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Abstract

Objectives: To investigate the association between dietary fiber density (grams of fiber 

consumed per 100 kcal) with the gut-muscle axis in older adult men.

Design: Cross-sectional study.

Setting: Osteoporotic Fractures in Men (MrOS) cohort participants at Visit 4 (2014–16).

Participants: Older adult men (average age, 85y) from the MrOS study.

Measurements: Men who were in the highest tertiles for dietary fiber density and the 

percentage of whole body lean mass were defined as T3T3 (n=42), whereas men who were in the 

lowest and intermediate tertiles for these variables were defined as T1T1 (n=32), T1T3 (n=24), 

and T3T1 (n=13), respectively. Additionally, measures of physical function, including the short 

physical performance battery (SPPB) score and grip strength were higher in T3T3 when compared 

with T1T1. Gut bacterial abundance was quantified with use of 16S v4 rRNA sequencing, and the 

bacterial functional potential was derived from the 16S data with PICRUSt. Chao1, ACE, 

Shannon, Simpson, and Fisher indices were used as measures of α-diversity. Weighted and 

unweighted Unifrac, and Bray-Curtis were used as measures of β-diversity. Age, physical activity 

score, smoking, and number of medications-adjusted DESeq2 models were used to identify 

bacteria and functions that were different when comparing T3T3 with T1T1, but that were not also 

different when comparing T3T3 with T1T3 or T3T1.
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Results: α-diversity was not different, but significant differences for β-diversity (unweighted 

UniFrac, Bray-Curtis) were identified when comparing T3T3 with T1T1. Known butyrate-

producing bacteria, including Ruminococcus, Lachnospira, and Clostridia, and gene counts for 

butyrate production (KEGG IDs: K01034, K01035) were higher in T3T3, when compared with 

T1T1.

Conclusion: These data suggest that a high-fiber diet may positively impact butyrate-producing 

genera and gene counts, which collectively may be involved in mechanisms related to the 

percentage of whole body lean mass and physical functioning in older adult men. Future studies 

aimed at testing the causative role of this hypothesis are of interest.
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Introduction

A role for the gut microbiome on the maintenance of whole body lean mass, skeletal muscle 

mass, and physical function (defined as the gut-muscle axis) has been proposed by several 

independent research groups (1–5). In support of this, muscle mass and physical function are 

reduced in germ-free and in antibiotic treated mice (6–10). In humans, higher levels of 

Prevotellaceae were found in young elite athletes who had a high percentage of whole body 

lean mass (%WBLM), when compared with age- and sex-matched controls (11). Similarly, 

Prevotellaceae were elevated in older adults who had a high %WBLM and good physical 

function, when compared with older adults who had lower values for these variables (12). 

Although these studies suggest a role for the gut microbiome on the maintenance of lean 

mass, skeletal muscle mass, and physical functioning, the involved mechanisms are less 

clear.

One gut microbiome-related pathway that affects the gut-muscle axis involves the short 

chain fatty acids (SCFAs), acetate, propionate, and butyrate. SCFAs are produced via fiber 

fermentation by colonic bacteria, and increasing dietary fiber intake results in proportional 

increases in fecal levels of acetate, propionate, and butyrate (13). SCFAs positively affect the 

gut-muscle axis. Muscle mass and physical function are increased in young germ-free mice 

fed a combination of acetate, propionate, and butyrate (7), and %WBLM and the muscle 

mass/body weight ratio are increased in response to dietary butyrate supplementation in aged 

mice (14). In young adult humans, fecal SCFAs increased in association with exercise 

training-induced improvements for %WBLM and endurance exercise capacity (15), and 

cross-sectionally, fecal levels of SCFAs were increased in the elite athletes of Clarke et al 

(11), who had higher levels of WBLM when compared with controls.

In older adults, a role for dietary fiber on the gut-muscle axis is supported based on the 

findings that a low dietary fiber density (< 0.5g of dietary fiber per 100 kcal) is associated 

with an increased risk for future functional limitation when compared with higher fiber 

density intakes (> 0.84g/100 kcal) (16), and dietary fiber intake is positively associated with 

muscle strength (17) and physical functioning (18). More directly, grip strength was 
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increased in older adults in response to 13-weeks of dietary supplementation with the 

fermentable fiber, inulin (19).

However, despite fiber’s effect on bacterial SCFA production and its association with better 

physical function, what is notably absent from these studies in older adults is identification 

of the associated alterations in gut microbiome composition and SCFA-related functions. 

Accordingly, in the present study we hypothesized that SCFA-producing bacteria and gene 

counts would be higher in older adult men from the MrOS study who had a high dietary 

fiber density, a higher proportion of WBLM, and better physical function, when compared 

with men who had lower values for these variables.

Methods

Subject data

Data were obtained from the Osteoporotic Fractures in Men (MrOS) study (20), which 

enrolled 5,994 community-dwelling, older adult (> 65y) men from 2000–2002. Study 

design, recruitment, and eligibility criteria for MrOS have been previously reported (21, 22). 

Subject demographics, including age, body mass index (BMI), number of medications used 

by each participant, smoking status (never, former, or current smokers), and values for 

physical functioning, including the SPPB and grip strength were obtained from study Visit 4, 

which occurred from May 2014 to May 2016 (23). Dietary intakes were estimated using the 

Block 98.2 MrOS food frequency questionnaire (FFQ) (NutritionQuest, Berkeley, CA) (24), 

self-reported physical activity was assessed with the Physical Activity Scale for the Elderly 

(PASE) (25), and body composition (lean and fat mass, bone mineral content [BMC]) was 

measured by dual-energy x-ray absorptiometry (DXA) (26). Whole body lean and fat mass 

and BMC were divided by body weight and multiplied by 100 to yield %WBLM, whole 

body fat mass (%WBFM), and %BMC. Statistical significance was calculated in R with use 

of the Welch two sample t-test, with the exception for the comparison between never with 

former smokers, which was compared using the Pearson chi-squared test.

Microbiome data processing

Stool samples were obtained from 599 men during MrOS study Visit 4, which were sent for 

microbiome analysis to the Alkek Center for Metagenomics and Microbiome Research at 

Baylor College of Medicine (Houston, TX). Stool sample collection and 16S rRNA 

sequencing for these subjects was previously described (27, 28). Briefly, genomic bacterial 

DNA was extracted from fecal samples, and the 16S v4 rDNA hypervariable region was 

amplified using the MiSeq platform. Read pairs were demultiplexed, and overlapping reads 

were merged using USEARCH v9.0.2132. The 599 samples were then run through the 

standard UPARSE 16S sequence workflow with 99% clustering and a minimum cluster size 

of 2 to create operational taxonomic units (OTU). The dataset was additionally filtered for 

rare taxa by removing OTUs that were not present in at least 20% of the samples, thereby 

resulting in the identification of 495 OTUs. Greengenes 16S rRNA Gene Database version 

13.8 (greengenes.lbl.gov) was used for taxonomy prediction. The 495 OTUs classified to 10 

phyla, 19 classes, 24 orders, 39 families, and 58 genera.
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92 subjects were removed from further analysis, including: 62 subjects who used antibiotics 

or probiotics within the 1-month period that preceded stool collection, 8 current smokers, 

and 9 and 13 participants who did not have values for lean mass and dietary fiber intake, 

respectively.

Filtering based on reported vs. estimated energy intake

Accurate dietary reporting is important for minimizing the identification of spurious 

associations for studies that compare associations between diet with the gut microbiome. For 

example, subjects that self-reported consuming < 800 or > 5000 kcal were excluded from 

analysis when comparing diet quality with gut microbiome composition (29). These cut-

points are seemingly arbitrary, and to attempt to provide greater accuracy, filtering was 

performed based on comparison of estimated daily energy intake against subjects’ FFQ-

reported intake. Estimated energy intake (EEI) was calculated based on age, physical activity 

(PA) score, weight, and height, where EEI = 662 – (9.53 × age [y]) + PA × (15.91 × weight 

[kg] + 539.6 × height [m])[30]. To determine a reasonable estimation for the PA coefficient, 

we considered Visit 4 data for the average number of steps per day that was recorded with 

the SenseWear® Pro3 Armband (Body Media, Inc., Pittsburgh, PA) (27). Steps/day data was 

available for 446 of the 507 remaining subjects, and the average number steps per day was 

4,604 ± 2978. Less than 5,000 steps per day has been defined as sedentary (31), and 

accordingly, a value of 1 was assigned to the PA coefficient. The EEI was then calculated for 

each participant, and subjects that reported a daily energy intake that was < 33% or > 33% of 

their EEI were removed from further analysis. Based on this criterion, data for 251 subjects 

were removed, with remaining data for 256 subjects.

Delineation of the dietary fiber density-percentage of whole body lean mass groups

To account for the possibility that subjects that reported a high dietary fiber intake may also 

have a relatively high energy intake, dietary fiber was divided by total kcal, then multiplied 

by 100/100, to obtain dietary fiber density (g fiber/100 kcal). Subjects who were in the 

highest tertile for dietary fiber density and in the highest tertile for the percentage of 

%WBLM were identified as T3T3 (n=42). Subjects who were in the lowest tertiles for these 

variables were classified as T1T1 (n=32). Subjects who were in the highest tertile for dietary 

fiber density but in the lowest tertile for %WBLM were classified as T3T1 (n=13), and as 

T1T3 for subjects that were in the lowest tertile for dietary fiber density but in the highest 

tertile for %WBLM (n=24). A summary of this approach, starting from the 599 older adult 

men that provided stool samples is shown in Figure 1.

α- and β-diversity measures

α-diversity indices (abundance-coverage estimator (ACE), Chao1, Fisher, Shannon, 

Simpson) were calculated for each sample based on unfiltered OTU counts. The ACE, 

Chao1, and Fisher indices were used to evaluate between-group differences in richness, 

whereas the Simpson and Shannon indices were used as measures of evenness. Differences 

for α-diversity were evaluated for all 4 groups (T3T3, T1T1, T1T3, T3T1) with use of 

Kruskal-Wallis testing, and in 2-group pairings (T3T3 vs. T1T1, T3T3 vs. T1T3, T3T3 vs. 

T3T1) with the Tukey-Kramer-Nemenyi all-pairs test, which includes the Tukey-distance 

approximation. To evaluate β-diversity, binary (unweighted UniFrac) and abundance-based 
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(Bray-Curtis, weighted UniFrac) measures were used in conjunction with principal 

coordinates analysis with the phyloseq v 1.28 R package (32). Between-group differences 

for β-diversity were evaluated using analysis of similarities (ANOSIM)[33]. Statistical 

significance for α- and β-diversity was considered at a level of 0.05.

Taxonomic differential abundance and functional potential analysis

Differential abundance analysis for T3T3 vs. T1T1, T3T3 vs. T1T3, and T3T3 vs. T3T1 was 

implemented using the DESeq2 v 1.24 R package (34). The DESeq function uses the count 

data to fit negative binomial generalized linear models and incorporates shrinkage of 

dispersion estimates and independent filtering for weakly differentially abundant taxa. 

Models were fitted on complete case data using geometric means as a variance stabilizing 

transformation and statistical tests to compare fiber density and lean mass groups using 

Wald tests. Age, PASE score, smoking (former or never), and number of medications were 

included in the model as categorical covariates. The gut bacterial functional potential in 

older adults was derived from OTU tables with use of PICRUSt (35), as contained within 

Microbiomeanalyst.ca (36). Between-group differences (T3T3 vs. T1T1, T3T3 vs. T1T3, 

and T3T3 vs. T3T1) for KEGG IDs were determined with use of DESeq2 with the same 

approach that was used for the taxonomic abundance data.

Statistical significance for between-group differences in taxonomy and functions was 

determined using alpha ≤ 0.05 and the false discovery rate (FDR) using q ≤ 0.30. A FDR of 

0.30 indicates that discoveries are likely to be true 7 out of 10 times, which has been 

suggested to be reasonable in the setting of exploratory analysis (37). Taxa (or functions) 

that were significantly different when comparing T3T3 with T1T1 and that were not 

different when comparing T3T3 with T1T3 or T3T1 were considered as bacteria (or 

functions) that differentiated older men that had higher values for dietary fiber density and 

%WBLM from older men that had lower values for these variables.

Results

Subject characteristics when comparing T3T3 with T1T1 are shown in Table 1. The two 

groups were not significantly different in terms of age, number of medications used, and the 

percentage of former smokers. BMI was significantly lower in T3T3, which had a more 

favorable body composition, including higher values for %WBLM and %BMC, and a lower 

%WBFM, when compared with T1T1. T3T3 were more physically active, as indicated by a 

higher PASE score, and had better physical function, including higher values for the SPPB 

and grip strength. In terms of dietary factors, although T3T3 consumed less energy, they 

consumed more dietary fiber, thereby resulting in a higher dietary fiber density. Subject 

characteristic comparisons for T3T3 with T1T3, and T3T3 with T3T1 are shown in 

Supplementary Tables 1 and 2, respectively.

Diversity, taxonomy, and functions

None of the five measures of α-diversity were significantly different when comparing all 

four groups, or in two-group comparisons for T3T3 with T1T1, T1T3, or T3T1 

(Supplementary Figure 1). In terms of β-diversity, group separation was observed when 
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comparing T3T3 with T1T1 with unweighted UniFrac (ANOSIM R=0.09, p=0.006), and 

Bray-Curtis (ANOSIM R=0.05, p=0.05; Figure 2), whereas weighted UniFrac was close to 

statistical significance (p=0.10; Supplementary Figure 2).

Significant differences for group separation were not identified when all 4 groups were 

compared with unweighted or weighted UniFrac, or with Bray-Curtis, or in two-group 

comparisons for T3T3 with T1T3 or T3T1 (Supplementary Figure 2).

Seventy-nine OTUs were significantly different when comparing T3T3 with T1T1, and also 

were not different when comparing T3T3 with T1T3 or T3T1 (data not shown). Bacteria at 

the phyla, class, order, family, and genus taxonomic levels that were significantly different in 

terms of percent relative abundance when comparing T3T3 with T1T1, and that were not 

different when comparing T3T3 with T1T3 or T3T1 are shown in Table 2. Bacteria that were 

more abundant in T3T3 when compared with T1T1 include phyla-level Tenericutes and 

Lentisphaerae, class-level RF3 and [Lentisphaeria], order-level ML615J-28 and 

Victivallales, family-level Victivallaceae, Synergistaceae, and Dehalobacteriaceae, and 

genus-level Lachnobacterium, Clostridium, SMB53, Ruminococcus, Odoribacter, and 
Lachnospira. Bacteria that were lower in T3T3 when compared with T1T1 include class-

level Betaproteobacteria, order-level Burkholderiales and Turicibacterales, family-level 

Porphyromonadaceae, Streptococcaceae, and Alcaligenaceae, and genus-level Coprobacillus 
and Parabacteroides. Genus-level relative abundance for each of the four groups is visually 

represented in Figure 3.

Percent relative abundance (± SD) for bacteria that are significantly different at each 

taxonomic level when comparing T3T3 with T1T1, but that are not different when 

comparing T3T3 with T1T3 or T3T1 are shown in order of significance with log 2-fold 

change (Log2FC) ± standard error (SE) values.

Bacteria that were significantly different when comparing their percent relative abundance in 

T3T3 with T1T1 but that also were different when comparing T3T3 with T1T3 or T3T1 are 

shown in Supplementary Tables 3 and 4, respectively.

Ninety-one KEGG IDs (functions) were significantly different when comparing T3T3 with 

T1T1, and were not different when comparing T3T3 with T1T3 or T3T1. Twelve functions 

related to SCFA production are shown in Table 3, with the remaining 79 functions shown in 

Supplementary Table 5. Butyrate and acetoacetyl-CoA, and acetyl-CoA producing genes 

(K01034 and K01035, K00171, respectively), and K03563, which positively regulates 

acetyl-CoA synthesis[38] were higher in T3T3 when compared with T1T1. Conversely, 3 

genes in the (methyl)-malonate semialdehyde pathway for acetyl-CoA or propionyl-CoA 

production (K03336, K03337, K00140), and 2 genes involved in acetyl-CoA production 

(K004019, K00132) were higher in T1T1, when compared with T3T3. Additionally, 3 genes 

for glucoside hydrolases (K04844, K05989, K07406) were higher in T1T1, when compared 

with T3T3.
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Discussion

The primary goals of the present study were to compare gut microbiome composition and 

SCFA-related functions in older men from the MrOS study who differed in terms of dietary 

fiber density and %WBLM. Additionally, men who were in the highest tertiles for fiber 

density and %WBLM had better physical function than men who were in the lowest tertiles 

for fiber density and %WBLM. Significant differences for β-diversity were identified for 

men that were in the highest tertiles of dietary fiber density and %WBLM, when compared 

with men that had lower values for these variables. More specifically, butyrate-producing 

bacteria, including Ruminococcus, Lachnospira, and Clostridia, and genes related to butyrate 

and SCFA production were higher in T3T3 when compared with T1T1. Collectively, these 

data suggest candidate butyrate-producing bacterial genera and fecal bacterial butyrate 

production as a potential mechanism that may link dietary fiber intake with higher levels of 

%WBLM and physical function in older adult men.

In support of our findings, muscle mass and physical function are higher in mice fed a high-

fiber diet in conjunction with increased intestinal levels of Ruminococcus (10). Higher levels 

of Ruminococcus and butyrate-producing genes, and lower levels of Porphyromonadaceae 
and Parabacteroides were identified in less frail older adult humans that had a larger calf 

circumference (as an indirect measure of muscle mass) and a higher dietary fiber intake, 

when compared with more frail older adults (39). Parabacteroides are positively associated 

with fat mass in rats (40), a potentially relevant finding because Parabacteroides were 

increased in T1T1, a group that had a higher %WBFM than T3T3. Investigating further, 

Ruminococcus and Lachnospiraceae (the bacterial family corresponding to genus-level 

Lachnospira) are increased, and Parabacteroides are decreased in response to dietary fiber 

supplementation in overweight humans (41). Collectively, these data suggest that 

Ruminococcus, Lachnospiraceae, Porphyromonadaceae, and Parabacteroides may be fiber-

responsive bacterial taxa that are involved in mechanisms related to the maintenance of body 

composition and physical function.

Ruminococcus, Lachnospira, and Clostridium contain butyrate-producing genes (42), a 

finding that may explain the higher levels of butyrate-producing genes (K01034, K01035; 

BCoAT) in T3T3, when compared with T1T1. Moreover, although we did not directly 

quantify fecal SCFAs, BCoAT is positively associated with fecal levels of butyrate (15), 

evidence that suggests higher fecal butyrate production in T3T3. Similarly, Lachnospira are 

increased in association with exercise training-induced improvements in %WBLM, and with 

a corresponding increase for fecal levels of butyrate (15). Beyond butyrate production, three 

functions for glycoside hydrolases (K07406, K05989, K04844) were lower in T3T3 when 

compared with T1T1, a finding that suggests higher fecal SCFAs in T3T3. Glycoside 

hydrolase inhibition allows more sugars to be available for colonic bacterial fermentation to 

SCFAs, as evidenced by the increase in fecal SCFAs in response to supplementation with 

acarbose (43), which inhibits intestinal glucoside hydrolases (44). However, in disagreement 

with this hypothesis, although two KEGG IDs (K00171, K03563) involved with acetyl-CoA 

production were higher in T3T3, alternatively, two genes involved in the conversion of 

ethanolamine to acetyl-CoA (K04019, K00132), and three of the five genes involved in the 

conversion of D-2,3-Diketo-4-deoxy-epi-inositol into acetyl-CoA (or propionyl-CoA) were 
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higher T1T1, evidence that raises doubt about higher levels of acetate or propionate in older 

adult men who had higher values for fiber density, %WBLM, and physical functioning.

Genes other than those involved in SCFA production that may have a role in the diet-gut-

muscle axis include K00274 and K13479, which were higher in T1T1 when compared with 

T3T3. K00274 encodes monoamine oxidase, which can produce methylglyoxal from 

aminoacetone. Methylglyoxal impairs muscle development. Exposure to methylglyoxal 

reduces myotube formation and induces myotube atrophy in C2C12 muscle cells (45, 46). 

K13479 encodes xanthine dehydrogenase, which converts xanthine into uric acid. Elevated 

serum levels of uric acid are associated with reduced muscle mass and physical function in 

older adults (47, 48). However, whether circulating levels of methylgloxal or uric acid were 

increased in T1T1 when compared with T3T3 was not evaluated in the present study. 

Separately, 7 genes (K00068, K02773, K02774, K02775, K02783, K02821, K07816) 

involved in the production of sugar phosphates were higher in T3T3 when compared with 

T1T1, but their role in the diet-gut-muscle axis is unknown.

Our study had several limitations. First, women were not enrolled into the MrOS study, and 

approximately 90% of MrOs participants were white-whether our findings will be similarly 

identified in older adult women, or are generalizable to other ethnicities is unknown. 

Second, microbiome data were obtained and analyzed for one time point-beyond 

identification of associations between the gut microbiome with outcome variables at one 

study visit, repeated measurements over time test the reproducibility of these associations 

(49). Accordingly, longitudinal studies may be an important strategy to further elucidate the 

role of dietary fiber on the gut-muscle axis. Third, although data for 74 subjects were 

included when comparing T3T3 with T1T1, smaller group sizes for T3T1 (n=13) and T1T3 

(n=24) may limit the strength of our findings. Validation of our findings in a larger cohort 

are of interest. Fourth, use of 16S rDNA to obtain gene counts is a measure of the maximal 

bacterial functional potential, but may not represent actively expressing genes. Moreover, 

there is significant overlap for many of the genes (i.e., acetyl CoA, propionyl CoA 

production) that are derived from the 16S rDNA data, which can make it difficult to predict 

if a given metabolite is up- or down-regulated. Fifth, the present study was association-

based, and causation cannot be determined. Collectively, based on these data, future studies 

aimed at testing the effect of a high-fiber dietary intervention on the gut-muscle axis in older 

adults, including direct quantification of fecal SCFAs, are of interest.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Analytic sample flow diagram
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Figure 2. 
β-diversity measures when comparing T3T3 with T1T1.
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Figure 3. 
Genus-level relative abundance for T1T1, T1T3, T3T1, T3T3.
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