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Abstract

Background & Aims—There is a considerable degree of variation in bone mineral density
(BMD) within populations. Use of plasma metabolomics may provide insight into established and
novel determinants of BMD variance, such as nutrition and gut microbiome composition, to
inform future prevention and treatment strategies for loss of BMD. Using high-resolution
metabolomics (HRM), we examined low-molecular weight plasma metabolites and nutrition-
related metabolic pathways associated with BMD.
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Methods—This cross-sectional study included 179 adults (mean age 49.5 + 10.3 yr, 64%
female). Fasting plasma was analyzed using ultra-high-resolution mass spectrometry with liquid
chromatography. Whole body and spine BMD were assessed by dual energy x-ray absorptiometry
and expressed as BMD (g/cm?) or Z-scores. Multiple linear regression, pathway enrichment, and
module analyses were used to determine key plasma metabolic features associated with bone
density.

Results—Of 10,210 total detected metabolic features, whole body BMD Z-score was associated
with 710 metabolites, which were significantly enriched in seven metabolic pathways, including
linoleic acid, fatty acid activation and biosynthesis, and glycerophospholipid metabolism. Spine
BMD was associated with 970 metabolites, significantly enriched in pro-inflammatory pathways
involved in prostaglandin formation and linoleic acid metabolism. In module analyses, tryptophan-
and polyamine-derived metabolites formed a network that was significantly associated with spine
BMD, supporting a link with the gut microbiome.

Conclusions—Plasma HRM provides comprehensive information relevant to nutrition and
components of the microbiome that influence bone health. This data supports pro-inflammatory
fatty acids and the gut microbiome as novel regulators of postnatal bone remodeling.
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INTRODUCTION

Numerous factors contribute to postnatal skeletal remodeling, peak bone mineral density
(BMD), and age-related skeletal involution. These include non-modifiable influences such as
sex, age, genetics, and ethnicity, as well as modifiable factors such as dietary intake,

physical activity, tobacco use, and hormonal status (1). As lifestyle behaviors determine an
estimated 20-40% of peak bone mass (2), strategies to optimize post-natal skeletal
development or prevent metabolic bone diseases often focus on understanding these
influences to identify interventions that can maximize accrual of bone mass in children and
young adults or minimize bone loss throughout aging.

Adequate nutrient intake plays an integral role in optimizing bone health. Knowledge of the
relationships between bone metabolism and diet has expanded beyond classical nutrients
such as vitamin D and calcium to include additional critical minerals, vitamins, bioactive
compounds, and macronutrient intake (1). More recently, investigators have examined
dietary patterns, rather than single nutrients, and linked more healthful dietary patterns to
improved measures of bone health (3).

Dietary intake, including fiber and other compounds, also influences the composition and
diversity of the gut microbiome (4-6). The intestinal microbiome is a diverse environment
that hosts trillions of microorganisms, which interact with metabolism and digestion and
impact the host’s immune system (7). It is now clear that a significant number of plasma
metabolites are products of gut microbiome metabolism (8). Emerging research suggests that
microbiome-derived metabolites may have effects beyond the gastrointestinal tract such as
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regulating bone formation and resorption, though few studies have investigated this
relationship in humans (4, 9-11).

While adequate intake of nutrients in the diet is needed for optimal bone mass accrual and
health, rigorous data on these relationships are conflicting (2). It is therefore necessary to
increase our understanding of interactions between endogenous nutrition-related metabolism
and bone health to inform new approaches. High-resolution metabolomics (HRM) is a novel
and rapidly developing tool that enables complex biosystems research by integrating
metabolic pathways with environmental determinants and health outcomes (12). HRM
assessment provides a global, unbiased measure of metabolism by profiling thousands of
low molecular weight chemicals that are derived from food and beverage consumption, the
gut microbiome, drugs, environmental chemicals, and biological compounds (12). Thus,
utilizing HRM as a state-of-the-art tool can provide innovative understanding of the
interactions between diet and the gut microbiome with bone metabolism. Given the limited
knowledge about these relationships, we utilized HRM to interrogate the plasma
metabolome related to bone health, as this novel platform can identify metabolites and
metabolic pathways derived from both macronutrient metabolism and the gut microbiome.

2. MATERIALS AND METHODS
2.1. Participants and Study Design

This study population included 179 adults (mean age 49.5 + 10.3 yr., 64% female) from a
metropolitan area cohort. Participants were primarily Emory University or Healthcare
employees enrolled in the Emory-Georgia Tech Center for Health Discovery and Well-Being
Cohort in whom baseline plasma HRM was measured. Participants were invited to join the
study and enrolled from 2007-2013 (13). Subjects participated in extensive health
assessments involving clinical laboratories, health and medical history questionnaires, body
composition analysis, and physical tests. A complete description of the study and included
assessment procedures is available (14). Major exclusion criteria included current pregnancy,
new prescription medications within the previous year other than blood pressure or diabetic
medications, history of severe psychosocial disorder, history of substance or alcohol abuse,
acute illness within two weeks of the study visit, or uncontrolled or poorly controlled
autoimmune, cardiovascular, endocrine, gastrointestinal, hematologic, infectious,
inflammatory, musculoskeletal, neurologic, psychiatric or respiratory disease (14). The study
was approved by the Emory University Institutional Review Board, and all participants
provided written informed consent prior to study participation.

2.2. Demographic, Clinical, and Lifestyle Measures

Sex and race were determined by self-report. Current antibiotic, probiotic, supplement, and
medication use were assessed by reviewing self-reported medication logs. Participants were
categorized as having a chronic disease if they reported a current diagnosis of hypertension,
diabetes mellitus, and/or hyperlipidemia, or if they were taking a medication to treat those
conditions at the time of enrollment. Peripheral blood samples were collected following an
overnight fast, and plasma and serum were stored at —80°C until ready for assay analyses.
Serum 25-hydroxyvitamin D [25(OH) D] concentrations were measured commercially
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(Quest Diagnostics Nichols Valencia, Valencia, CA) by liquid chromatography/tandem mass
spectrometry. Tobacco use was collected by self-report. Physical activity was assessed using
the Cross-Cultural Activity Participation Survey (CAPS) (15). Participants were then
categorized into meeting or not meeting the 2007 American College of Sports Medicine/
American Heart Association physical activity and strength guidelines if they reported
completing 30 minutes of moderate aerobic activity five days a week or 20 minutes of
vigorous aerobic activity three times a week and two days a week of strength training,
respectively (16). Alcohol consumption was calculated from Block food frequency
questionnaire data. The daily reported consumption of alcoholic drinks was converted to
grams of ethanol per day and categorized into light (<11 g/day), moderate (11-30 g/day), or
heavy (>30 g/day) alcohol consumption. Dietary intake was estimated using Block food
frequency questionnaires (FFQ) (17, 18). Dietary data that was considered implausible
(<500 or >5,000 kcal/day) were excluded from analysis, and all reported dietary intake data
were adjusted per 1000 kcal consumed.

Each subject underwent a total body composition scan assessed by dual energy x-ray
absorptiometry (DXA, Lunar iDXA densitometer, GE Healthcare, Madison, W1, USA)
using the Lunar reference population. For the assessment, subjects laid in the supine position
with arms at their sides and were instructed to wear clothes that did not contain any metal.
Whole body BMD and spine BMD were expressed in Z-scores or as gm/cm?.,

2.3. High-Resolution Metabolomics (HRM)

Plasma HRM analyses followed a published workflow in the Emory University Clinical
Biomarkers Laboratory (19-22). Briefly, 65 uL of plasma was added to 130 pL acetonitrile
along with a mixture of internal standard stable isotopes (19). All samples were analyzed in
triplicate in batches of 20 samples. Quality control samples were included at the beginning
and end of each batch. Samples were analyzed on a Fourier transform mass spectrometer
(Dionex Ultimate 3000, Q-Exactive HF, Thermo Fisher) with C18 chromatography in
positive electrospray ionization (ESI) mode and 70,000 resolution (19). Data extraction of
raw files was completed using the validated R programs apLCMS (23) and xMSanalyzer
(24) with subsequent batch correction by ComBat (25). Triplicate values for each sample
were averaged, filtered for less than 50% non-missing values, log10 transformed, and mean-
centered. Metabolite annotation was performed by matching accurate mass to charge (/m/2)
ratios of metabolic features to previously confirmed identities (19, 20) (26), which are
equivalent to a Metabolomics Standard Initiative (MSI) level 1 metabolite identification
(27). Additionally, select metabolic features were confirmed using ion dissociation spectra
(MS/MS) that were obtained using a Thermo Scientific Fusion Mass Spectrometer for
MS/MS spectral library matching using the mzCloud database (www.mzcloud.org). When
level 1 metabolite identification was not available, annotation was completed using the R
package xMSannotator (28). xMSannotator provides a confidence score for metabolite
annotation from 0 to 3, with 3 being the highest confidence according to four orthogonal
criteria. Annotations from xMSannotator with a high confidence score (=2) were considered
a level 2 annotation according to MSI. Low confidence xXMSannotator annotations were
considered an MSI level 3 or 4 annotation. Metabolite databases, including Human
Metabolome Database (www.hmdb.ca) and Metlin (metlin.scripps.edu), were searched using
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common adducts for positive mode data and a threshold of 10 ppm. Metabolic features
without matches to common adducts within a 10 ppm window were labeled as “unknown.”

2.4. Statistical Analyses and Bioinformatics

Descriptive statistics were performed for demographic and clinical variables using JMP Pro
(Version 14, SAS Institute Inc, Cary, NC). Continuous variables were summarized as mean
+ standard deviation and categorical variables were summarized as count (percentage).
Bioinformatics analyses for HRM data were performed using R. The metabolome wide
association studies (MWAS) utilized multiple linear regression analyses to determine the
associations of metabolic features (metabolites) with whole body BMD Z-score and spine
BMD, adjusting for age, race, sex, and body mass index (BMI) as a priori covariates. False
discovery rate (FDR) correction was applied using the Benjamini-Hochberg method (q=0.2)
(29). Additional variables considered for confounding were exogenous hormone use
(estrogen or testosterone), antibiotic use, probiotic use, and tobacco smoking but due to very
small proportions of the population using these products, the variables were not included in
analyses. Physical activity and alcohol intake were also considered as confounders but were
not related to the measures of bone density, so were not included in statistical models.
History of diabetes, hypertension, or dyslipidemia were also evaluated for confounding,
however, any statistically significant differences in BMD outcomes between groups with and
without history of disease were mediated by a higher BMI, which was included in the final
models of all analyses. For specific metabolic features of interest, MetabNet (30) was used
to examine networks of significantly associated metabolic features using Spearman
correlations. Pathway and module analyses were performed using mummichog (31).
Mummichog utilizes computational algorithms to provide pathway enrichment and module
analyses of metabolic features without requiring initial chemical identity. The pathway
enrichment and module analyses differ in that pathway enrichment analyses include known
biological pathways, while module analyses are unbiased and build modules of significantly
correlated metabolic features.

3. RESULTS

Demographic, clinical, and lifestyle characteristics of the 179 participants are shown in
Table 1. The average age of participants was 49.5 years. The majority of the cohort was
female and Caucasian. Among the 116 females, 41 (23%) were classified as post-
menopausal. The average BMI was in the overweight range (27.3 = 5.5). Almost one-third
of subjects reported a current diagnosis of diabetes mellitus, hypertension, and/or
hyperlipidemia, or were taking medications to treat glucose intolerance (n=9), hypertension
(n=7) or hyperlipidemia (n=8). Only 4 participants fasting plasma glucose values within the
hyperglycemic range (>125 mg/dL). The majority of the cohort (89%) had adequate levels
of serum 25(0OH)D. A small proportion of participants reported taking a vitamin D (11%) or
calcium (18%) supplement. Two individuals reported daily use of a probiotic, and two
participants reported use of an antibiotic. Eight participants (4%) reported use of
testosterone, and one participant reported use of estrogen. Eight participants (4%) reported
taking bisphosphonates. Nearly one-half of participants met the moderate or vigorous
physical activity guidelines (42%), while only one-fourth of the participants met the strength
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exercises guideline (23%). A small proportion of the population were current tobacco
smokers (4%). The majority of the cohort reported light alcohol consumption (67%). Whole
body BMD Z-score and spine BMD were positively correlated (r= 0.59, p< 0.001,
Supplemental Figure 1).

Body BMD Z-Score MWAS

A total of 10,210 metabolic features were detected by HRM in plasma samples. Whole body
BMD Z-score was significantly associated with 22 metabolic features at FDR g=0.2,
including metabolites related to linoleic acid (a-linolenoyl ethanoliamide), phenylacetic
acid, and a leukotriene metabolite (Supplementary Table 1). There were 710 metabolites
significantly associated with whole body BMD Z-score at p<0.05, which were utilized as
input for pathway enrichment and module analyses in mummichog (Figure 1A). Pathway
analysis identified seven significantly enriched pathways (all p<0.05), primarily comprised
of fatty acid related-metabolic pathways (Figure 1B). Enriched metabolic pathways
associated with whole body BMD Z-score included linoleic acid metabolism, fatty acid
activation and biosynthesis, glycosphingolipid metabolism, glycerophospholipid
metabolism, saturated fatty acids beta-oxidation, and fatty acid metabolism. Independent of
pathway analyses, module analyses identified a group of fatty acid-related metabolites that
were all significantly, inversely associated with whole body BMD Z-score (p=0.002),
including linoleic acid, gamma-linolenic acid, oleic acid, palmitic acid, and the linoleic acid
oxylipins hydroperoxy-octadecadienoic acid (HPODE), hydroxyoctadecadienoic acid
(HODE), and epoxyoctadecenoic acid (EpOME) (Figure 1C). Linoleic acid, HPODE, and
HODE/EpOME metabolites were all confirmed using MS/MS methods and are considered a
level 1 identification. The inverse relationships between linoleic acid, HPODE, and HODE/
EpOME with whole body BMD Z-score are shown in Figure 2 (p<0.05 for all).

3.2. Spine BMD MWAS

Spine BMD was significantly associated with nine metabolites at q=0.2 (Supplemental Table
1) and 970 metabolites at p<0.05. All metabolites significant at a raw p-value were used as
input for pathway enrichment analysis (Figure 3A). Three pathways were significantly
enriched (all p<0.05), including prostaglandin formation from arachidonic acid, linoleic acid
metabolism, and glycolysis and gluconeogenesis (Figure 3B). Module analyses grouped
several metabolites related to tryptophan and polyamine metabolism into an overarching
module that was significantly associated with spine BMD (p=0.001) and contained the
microbiome-related metabolites, indoleacetylaldehyde and N-acetylputrescine, which were
positively and inversely correlated with spine BMD, respectively (Figure 3C).

In targeted MetabNet analyses of microbiome-related metabolic features, there were 1,429
metabolic features significantly associated with indoleacetylaldehyde and 1,867 features
significantly associated with N-acetylputrescine at p<0.05. In subsequent mummichog
analyses of the significantly enriched metabolic features, indoleacetylaldehyde was
associated with 17 significantly enriched pathways including branched chain amino acid
metabolism, pathways related to polyamine metabolism involving methionine and cysteine
metabolism and arginine and proline metabolism, butanoate (butyrate) metabolism,
tryptophan metabolism, and energy generating pathways (Table 2). N-acetylputrescine was
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associated with three significantly enriched pathways including bile acid synthesis, arginine
and proline metabolism, and carnitine shuttle (Table 2).

3.3. Dietary Intake

A summary of dietary intake data from all participants is shown in supplemental table 2.
Post-hoc analyses of the relationships between dietary polyunsaturated fatty acid (PUFA)
intake and bone mineral density are shown in Table 3. Reported dietary intake of omega-6
(n-6) fatty acids (predominantly from linoleic acid) was significantly, inversely related to
whole body BMD z-score (-0.14 + 0.06, p=0.02) and trended towards a negative
relationship with spine BMD (-0.01 £ 0.008, p=0.07). Intake of omega-3 (n-3) fatty acids
was not significantly related to BMD, and the ratio of n-6 to n-3 intake was inversely related
to bone, although the relationships did not reach statistical significance.

4. DISCUSSION

Pathways related to fatty acid metabolism, particularly the n-6 fatty acid linoleic acid, were
significantly associated with BMD. The metabolic features associated with adverse bone
health in this study have pro-inflammatory characteristics and may be indicative of increased
inflammation and altered cellular signaling that negatively affects bone remodeling (32).
Metabolites linked to the gut microbiome and related to tryptophan and polyamine
metabolism were also highly associated with BMD. Findings for whole body BMD Z-score
and spine BMD reflected overlapping fatty acid-related metabolism and inflammatory
pathways. The differences found between whole body BMD Z-score and spine BMD may
reflect differences in site-specific bone tissue metabolism.

While previous metabolomics-based studies of bone health have reported associations with
amino acids and assessment of bone health (33-35), our findings implicated plasma lipids as
predominant correlates of BMD. The discrepancies in findings may be related to the
different metabolomics platforms used or populations studied. In our heterogeneous
population, altered metabolism of linoleic acid was associated with whole body BMD Z-
score and spine BMD. Metabolic products of linoleic acid, namely arachidonic acid (ARA),
HODE, and EpOME/HPODE, were inversely associated with bone health. ARA is the
primary precursor of the pro-inflammatory eicosanoid pathway (36—38) and is suggested,
via prostaglandin E2, to induce osteoclast formation and bone resorption in human bone
marrow cultures (39, 40). Linoleic acid-derived oxylipins, including 9-HODE and 13-
HODE, are peroxisome proliferator-activated receptor gamma (PPARY) agonists that
promote mesenchymal stem cell differentiation to adipocytes at the expense of osteoblast
differentiation (41, 42). In agreement with other reports (43, 44), we found alterations of
other membrane lipid pathways, such as glycosphingolipids and glycerophospholipids, that
were adversely linked to BMD. Glycosphingolipids have been shown to have pro-
osteoclastogenic effects in experimental models (45). Thus, our findings support the concept
that pro-inflammatory lipid molecules have adverse effects on bone health that may stem
from increased bone resorption and impaired bone formation.

The relationships of total and individual dietary polyunsaturated fatty acid (PUFA) intake
with bone health is complex (44, 46, 47) and may be influenced by nutrient-nutrient
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interactions, as well as the ratio of n-6 to omega-3 fatty acid (n-3) intake. In this cohort,
higher intake of n-6 fatty acids was inversely related to bone density, particularly whole
body BMD Z-score. As an essential fatty acid, adequate amounts of dietary linoleic acid are
necessary for normal health and functioning, but excessive intake, which is typical in
Western-style diets, may be deleterious for bone health (1, 38). These negative effects
largely stem from n-6 fatty acid promotion of inflammation and oxidative stress and
suppression of the predominantly anti-inflammatory effects of n-3 PUFAs and related
metabolites (48). A high dietary intake of n-6 linoleic acid is reflected by higher amounts of
pro-inflammatory n-6 derived oxylipins (36), which were observed in this cohort. Recently,
consumption of an omega-3 fatty acid supplement with eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) was shown to increase n-3 derived oxylipins and suppress the
effects of n-6 oxylipins (49). Additional experimental and clinical trials are required to
determine if higher intakes of n-3 fatty acids and/or lower intakes of n-6 fatty acids promote
bone health.

Emerging evidence supports the gut microbiome as a potent modulator of bone metabolism
(4, 11, 50). Cytokines produced by interactions with the gut microbiome may promote the
expression of receptor activated NF-xB ligand (RANKL), TNF-a, IL-17 and other factors,
which stimulate bone resorption (50), while the microbial-derived short chain fatty acid
(SCFA) butyrate stimulates bone formation and bone resorption (4). In our study, several
metabolites linked to the gut microbiome were significantly associated with spine BMD.
Indoleacetylaldehyde was positively associated with spine BMD, and the polyamine N-
acetylputrescine was negatively associated with spine BMD. Both endogenous (e.g.
kyurenines) and bacterial-derived (e.g., indoleacetylaldehyde) tryptophan metabolites
contribute to the maintenance of gut barrier integrity and reduce inflammatory signaling (6,
51). A study of Caucasian women also identified a tryptophan-related metabolite, serum
formylkyurenine, as positively associated with BMD (34). Polyamines are also important for
gut microbiome homeostasis and cellular processes (52). Few studies have investigated the
relationship between polyamines and bone health, although experimental animal studies
have indicated that the polyamines spermine and spermidine prevent bone loss (53), and
excess polyamine catabolism impairs osteoblastogenesis (54). Elevated N-acetylated
polyamines, such as N-acetylputrescine detected in the current study, may be reflective of
increased polyamine catabolism (55). An emerging area of research suggests that probiotic
supplementation may influence gut microbiome activity that favorably impacts biomarkers
relevant to bone health (9, 56). Thus, our findings are in line with the current field of
osteomicrobiology (57). Additional mechanistic and clinical studies are required to fully
elucidate the relationship between the gut microbiome and bone health.

It is possible that the plasma metabolome also reflects energy metabolism of the bone itself.
Bone resorption and formation processes require significant amounts of adenosine
triphosphate (ATP)(58). Glucose metabolism is thought to be the dominant energy
generating pathway for osteoblasts (59). Here, pathways linked to BMD were predominantly
comprised of fatty acid metabolism, although glycolysis and gluconeogenesis were found to
be a significantly enriched pathway related to spine BMD. Metabolism of fatty acids also
produces large amounts of ATP via beta-oxidation, which may be utilized to meet the high-
energy needs of osteoclasts (59). Findings in this study cannot distinguish if plasma
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metabolites are directly related to bone tissue metabolism, however, future metabolomic
investigations of bone turnover markers, as well as osteoblast-derived metabolic hormones
such as osteocalcin, will provide valuable insight into metabolism specific to bone tissue
resorption and formation.

This study provides detailed information on plasma nutrition-related metabolic pathways
associated with bone density. These findings provide insight into possible mechanisms
contributing to insufficient bone accrual or age-related bone loss and potential targets for
therapeutic interventions in a heterogeneous population. Limitations of this study include the
cross-sectional nature, which limits our ability to establish causality in the reported
relationships. The participants were not specifically recruited to assess bone accrual or age-
related bone loss; therefore, prospective studies with well-curated populations specifically
designed and powered to address these questions will be needed. The DXA assessments of
BMD utilized in this study are a composite measure of cortical and trabecular bone;
however, these tissues have unique responses to disease, medications, physical activity, and
hormonal changes, which we were not able to assess. Site-specific measures of bone density
such as lumbar spine and femoral neck, which were not available from the total body
composition DXA scans, may yield different results. As previously published (60), this
cohort reported relatively high income and education levels, which may affect the
generalizability of our findings. Small sample sizes limited our ability to assess the influence
of specific disease states (such as type 2 diabetes and dyslipidemia) or medications on our
findings. Finally, the composition of the gut microbiome was not directly characterized in
this cohort. Future studies should link data from the plasma metabolome with gut
microbiome composition and bone turnover markers in longitudinal studies of disease
specific or at-risk cohorts to increase understanding of these multifaceted relationships.

5. CONCLUSIONS

Novel findings in this adult cohort highlight the pro-inflammatory linoleic acid pathway and
other membrane lipid-related pathways, defined using plasma HRM, as inversely associated
with bone health. This study also demonstrated that plasma HRM allows for profiling of gut
microbiome-related molecules and implicated such circulating metabolites as associated
with BMD in humans. Further investigation is needed to study the interactions between
dietary fats, gut microbiome indices and their associated metabolites, and mechanistic
influence on bone turnover and maintenance of bone health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
A variety of modifiable factors, including diet, influence bone health
Metabolomics is a novel tool to explore factors related to bone health

Plasma linoleic acid and oxidized metabolites were inversely related to bone
density

Gut microbiome-related metabolites were also associated with bone density

Metabolomics is a valuable method for examining regulators of bone
metabolism
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Figure 1.
A) Manhattan plot denoting 1,267 significant metabolic features at p<0.05, and 22 metabolic

features significant at g<0.2. B) Significantly enriched metabolic pathways associated with
whole body BMD Z-score. Significant metabolites over total pathway metabolites are shown
in parentheses. C) Module analysis of the relationship between metabolites significantly,
inversely associated with whole body BMD Z-score. Linoleic acid (C18:2), HPODE, and
HODE/EpOME were all confirmed using MS/MS methods. Abbreviations: HPODE,
hydroperoxy-octadecadienoic acid; HODE, hydroxyoctadecadienoic acid; EpOME,
epoxyoctadecenoic acid.
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Figure 2.
Inverse relationships between linoleic acid (C18:2) and linoleic acid-derived oxylipins with

whole body BMD Z-score (p<0.05 for all), adjusting for age, race, sex, and body mass
index. Metabolite intensity values are x10™4. Abbreviations: HPODE, hydroperoxy-
octadecadienoic acid; HODE, hydroxyoctadecadienoic acid; EpOME, epoxyoctadecenoic

acid.
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Figure 3.
A) Manhattan plot denoting 970 significant metabolic features at p<0.05, and nine metabolic

features significant at g<0.2. B) Significantly enriched metabolic pathways associated with
spine BMD. Significant metabolites over total pathway metabolites detected are shown in
parentheses. C) Module analysis of the relationship between metabolites significantly
associated with spine BMD, where blue metabolites are inversely associated and red
metabolites are positively associated with spine BMD, respectively. All metabolites included
in the module are annotated with an MSI level 1 or 2 confidence.
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Table 1.

Demographic, clinical, and lifestyle characteristics of all participants (h=179)

Demographic characteristics

Age, years 49.5+10.3
Female, n (%) 116 (65)
Post-menopausal, n (%) 41 (23)
Race
White, n (%) 137 (77)
Black, n (%) 34 (19)
Asian, n (%) 8(4)
Clinical characteristics
Body mass index, kg/m? 27.3%55
History of chronic disease, n (%) 49 (27)
History of type 2 diabetes mellitus, n (%)a 33(18)
History of hypertension, n (%)a 14(8)
History of dyslipidemia, n (%)a 35 (20)
25(0H)D. ng/me 34.2+135
25(0OH)D <20 ng/mL, n (%) 20 (11)
Supplements and Medications
Vitamin D supplementation, n (%) 20 (11)
Calcium supplementation, n (%) 33 (18)
Current probiotics use, n (%)C )
Current antibiotics prescription, n (%) 2(1)
Testosterone prescription, n (%) 1(<1)
Estrogen prescription, n (%) 8 (4)
Bisphosphonate prescription, n (%) 8 (4)
Lifestyle Characteristics
Smoking, n (%) 8 (4)
Met MVPA guidelines, n (%) 75 (42)
Met strength guidelines, n (%) 41 (23)
Light alcohol consumption (<11 g/day), n (%) 119 (66)
Moderate alcohol consumption (11-30 g/day), n (%) 46 (26)
Heavy alcohol consumption (>30 g/day), n (%) 14 (8)
Bone density measures
Spine BMD, g/cm 1.1+0.2
Whole Body BMD Z-Score 05+1.2

Data are presented as mean + SD or n (%).
a - . . L R

Includes participants who reported a history of disease or current prescription to treat respective disease state.
b

n=175

cReported daily use of probiotic supplements containing 1 billion colony-forming units (CFU)
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Abbreviations: MVVPA, moderate to vigorous physical activity; 25(OH)D, 25-hydroxyvitamin D; BMD, bone mineral density
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Table 2.

Enriched metabolic pathways associated with microbiome-related metabolic features

Targeted metabolic feature Metabolic pathway Overlap size  Pathway size  p-value
Indoleacetylaldehyde Lysine metabolism 7 22 <0.001
m/z160.0761 Valine, leucine, and isoleucine degradation 7 23 <0.001
TCA cycle 5 13 <0.001

Methionine and cysteine metabolism 8 39 0.001

Carnitine shuttle 6 27 0.001

Arginine and proline metabolism 7 34 0.001

Purine metabolism 7 39 0.003

Aspartate and asparagine metabolism 9 55 0.004

Butanoate metabolism 4 20 0.005

Bile acid biosynthesis 7 42 0.005

Pyrimidine metabolism 6 36 0.006

Urea cycle/amino group metabolism 7 47 0.01

Fatty acid activation 4 24 0.01

Glycine, serine, alanine and threonine metabolism 6 40 0.01

Tryptophan metabolism 7 51 0.02

Pentose phosphate pathway 4 32 0.04

Glycolysis and gluconeogenesis 4 33 0.04

N-Acetylputrescine Bile acid biosynthesis 6 42 0.009

m/z131.1181 Arginine and proline metabolism 5 34 0.01

Carnitine shuttle 4 27 0.02
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Table 3.

Multiple linear regression analyses of dietary intake of omega-6 (n-6) fatty acids, omega-3 (n-3) fatty acids,
and ratio of n-6 to n-3 intake related to bone mineral density

Dietary variable Whole body BMD Z score+SE ~ Spine BMD B = SE
Dietary n-6, 18:2 FA Percent total calories, 0! -0.14 £ 0.06 (0.02) -0.01 +0.008 (0.07)
Dietary n-3, 18:3 FA Percent total calories, 0! -0.35+0.38 (0.37) —0.05 +0.05 (0.32)
Ratio 18:2 FA to 18:3 FA -0.07 £ 0.04 (0.13) -0.006 + 0.006 (0.30)

1 . . . . .
Results are consistent for gm/1000 kcal intake; FA, fatty acids; BMD, bone mineral density
All analyses are adjusted for age, race, sex, and body mass index.

Intake of dietary omega-6, 18:2 fatty acids and omega-3, 18:3 fatty acids includes intake from supplements
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