The composition of the gut microbiome differs among community dwelling older people with good and poor appetite.
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Abstract
[bookmark: _GoBack]Background
Anorexia of ageing is common and important in the development of sarcopenia in older individuals. Links have been proposed between the gut microbiota and sarcopenia. Disordered gut function is also recognised in anorexia of ageing, but how this may relate to resident gut microbiota is unexplored. Understanding this relationship may provide a basis for novel interventions for anorexia of ageing and sarcopenia. This study explores compositional differences of the gut microbiota between community dwelling healthy older adults with good or poor appetite, and associated differences in sarcopenia.
Methods
We assessed appetite by the Simplified Nutritional Appetite Questionnaire (SNAQ) in members of the TwinsUK cohort aged ≥65 years. Using a pool of 776 individuals with existing microbiome data estimated from 16S rRNA sequencing data, we identified 102 cases (SNAQ score <14) (95% female, mean age 68 years) matched to controls (SNAQ >14) on body mass index, gender, age, diet, calorie consumption, frailty, antibiotic use, socioeconomic status and technical variables to minimise confounding microbiota associations. Species abundance and diversity, compositional differences and paired differences in taxa abundance were compared between cases and controls. Additionally, we compared case and controls for sarcopenia as measured by muscle mass (appendicular lean mass/height2) and strength (chair stand time in seconds).
Results
Cases with poor appetite had reduced species richness and diversity of their gut microbiome (adjusted OBSERVED: beta=-0.2, p<0.001; adjusted SHANNON: beta= - 0.17, p=0.0135), significant compositional differences (adjusted NPMANOVA, p = 0.0095), and significant differences in taxa abundance including reduction of genus Lachnospira (logFC = -1.015, q=0.023). In all-female sub-group analysis, cases with poor appetite demonstrated reduction in muscle strength (11.03 seconds vs. 9.26 seconds, p=0.02).
Conclusions
This study is the first to observe differences in the composition of gut microbiota between healthy community dwelling older individuals with good and poor appetite. We found females with reduced muscle strength had poor appetite compared to those with normal strength. These associations require further examination to understand causality and mechanisms of interaction, to inform potential strategies targeting the gut microbiota as a novel intervention for anorexia of ageing and sarcopenia.
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Introduction
Appetite is the collection of sensations that drive consumption of food [1]. Loss of appetite, or anorexia, is a common occurrence in older people, estimated to affect 27% of those aged over 65 years in the community [2], rising to 41% in acute care [3]. This has important consequences, most notably as a major component in development of sarcopenia [4], a progressive skeletal muscle disorder involving the accelerated loss of muscle mass and function [5].
Loss of appetite in older individuals can often be attributed to medical conditions, such as chronic obstructive pulmonary disease, heart or renal failure, and medication including opiates and certain anti-microbials amongst others [1]. However, it is also due to multiple underlying determinants as part of the ageing process in the anorexia of ageing [1, 6]. This includes well-recognised alterations in mechanical and neuroendocrine functioning of the gut [4, 7]. An integral component of gut neuroendocrine activity is the interaction with resident gut microbiota (bacteria, archaea, viruses, and eukaryotic microbes). For example, microbial metabolites including short chain fatty acids (SCFAs), branched chain amino acids and peptidoglycans, are critical to enterocyte function, including interacting with enteroendocrine cells in the gut wall to affect signalling [8-10]. The composition of the gut microbiome is known to change with age and health-status [11]. Notably, alterations in its composition have been associated with frailty, anabolic resistance and skeletal muscle function [12, 13]. For example, a randomised controlled trial of a prebiotic, which modulates the gut microbiota, in older adults, reported improvements in two of Fried’s frailty criteria [14] (exhaustion and grip strength) and a reduction in a frailty index for those given the prebiotic versus those given the placebo [15, 16]. Research has found that frailty is negatively associated with the diversity of the gut microbiota [12, 17]. This has led researchers to propose that composition and diversity of the gut microbiome may be considered a biomarker and possible influencer of healthy ageing [18].
Despite a shared association with major health burdens in the older population, including sarcopenia, the relationship between the gut microbiome and appetite loss in older people is currently unexplored. The primary objective of this study was therefore to explore if there was a difference in the composition of the gut microbiota between community dwelling people aged 65 years and older reporting good or poor appetite. We used a case-control matching strategy with known microbiota correlates to reduce variance due to confounding and technical factors. Secondarily, in a sub-group of cases and controls we explored differences in muscle mass and muscle strength as markers of sarcopenia between the two groups.
Methods
Study sample
Participants were members of the TwinsUK , the UK’s largest research cohort of adult twins [19]. The cohort was started in 1992 and now incorporates approximately 14,000 community dwelling twins, who are predominantly female (82%).
Data collection
Appetite 
Appetite was assessed using the simplified Nutritional Appetite Questionnaire (SNAQ) [20], distributed in an online format. This is a simple questionnaire comprising 4 Likert scale items covering appetite and intake, which has been validated for use in community dwelling older people [20]. The online questionnaire was open to responses from 5th March to 30th April 2019 and sent to 2183 members of the Twins UK cohort aged 65 years and older.
Microbiota collection and analysis
Microbiome data for members of the cohort had been collected and sequenced prior to the online questionnaire on a rolling basis between 2010 and 2015 (with most samples collected between 2013 and 2015). Microbiome composition was assessed using 16S rRNA gene metabarcoding. The 16S rRNA gene is a highly conserved region of the bacterial genome, which contains several hyper-variable regions that allow for broad differentiation between microbial species; we sequenced the V4 region. Processing and sequencing of the samples used in this study has been described previously [21]. Briefly, participants collected samples at home and stored them in sealed ice packs until either providing them at a clinical visit or posting them with 24 hour delivery. Samples were homogenised, aliquoted and frozen at -80 °C upon receipt. An aliquot of ~100mg was shipped to Cornell University for DNA extraction, PCR amplification and sequencing using the pipeline described in Goodrich et al 2011. Amplicons were sequenced using 250bp paired-end sequences on the Illumina MiSeq platform. 
Amplicon sequences were processed into amplicon sequence variance (ASVs) using the DADA2 pipeline [22], following demultiplexing in Qiime [23]. Forward and reverse read files were generated, quality trimming and error estimation for each sample, and then the ASV algorithm applied, after which the forward and reverse ASVs were joined. This process was run separately for each sequencing run. Next, datasets were merged, and sequences collapsed, chimeras removed, with taxonomic information assigned using the SILVA 1.3.2 database and phylogenetic tree generated using the phangorn package [24, 25]. ASVs can be considered as a microbial ‘unit’ as best identified by 16S rRNA sequence. 
Markers of sarcopenia
Muscle mass was assessed by Dual-energy X-ray absorptiometry (DXA) on members of the cohort between 2006 and 2018 (majority of assessments between 2013 and 2018), and calculated as appendicular lean mass/height2. Muscle strength was assessed using chair stand time, with data collected for members of the cohort between 2013 and 2018 (with an even spread of collection over the years). European Working Group on Sarcopenia in Older People 2 (EWGSOP2) guidance [5] was used to define low muscle mass (<0.6 kg/m2 for females), and low muscle strength (chair stand time >15 seconds for 5 rises).
Case control matching and analysis of participants with appetite and microbiome data 
Frailty of responders to the online questionnaire were compared to non-responders to assess the potential for healthy selection bias using a questionnaire derived frailty index [26]. Frailty was root normalised and compared between responders and non-responders using Welch two sample t-test. Cases and controls were matched from within the pool of questionnaire responders with existing microbiota data (n = 776). For those with multiple microbiota samples, the sample nearest to SNAQ response was used. The use of case-control approach to analysis limits bias from unbalanced response data and reduced variance from other variables associated with the microbiota that could be acting as confounders. Using a threshold previously established by Wilson et al [20], we considered anyone with a SNAQ score below 14 (indicating poor appetite) as cases, and anyone scoring above 14 as controls. We discounted those scoring 14 to aid disparity between those reporting good and poor appetite.
Controls were matched on variables known to be associated with microbiota. A Euclidean distance matrix was calculated on body mass index (BMI – m2/kg) at microbiome sample, sex (coded as binary), age at microbiome sample, diet (as measured by the Healthy Eating Index 2010, HEI, and calculated from Food Frequency Questionnaire, FFQ – see Bowyer et al [27]), calorie consumption (kcal/day, estimated from FFQ), frailty (measured by Rockwood’s Frailty Index [26]), antibiotics use in the month prior to sample (coded as binary), decile representing the Index of Multiple Deprivation downloaded from National websites, the difference in time between microbiota sample and SNAQ, and sequencing depth (i.e. the number of viable sequences identified within each sample). Measurements for BMI were taken at the clinical visit (where microbiome sample was provided). Health deficit and dietary data were from questionnaire data, collected as part of rolling data collections; the measurement temporally closest was used. Missing data had previously been imputed using the MissForest package in R [28]. Controls were matched to cases as the sample with the shortest Euclidean distance to the case. Where two cases were matched to the same control, one was randomly reassigned to the control with the next shortest distance, until all cases were matched to unique controls. Paired Wilcoxon-rank sum tests were used to assess success of case-control matching for all variables. 
Microbiota variance in association with SNAQ was assessed in three ways. First, measures of species diversity (Shannon Diversity, Observed species and Inverse Simpsons index) were used as the response variables in linear models, with the inclusion of sequencing depth (a technical measure relating to the number of viable sequences in a sample) and family structure (a measure to control for the relatedness of participants) as covariates. Models were repeated with additional adjustment for HEI, age, (root normalised) frailty, time between samples, gender, and use of antibiotics in month prior to sample. All variables were scaled and centred prior to model; null models were repeated without the SNAQ variable of interest; ANOVA of the results are reported. Standardised coefficients were calculated using the lm.beta package [29].
Secondly, the intra-individual dissimilarity of microbiota was calculated (i.e. how different one sample is from all of the others). ASV tables were trimmed to those prevalent in at least 5% of the population subset and transformed using the negative binomial [30]. The weighted UniFrac distance was calculated on the resulting count table. Difference in microbiota composition for case and controls was compared using non-parametric multivariate analysis of variance (NPMANOVA) (ran with 2000 permutations) and homogeneity of variance tests using the Vegan package [31, 32]. NPMANOVA was repeated, adjusted for covariates. The average within-group distances for case and control was calculated, as was the distance between case and corresponding control, and compared using two-sample Wilcoxon tests.
Finally, paired tests of differences in taxa abundances were used to assess difference in members of the microbial community between cases and controls. EdgeR [33] was used to calculate the difference at ASV level, and where count tables had been grouped at genus and phylum levels.
Comparison of markers of sarcopenia between cases and controls
A sub-group analysis was performed on cases and controls with data on markers of sarcopenia (muscle mass and muscle strength), to assess if there were any differences between those with good and poor appetite.
Results
Population characteristics
The online questionnaire was distributed to 2183 individuals aged over 65, of which 1494 returned responses (68.4%). Of those sent the questionnaire, 1923 had available frailty index data and were used to compare health-deficit between responders and non-responders, with suggestion of some healthy responder bias to the questionnaire, as the frailty of responders (μ = 0.44, σ= 0.1, n = 1419) was lower than those who did not respond (μ = 0.46, σ= 0.1, n = 504; two sample t-test t(845)=-3.98, p < 0.001).
Of the 1494 responders to the online SNAQ, 757 had existing microbiota data (of which 211 had multiple samples). This resulted in 102 cases with a SNAQ score <14 and available microbiota data, which were matched to controls with a SNAQ score >14 and available microbiota data. Distributions and case-control matching of covariates are in supplementary material S1; population characteristics are in table 1. Paired Wilcoxon-rank sum tests were not significant between cases and controls for any of the considered covariates; this suggests efficacy of our case-control matching strategy. In the majority of case-control pairs, an unrelated individual was the nearest match with only four cases being matched with their co-twin on key variables. Overall the sample was predominantly female, with a mean age of 67 years, mean BMI of 25 and a frailty index of 0.2. 
Case-control analysis of appetite and microbiome
Of the three species diversity indexes considered (Shannon diversity, Observed species and Inverse Simpson diversity) none were significant in simple paired tests, but observed species and Shannon diversity were significantly different between cases and controls in linear regression models adjusted for library size and family structure (SHANNON: beta= 0.17, p=0.016, OBSERVED: beta= -0.2, p=0.001); the association remained in models adjusted for covariates (SHANNON: beta= - 0.17, p=0.0135, OBSERVED: beta=-0.2, p<0.001) (Figure 1A-B). This suggests species richness and ASV abundances are reduced between cases and controls. 
[bookmark: _Hlk46848136]There were significant differences in microbiota composition between cases and controls in models including library size (NPMANOVA, p = 0.013, permutations = 2000, figure 1c); the association remained when variance was constrained for considered covariates (see methods) (NPMANOVA, p = 0.0095, permutations = 2000). Post-hoc tests for homogeneity of variance were not significant suggesting differences between case and control were not confounded by differences in group dispersion. Paired distances (weighted UniFrac) of case and their corresponding control were not significantly different than within-case or within-control distances (pairwise Wilcoxon rank sum test); this suggests within-group dissimilarity does not account for the differences we observe (supplementary figure S2). 
In paired test of differences in microbiota abundances, of the 771 ASVs considered, 5 were significant following FDR adjustment; all ASVs were reduced in cases. Of the five significant (q < 0.05), only one had taxonomic information at species level, an ASV assigned as Lachnospira pectinoschiza. The remaining had genus level annotation: 2 as Lachnospira, 1 Bacteroides and one as Lachnospiraceae UCG-004 (table 2, figure 1D, ASV sequences and results in supplementary material S3A). 
Of the 156 genus considered, and reflecting the ASV level analysis¸ Lachnospira was FDR-significantly reduced in cases (logFC = -1.015, q=0.023, figure 1E, supplementary material S3B) and of the 11 phyla considered Tenericutes  was FDR-significantly reduced in cases (logFC = -1.576, q=0.0379.
Case control comparison of markers of sarcopenia
Data on muscle strength was available for 114 individuals (56%) all of whom were female. 105 (51%) individuals had available data on muscle mass again all were female. 
Cases had a significantly higher mean chair stand time compared with controls, indicating reduced muscle strength (11.03 vs 9.26 sec, p=0 .02, table 3). There was no significant difference between mean muscle mass of cases and controls. 99 (87%) individuals had reduced muscle strength, and 61 (58%) had reduced muscle mass as defined by EWGSOP2 [5]. Of individuals with reduced muscle strength, a higher number were cases (SNAQ <14) (n=57 (57.6%), P=0.02). There was no significant difference between number of cases and controls with reduced muscle mass (33 vs 28, P=0.6).
Discussion
In the present study we explored differences in the composition of the gut microbiome between cases with poor appetite and controls with a good appetite, in a community dwelling sample of mainly female members of the TwinsUK cohort aged 65 and older. Cases were matched to controls on variables known to associate with and likely influence microbiota composition including diet, frailty, socioeconomic status and antibiotic use; this approach reduces microbiota variance attributable to other factors and balances the study design. Our findings demonstrate that there are marked differences in microbiota composition between cases with poor appetite and controls with good appetite. To our knowledge, this is the first description of an association between poor appetite and variability in the composition of the gut microbiota in community dwelling older individuals. Secondly, in this study we sought to determine if there was a difference in markers of sarcopenia between those with good or poor appetite. We demonstrated that those with poor appetite had reduced muscle strength measured by increased chair stand time, when compared to controls with good appetite. 
Anorexia drives sarcopenia via the development of undernutrition and loss of muscle mass [4, 34, 35]. However, sarcopenia independent of overall weight loss has been observed in community dwelling older people with anorexia [36], and anorexia predicts muscle strength independent of muscle mass in older people post hospital discharge [37]. Our analysis is consistent with these findings as we identified that individuals with reduced muscle strength had poor appetite compared to those with normal strength. This difference was significant despite the small sample size. There was no difference in muscle mass between cases and controls in our analysis. Of note, the most recent EWGSOP2 guidelines recommend using muscle strength as more meaningful marker of sarcopenia than mass [5]. Muscle mass varies depending on the method used to measure it, over-identifies those who are slim as having sarcopenia, and can under-identify sarcopenia in those who have large mass which includes fat, known as sarcopenic obesity [5].
The gut microbiota plays an integral role in absorption and metabolism of components in an individual’s diet, affecting their biochemical profile [38], and so impacting on both quantitative and qualitative nutritional health. We observe a clear difference in microbiota composition between cases and controls; including the suggestion of a reduction in Lachnospira in cases. Lachnospira have been associated with exercise training-induced improvements in muscle strength, and some species of the genus are a notable butyrate producing bacteria (a SCFA). Higher levels of butyrate have been suggested as the mechanism linking dietary fibre intake with higher percentage of whole body lean mass and physical functioning in older adult men [39, 40]. Importantly, SCFAs produced by Lachnospiraceae have also been associated with reduction in inflammatory bowel disease via interactions inducing regulatory T cells with anti-inflammatory functions [41]. Lachnospira abundance is associated with vegetable-rich/high-fibre diets (particularly vegetarian and vegan diets) [42-44]. Alterations in dietary pattern are seen in older people with poor appetite, including reduction in fresh vegetables [45, 46]. Appetite change with dietary alteration may therefore predispose to qualitative malnutrition, with reductions in specific macro or micronutrients affecting muscle health and contributing to the onset of sarcopenia [36]. Our findings may add to this theory with recognition that those with poor appetite have an altered microbiota composition and reduction in Lachnospira, which is associated with vegetable rich diets. However, in our study cases and controls were matched on dietary similarity via a healthy eating index, which includes a vegetable intake domain. This highlights the complexity of host-microbiota interaction, with possible alternate mechanisms impacting upon Lachnospira abundance beyond dietary intake alone [18]. Conversely, it may also reflect a limitation of using self-report mechanisms for capturing dietary data [47].
We also observed microbiota species richness and diversity were reduced in cases compared to controls. Although differences in species (or alpha) diversity should be interpreted with caution [48], in general lower relative species diversity is thought to be broadly associated with ill-health. The ELDERMET study reported significantly lower diversity of gut microbiota composition between those in a care-home setting versus matched community dwellers [17]. Furthermore age-associated alterations in intestinal microbiota composition are implicated in age-related decline of immune system function and low grade chronic inflammation (immunosenecence and inflammaging), along with anabolic resistance to dietary protein in the elderly [13, 49].
While shifts in microbiota composition could simply still be reflective of the overall reduced health, and/or reduced fibre intake in cases compared to controls, the fact that we found striking difference in microbiota with appetite after carefully matching on health status and diet would certainly suggest further investigation of a potentially causal relationship. The observed changes in the gut microbiota in our analysis were from samples pre-dating the appetite assessment by up to 8 years. This raises the possibility that disturbed host-microbiota functioning is implicated in appetite loss. Indeed, the modification of gut hormone secretion by bacteria, including glucagon-like peptide-1 (GLP-1), peptide YY (PYY), leptin and ghrelin, suggests the mechanism could be via disruptive bacterial signals in these key neuroendocrine interactions [50]. Particularly as alterations in circulating levels of GLP-1, PYY and Ghrelin have been have been observed in older individuals [4, 7, 51]. On the other hand, changes to appetite in older individuals may be influencing dietary consumption, further impacting on the observed differences in overall community composition and microbial abundances in the microbiome. Certainly, gut microbiota diversity has previously been associated with both healthy [27] and a varied diet [52]. Therefore, there may be a potentially cyclical relationship between microbiome alterations and the development of ill-health over time, with loss of appetite leading to altered gut microbiota, leading to disturbed microbiota-host interaction, leading to loss of appetite and so on(figure 2). Step wise acceleration in the trajectory to worse health outcomes may occur given insults such as acute illness (figure 2)- certainly, poor appetite during hospital stay is associated with increased mortality in the 6 months post hospital discharge [3].
Study Limitations
This study was in a predominantly female cohort, so further analysis is needed representative of both genders. As appetite data was not collected at the same time as faecal sample it is unclear whether appetite was also poor at the time of faecal collection, or whether gut dysbiosis may be a pre-cursor to subsequent poor appetite. However daily calorific intake (measured concurrently to microbiome sample) was matched between cases and controls and there was no difference between the two groups (supplementary material S1). The data on muscle strength and mass was collected at a prior time-point, so it is again unclear whether appetite was also poor at this point, or prior to it, as previous studies suggest.
Another limitation to this study was the potential risk of healthy responder bias to the online appetite questionnaire. However, this was mitigated by the case control analysis, which included matching for frailty. The use of self-reported questionnaires to derive measures of frailty and diet is a limitation, as well as the lack of detailed information on medications other than anti-biotic use, which may affect the gut microbiota (such as proton pump inhibitor or laxative use). Whilst self-report approaches enable the study of larger populations, future targeted studies should consider measures of objective frailty and monitor daily dietary consumption. The microbiota analysis utilised 16S rRNA metabarcoding rather than full metagenomic analysis, which would give a more comprehensive view of microbiota profile.
Conclusion and Future Directions
To our knowledge, this is the first demonstration of a difference in composition of the gut microbiome between older individuals with good and poor appetite. Individuals with a poor appetite had reduced species richness and diversity, in particular reduction of Lachnospira. Furthermore, demonstrated in sub-analysis, was a reduction in muscle strength for individuals with a poor appetite, compared to those with a good appetite. 
Further research is needed to determine causality and its direction via longitudinal analysis of those with appetite change, associated alterations of gut microbiota composition and sarcopenia. These studies will require robust collection methods on confounders, which influence the gut microbiota including diet, medication, and frailty status. Furthermore, a more detailed analysis of the composition of the microbiota, including the Lachnospira genus as identified in this analysis, in relation to sarcopenia diagnosis and treatment responsiveness. This would inform intervention strategies with the potential to target the gut microbiota in order to manage anorexia of ageing and prevent onset or progression of sarcopenia.
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Figure Captions
Figure 1 Microbiota differences observed between cases (SNAQ < 14) and controls (SNAQ > 14) A. Shannon diversity (scaled) and B. Microbiota richness (scaled) between cases and controls C. First two PCoAs of weighted UniFrac Distances, with case and control group centroids. D. FDR-significant results of paired-tests of differences in ASV abundance between cases and controls and E. Difference in the Lachnospira genus, observed as FDR-significant in paired-tests of differences in genus abundance. 
Figure 2 Theoretical cyclical relationship between appetite change and the gut microbiome in the trajectory over time to worse health outcomes.



References
1.	Cox NJ, Morrison L, Ibrahim K, Robinson SM, Sayer AA, Roberts HC: New horizons in appetite and the anorexia of ageing. Age Ageing 2020(afaa014).
2.	Hung Y, Wijnhoven HAH, Visser M, Verbeke W: Appetite and Protein Intake Strata of Older Adults in the European Union: Socio-Demographic and Health Characteristics, Diet-Related and Physical Activity Behaviours. Nutrients 2019, 11(4):777.
3.	Cox NJ, Lim SE, Howson F, Moyses H, Ibrahim K, Sayer AA, Roberts HC, Robinson SM: Poor Appetite Is Associated with Six Month Mortality in Hospitalised Older Men and Women. The journal of nutrition, health & aging 2020.
4.	Morley JE: Anorexia of ageing: a key component in the pathogenesis of both sarcopenia and cachexia. Journal of Cachexia, Sarcopenia and Muscle 2017, 8(4):523-526.
5.	Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyère O, Cederholm T, Cooper C, Landi F, Rolland Y, Sayer AA et al: Sarcopenia: revised European consensus on definition and diagnosis. Age and Ageing 2019, 48(1):16-31.
6.	Morley JE, Silver AJ: Anorexia in the elderly. Neurobiology of Aging 1988, 9(1):9-16.
7.	Moss C, Dhillo WS, Frost G, Hickson M: Gastrointestinal hormones: the regulation of appetite and the anorexia of ageing. Journal of Human Nutrition and Dietetics 2012, 25(1):3-15.
8.	Byrne CS, Chambers ES, Morrison DJ, Frost G: The role of short chain fatty acids in appetite regulation and energy homeostasis. Int J Obes (Lond) 2015, 39(9):1331-1338.
9.	Corfe BM, Harden CJ, Bull M, Garaiova I: The multifactorial interplay of diet, the microbiome and appetite control: current knowledge and future challenges. The Proceedings of the Nutrition Society 2015, 74(3):235-244.
10.	Cryan JF, O'Riordan KJ, Cowan CSM, Sandhu KV, Bastiaanssen TFS, Boehme M, Codagnone MG, Cussotto S, Fulling C, Golubeva AV et al: The Microbiota-Gut-Brain Axis. Physiological Reviews 2019, 99(4):1877-2013.
11.	Jeffery IB, O'Toole PW: Diet-microbiota interactions and their implications for healthy living. Nutrients 2013, 5(1):234-252.
12.	Jackson MA, Jeffery IB, Beaumont M, Bell JT, Clark AG, Ley RE, O'Toole PW, Spector TD, Steves CJ: Signatures of early frailty in the gut microbiota. Genome Med 2016, 8(1):8.
13.	Ni Lochlainn M, Bowyer RCE, Steves CJ: Dietary Protein and Muscle in Aging People: The Potential Role of the Gut Microbiome. Nutrients 2018, 10(7).
14.	Fried LP, Tangen CM, Walston J, Newman AB, Hirsch C, Gottdiener J, Seeman T, Tracy R, Kop WJ, Burke G et al: Frailty in older adults: evidence for a phenotype. J Gerontol A Biol Sci Med Sci 2001, 56(3):M146-156.
15.	Buigues C, Fernandez-Garrido J, Pruimboom L, Hoogland AJ, Navarro-Martinez R, Martinez-Martinez M, Verdejo Y, Mascaros MC, Peris C, Cauli O: Effect of a Prebiotic Formulation on Frailty Syndrome: A Randomized, Double-Blind Clinical Trial. Int J Mol Sci 2016, 17(6).
16.	Theou O, Jayanama K, Fernández-Garrido J, Buigues C, Pruimboom L, Hoogland AJ, Navarro-Martínez R, Rockwood K, Cauli O: Can a Prebiotic Formulation Reduce Frailty Levels in Older People? The Journal of Frailty & Aging 2019, 8(1):48-52.
17.	Claesson MJ, Jeffery IB, Conde S, Power SE, O’Connor EM, Cusack S, Harris HMB, Coakley M, Lakshminarayanan B, O’Sullivan O et al: Gut microbiota composition correlates with diet and health in the elderly. Nature 2012, 488:178.
18.	Nagpal R, Mainali R, Ahmadi S, Wang S, Singh R, Kavanagh K, Kitzman DW, Kushugulova A, Marotta F, Yadav H: Gut microbiome and aging: Physiological and mechanistic insights. Nutrition and healthy aging 2018, 4(4):267-285.
19.	Moayyeri A, Hammond CJ, Valdes AM, Spector TD: Cohort Profile: TwinsUK and healthy ageing twin study. Int J Epidemiol 2013, 42(1):76-85.
20.	Wilson MM, Thomas DR, Rubenstein LZ, Chibnall JT, Anderson S, Baxi A, Diebold MR, Morley JE: Appetite assessment: simple appetite questionnaire predicts weight loss in community-dwelling adults and nursing home residents. American Journal of Clinical Nutrition 2005, 82(5):1074-1081.
21.	Goodrich Julia K, Waters Jillian L, Poole Angela C, Sutter Jessica L, Koren O, Blekhman R, Beaumont M, Van Treuren W, Knight R, Bell Jordana T et al: Human Genetics Shape the Gut Microbiome. Cell 2014, 159(4):789-799.
22.	Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP: DADA2: High-resolution sample inference from Illumina amplicon data. Nat Methods 2016, 13(7):581-583.
23.	Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, Fierer N, Pena AG, Goodrich JK, Gordon JI et al: QIIME allows analysis of high-throughput community sequencing data. Nat Methods 2010, 7(5):335-336.
24.	Schliep KP: phangorn: phylogenetic analysis in R. Bioinformatics 2011, 27(4):592-593.
25.	Wells PM, Adebayo AS, Bowyer RCE, Freidin MB, Finckh A, Strowig T, Lesker TR, Alpizar-Rodriguez D, Gilbert B, Kirkham B et al: Associations between gut microbiota and genetic risk for rheumatoid arthritis in the absence of disease: a cross-sectional study. The Lancet Rheumatology 2020, 2(7):e418-e427.
26.	Searle SD, Mitnitski A, Gahbauer EA, Gill TM, Rockwood K: A standard procedure for creating a frailty index. BMC geriatrics 2008, 8:24.
27.	Bowyer RCE, Jackson MA, Pallister T, Skinner J, Spector TD, Welch AA, Steves CJ: Use of dietary indices to control for diet in human gut microbiota studies. Microbiome 2018, 6(1):77.
28.	Stekhoven DJ, Bühlmann P: MissForest—non-parametric missing value imputation for mixed-type data. Bioinformatics 2011, 28(1):112-118.
29.	Behrendt S: lm.beta: Add Standardized Regression Coefficients to lm-Objects. R package version 1.5-1. In.: CRAN. R Project; 2014.
30.	Love MI, Huber W, Anders S: Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biology 2014, 15(12):550.
31.	Jari Oksanen FGB, Michael Friendly, Roeland Kindt, Pierre Legendre, Dan McGlinn, Peter R. Minchin, R. B. O'Hara, Gavin L. Simpson, Peter Solymos, M. Henry H. Stevens, Eduard Szoecs and Helene Wagner.: Vegan: Community Ecology Package. R package version 2.5-6. In.: CRAN. R Project; 2019.
32.	Anderson MJ: A new method for non-parametric multivariate analysis of variance. Austral Ecology 2001, 26(1):32-46.
33.	Robinson MD, McCarthy DJ, Smyth GK: edgeR: a Bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics 2009, 26(1):139-140.
34.	Schilp J, Wijnhoven HAH, Deeg DJH, Visser M: Early determinants for the development of undernutrition in an older general population: Longitudinal Aging Study Amsterdam. British Journal of Nutrition 2011, 106(5):708-717.
35.	van der Pols-Vijlbrief R, Wijnhoven HAH, Schaap LA, Terwee CB, Visser M: Determinants of protein–energy malnutrition in community-dwelling older adults: A systematic review of observational studies. Ageing Research Reviews 2014, 18:112-131.
36.	Landi F, Liperoti R, Russo A, Giovannini S, Tosato M, Barillaro C, Capoluongo E, Bernabei R, Onder G: Association of anorexia with sarcopenia in a community-dwelling elderly population: results from the ilSIRENTE study. European Journal of Nutrition 2013, 52(3):1261-1268.
37.	Carliene van D, Michael T, Jesse JA, Lucienne AR, Rosanne van S, Marike van der S, Martin van der E, Raoul HHE, Jos WRT, Jos AB et al: Decreased Appetite is Associated with Sarcopenia-Related Outcomes in Acute Hospitalized Older Adults. Nutrients 2019(4):932.
38.	Rowland I, Gibson G, Heinken A, Scott K, Swann J, Thiele I, Tuohy K: Gut microbiota functions: metabolism of nutrients and other food components. European journal of nutrition 2018, 57(1):1-24.
39.	Allen JM, Mailing LJ, Niemiro GM, Moore R, Cook MD, White BA, Holscher HD, Woods JA: Exercise Alters Gut Microbiota Composition and Function in Lean and Obese Humans. Med Sci Sports Exerc 2018, 50(4):747-757.
40.	Barger K, Langsetmo L, Orwoll ES, Lustgarten MS, Osteoporotic Fractures in Men Research G: Investigation of the Diet-Gut-Muscle Axis in the Osteoporotic Fractures in Men Study. The journal of nutrition, health & aging 2020, 24(4):445-452.
41.	Neurath MF: Host–microbiota interactions in inflammatory bowel disease. Nature Reviews Gastroenterology & Hepatology 2020, 17(2):76-77.
42.	De Angelis M, Ferrocino I, Calabrese FM, De Filippis F, Cavallo N, Siragusa S, Rampelli S, Di Cagno R, Rantsiou K, Vannini L et al: Diet influences the functions of the human intestinal microbiome. Scientific Reports 2020, 10(1):4247.
43.	Rode LM, Genthner BR, Bryant MP: Syntrophic Association by Cocultures of the Methanol- and CO(2)-H(2)-Utilizing Species Eubacterium limosum and Pectin-Fermenting Lachnospira multiparus During Growth in a Pectin Medium. Applied and environmental microbiology 1981, 42(1):20-22.
44.	Marounek M, Dušková D: Metabolism of pectin in rumen bacteria Butyrivibrio fibrisolvens and Prevotella ruminicola. Letters in Applied Microbiology 1999, 29(6):429-433.
45.	Huang Y-C, Wahlqvist ML, Lee M-S: Appetite predicts mortality in free-living older adults in association with dietary diversity. A NAHSIT cohort study. Appetite 2014, 83:89-96.
46.	van der Meij BS, Wijnhoven HAH, Lee JS, Houston DK, Hue T, Harris TB, Kritchevsky SB, Newman AB, Visser M: Poor Appetite and Dietary Intake in Community-Dwelling Older Adults. Journal of the American Geriatrics Society 2017, 65(10):2190-2197.
47.	Thompson FE, Subar AF, Loria CM, Reedy JL, Baranowski T: Need for technological innovation in dietary assessment. Journal of the American Dietetic Association 2010, 110(1):48-51.
48.	Reese AT, Dunn RR: Drivers of Microbiome Biodiversity: A Review of General Rules, Feces, and Ignorance. mBio 2018, 9(4):e01294-01218.
49.	Vaiserman AM, Koliada AK, Marotta F: Gut microbiota: A player in aging and a target for anti-aging intervention. Ageing Res Rev 2017, 35:36-45.
50.	Torres-Fuentes C, Schellekens H, Dinan TG, Cryan JF: The microbiota-gut-brain axis in obesity. Lancet Gastroenterol Hepatol 2017, 2(10):747-756.
51.	Giezenaar C, Hutchison AT, Luscombe-Marsh ND, Chapman I, Horowitz M, Soenen S: Effect of Age on Blood Glucose and Plasma Insulin, Glucagon, Ghrelin, CCK, GIP, and GLP-1 Responses to Whey Protein Ingestion. Nutrients 2017, 10(1):21.
52.	Heiman ML, Greenway FL: A healthy gastrointestinal microbiome is dependent on dietary diversity. Molecular Metabolism 2016, 5(5):317-320.
53.	von Haehling S, Morley JE, Coats AJS, Anker SD: Ethical guidelines for publishing in the journal of cachexia, sarcopenia and muscle: update 2017. Journal of cachexia, sarcopenia and muscle 2017, 8(6):1081-1083.

21

