHA, pg/mL 30 (25) 1(26) 0.82
RvD1, pg/mL 85 (103) 120 (121) 0.95
AA

AA, mol% 10.11 (3.68) 10.52 (5.66) 0.80
5-HETE, pg/mL 355 (326) 445 (515) 0.40
11-HETE, pg/mL 1603 (1956) 1234 (2225) 0.67
12-HETE, pg/mL 9622 (13191) 9502 (15867) 0.99
15-HETE, pg/mL 1182 (689) 1306 (1268) 0.53
PGEz2, pg/mL 1139 (1536) 965 (1904) 0.80
TXB2, pg/mL 2634 (3220) 1528 (4013) 0.72
LTB4, pg/mL 31 (17) 21 (29) 0.29

Median (IQR); *P value, Wilcoxon rank-sum test.



Table 3. Spearman correlations among changes in variables from baseline to week 12 in the 4 g/d treatment group.
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LL <
: . = T= W ow W a T < < < W  w ow oWl N
VY o CF SE L0 <0 0w , w VT |, NI i F | cH Q|- W | o
SR EEELEF TR AR R R R R
IDS- 1 -.21 71-20|- - -27 |-04 |-15 |- -08 |-17|-06 | .03 |-40-34
C30 .71 | .80* T7*
Hs- -.30 -34 | - - -11 1-31 |-15 |-28 | .10 .02 |.01 -11 | -12 ] -.06
CRP .68 | .73*
IL-6 18 -22|1.12 |-04 |-26 |-30 |-17 |-13 | .07 .04 | -10 | .03 .65 |.20
(PBMC
)
TNF - -29 | - -07 |-48 |- -05 |-53 |-39 [-15]-03 |-13 |-41|.58
(PBMC 73 .64 .75*
) * *
5- 1 65 |69 | .32 [.89* |.93* |47 |.87* [.78* [.62 |.38 |.61* [-17|-37
HEPE * * * *% * * A
11- 60 | .87 |55 [.79* |.73* |46 |.79* [.67* |67 |35 |57 [.07 |-.07
HEPE *% * * *
12- 1 [.40[52 [.65* |.75* [ .95* [.89* [ 46 [.39 |.86* [.60 [-.41].05
HEPE ** * *
15- 1 57 .51 .54 .23 .51 37 29 |11 .18 .00 | -17
HEPE
18- 1 33 .23 43 39 [-.09 |.08 | .29 .00 24 | .04
HEPE
4- 1 .83* | .54 83* | .79* | .74 | 40 .68* |-.38]-.20

HDHA
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7- 56 | .92 | .74 |50 | .47 | .60 |-39|-48
HDHA **

14- 1 79* | 42 | 43 | 95" | 66" | .32 | .24
HDHA * **

17- 1 73 | .66 | .72* | 77" |-24|-.09
HDHA * *

5- 1 .85 | .34 |.86" |-.17|-.38
HETE ** *

11- 1 40 | .91 |.14 | .08
HETE

12- 1 67 |-23|.34
HETE

15- 1 .00 | .05
HETE

PGE2 1 .62*
TXB2 1

*p<0.05, **p<0.01, ***p<0.001
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7.1 An exploratory case-control study on associations of bacterially derived vitamin K
forms with the intestinal microbiome and obesity-related osteoarthritis

Minying Liu !, Gregory Matuszek !, M. Andrea Azcarate-Peril 2, Richard F Loeser 3, M Kyla
Shea !

' USDA Human Nutrition Research Center on Aging at Tufts University, Boston, MA

2 Division of Gastroenterology and Hepatology and UNC Microbiome Core, Center for
Gastrointestinal Biology and Disease, University of North Carolina School of Medicine, Chapel
Hill, North Carolina, USA

3 Division of Rheumatology, Allergy, and Immunology and the Thurston Arthritis Research
Center, University of North Carolina School of Medicine, Chapel Hill, NC

Background: Evidence suggests natural metabolites produced by intestinal microorganisms may
have beneficial or harmful effects on osteoarthritis (OA). This could include menaquinones, which
are bacterially-synthesized biologically active vitamin K forms abundant in the intestinal
microbiome.

Objective: The overall goal of this study was to evaluate the association of intestinally-derived
menaquinones with obesity-related OA.

Methods: This case-control study used data and biospecimens derived from a sub-group of
Johnston County Osteoarthritis Study participants. Fecal menaquinone concentrations and
microbial composition were determined in 52 obese participants with hand and knee OA and 42
age- and sex-matched obese participants without OA. The inter-relationships between the fecal
menaquinones were evaluated using principal component analysis. Differences in alpha and beta
diversity and microbial composition across menaquinone clusters were evaluated using analysis
of variance.

Results: Samples clustered into three groups: cluster 1 characterized by higher fecal
menaquinone -8, -9, and -10 concentrations, cluster 2 characterized by lower overall
menaquinone concentrations, and cluster 3 characterized by higher menaquinone-12 and -13.
Overall, fecal menaquinone clusters did not differ between participants with or without OA
(p=0.707). Microbial diversity did not differ across the fecal menaquinone clusters (all F-test
p>0.12). However, the relative abundance of bacterial taxa differed among clusters, with a higher
abundance of Coprococcus, Prevotella, and Eggerthella in cluster 2 compared to cluster 1, a
higher abundance of Oscilospira, Dorea and Eubacterium, and Bacteroides in cluster 3
compared to cluster 1, and a higher abundance of Prevotella, Sutterella and Dorea in cluster 3
compared to cluster 2 (all p<0.001).

Funding: Tufts University CTSI NIH Clinical and Translational Science Award
(UL1TRO002544), the US Department of Agriculture (cooperative agreement), the Arthritis
Foundation, the National Center for Advancing Translational Sciences (NCATS)
(UL1TR002489), and the National Institute of Arthritis and Musculoskeletal and Skin Diseases
(P30AR072580). The Johnston County Osteoarthritis Project is funded in part by the Centers for
Disease Control and Prevention (UO1 DP006266). The UNC Microbiome Core is supported in
part by the National Institute of Diabetes and Digestive and Kidney Diseases (P30 DK 034987
and P30 DK056350) and the Office of the Director, NIH (P40 OD010995).

Presented at Nutrition 2023 (ASN), Boston, MA
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7.2 Alternating the Gut Microbiome through Oral Broad-Spectrum Antibiotics Influenced
Colon and Liver Long-Chain Menaquinones in Mice

Minying Liu !, Christopher J. Hernandez 2, Chongshan Liu >3, Erika L. Cyphert >3, Jennifer Lee
I, Sarah L. Booth !, Xueyan Fu!, M. Kyla Shea !

! Human Nutrition Research Center on Aging, Tufts University, Boston, MA

2 Bioengineering and Therapeutic Sciences, University of California, San Francisco, CA

3 Sibley School of Mechanical and Aerospace Engineering, Cornell University, Ithaca, NY

Objective: Long-chain menaquinones (LCMKSs) are vitamin K forms produced by gut bacteria.
In young male mice, antibiotic treatment altered LCMK concentrations in cecum and liver.
However, the influence of antibiotic treatment on LCMK tissue concentrations in older mice in
female is unknown. We sought to determine the response of tissue LCMK concentrations in
older male and female mice to oral antibiotic-induced alterations in the gut microbiome.

Method: Four-week-old male and female C57BL/6 mice (n=45/sex, 15/group) were treated with
broad-spectrum antibiotics (ampicillin and neomycin) in drinking water from 19-22 months
(AND), or 4-22 months (ADD), or not at all. Tissue LCMKs (for the purpose of this study,
MK9-12) were quantified by LC-MS and HPLC and were compared by sex and treatment groups
using 2-factor ANOVA.

Results: Among the tissues analyzed (liver, kidney, jejunum, and colon), LCMKs were detected
in liver and colon. Male mice treated with antibiotics in either ADD or AND had higher colon
MKO9-12 concentrations (all P values <0.01). MK 10 was the only LCMK identified in liver, and
its concentration was lower in female mice that received oral antibiotics (P=0.003). LCMK
concentrations in colon and liver did not differ by dosing duration regimens in either males or
females (all P values >0.14). Moreover, female mice exhibited higher liver MK 10 concentrations
than male mice across treatment groups (P<0.001). No sex differences were observed in colon
LCMK content (all P values >0.33).

Conclusion: Manipulation of the intestinal microbiome through oral antibiotic treatment
influenced LCMK content in liver and colon regardless of dosing duration. This study expands
our understanding of the contribution of bacterially produced LCMKs to tissue vitamin K
concentrations. Future studies are needed to explore potential mechanisms for the transportation
of LCMKs from colon to peripheral tissue.

Funding: NIA RO1AG067997 and the USDA Agricultural Research Service Cooperative
Agreement No. 58-1950-7-707

Presented at Nutrition 2024 (ASN), Chicago, IL
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7.3 Dietary Menaquinone-9 Supplementation Does Not Influence Bone Tissue Quality or
Bone Mineral Density in Mice

Minying Liu', Chongshan Liu??, Nicolas Cevallos?, Tristan Silfverskiold!, Benjamin N Orbach!,
Christopher J Hernandez?, Xueyan Fu', Jennifer Lee', Sarah L Booth!, M Kyla Shea'

! Human Nutrition Research Center on Aging, Tufts University, Boston, MA

2 Orthopaedic Surgery, University of California, San Francisco, CA

3 Sibley School of Mechanical and Aerospace Engineering, Cornell University, Ithaca, NY

Objective: Vitamin K has been implicated in skeletal health because vitamin K-dependent
proteins are present in bone. While there are multiple forms of vitamin K, most research has
focused on phylloquinone, which is found mainly in plant-based foods, and menaquinone-4
(MK4), which is a metabolite of phylloquinone. However, there are additional forms of vitamin
K that are bacterially produced that may influence bone health but have not yet been studied
extensively. Herein, we evaluated the effects of menaquinone-9 (MK9), a bacterially produced
form of vitamin K on bone tissue quality and bone mineral density (BMD) in young mice.

Method: Four-week-old male (n=32) and female (n=32) C57BL/6 mice were supplemented with
0.06 mg/kg diet or 2.1 mg/kg diet of MK9 for 12 weeks. During week 11, a sub-group of mice
(n=7/sex/group) received daily deuterium-labeled MK to trace its metabolic fate in bone.
Skeletal outcomes, including bone geometry, tissue quality, and total body BMD were assessed.
Liver and bone vitamin K concentrations were quantified using mass spectrometry. Difference in
outcome measures between groups within sex were analyzed using an independent t-test.

Results: Liver MK4 and MK9 concentrations were significantly higher in mice fed 2.1 mg
MKO9/kg diet compared to those receiving 0.06 mg MK9/kg diet, regardless of sex (all p <
0.017). MK4 was the only vitamin K form detected in bone, with 63-67% of skeletal MK4 in
mice fed 2.1 mg MK9/kg diet derived from deuterium-labeled MK9. Femoral tissue strength,
maximum bending moment, section modulus, and BMD did not differ significantly between diet
groups in either sex (all p>0.083). Cross-sectional area (p=0.003) and moment of inertia
(p=0.001) were lower in female mice receiving 2.1 mg MK9/kg diet compared to those receiving
0.06 mg MK9/kg diet, but no differences were found in male mice.

Conclusion: Despite dietary MK9 being a dietary precursor to MK4 in bone, dietary MK9
supplementation did not affect bone tissue quality or bone mineral density.
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