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Abstract 

 

 

Recent evidence suggests that short chained fatty acids (SCFAs) produced by gut 

microbiota may impact body composition and muscle accretion. Additionally, aging is implicated 

in negative alterations to the gut microbiome and exercise training has been posited to positively 

affect gut microbiota. However, limited human evidence indicates that shorter-term resistance 

training does not appreciably alter the gut microbiome in older adults, and no human study has 

examined if resistance training differentially alters the gut microbiome and associated SCFAs 

between younger and older individuals. Therefore, we examined whether 10 weeks of resistance 

training (RT) differentially altered fecal microbiota composition, fecal and circulating SCFAs, 

and serum markers associated with gastrointestinal integrity in younger and older adults. Fecal 

and serum samples were collected from untrained younger (22 ± 2 years, n=12) and older (58 ± 8 

years, n=12) participants prior to and following 10-weeks of supervised twice-weekly full body 

RT. Outcome measures prior to (Pre) and following the training intervention (Post) included 

body composition measured by dual x-ray absorptiometry, vastus lateralis (VL) thickness 

measured by ultrasound, fecal microbiome data from 16S rRNA gene sequencing, serum and 

fecal SCFAs measured by gas chromatography, and serum intestinal fatty acid-binding protein 2 

(FABP2), lipopolysaccharide-binding protein (LBP), and leucine-rich alpha-2 glycoprotein 

(LRG-1) quantified by enzyme-linked immunosorbent assays. Repeated measures two-way 

(group×time; G×T) ANOVAs were performed for all dependent variables over time, and 

Spearman correlations were used to explore if changes in training variables were associated with 

microbiome variables and SCFAs. RT significantly increased VL thickness and lean body mass 

(p<0.05) in both groups, but no GxT interactions were evident. Although differences in beta 
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diversity were evident between younger and older participants, no significant age, time, or 

interaction effects were evident. Seven SCFAs were detected in the fecal samples, albeit no 

significant age, time, or interaction effects were evident. Acetic acid was the only SCFA detected 

in serum, and no significant age, time, or interaction effects were evident. Serum LRG1 

exhibited a significant main effect of time (Pre>Post, p=0.007) and age (Younger>Older, 

p=0.015), but this marker nor serum FABP2 or LBP exhibited significant interactions. In all 

younger, older, and/or all participants combined, there were no significant correlations between 

RT-induced changes in muscle mass-related outcomes and changes in either metrics of fecal 

microbiome diversity, total or individual SCFAs, or serum FABP2/LBP/LRG-1 (p>0.00067). Our 

data highlights that 10 weeks of RT largely does not alter the fecal microbiome, associated 

SCFAs, or select markers of gastrointestinal integrity in untrained younger or older adults. 
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Chapter I: Introduction 

The human gut microbiota consists of a diverse array of microorganisms, including bacteria, 

viruses, fungi, and archaea, which inhabit the gastrointestinal tract. The gut  contains the largest 

and most diverse microbial community in the human body (1). Through symbiotic relationships, 

the gut microbiota contributes to digestion, vitamin synthesis, immune regulation, and protection 

against pathogens (2). Environmental factors including diet, exercise, xenobiotics, stress, and 

trauma have been observed to modify the composition of the gut microbiome (3, 4, 5), thus 

creating a complex balance between microbes that are beneficial for the host and those that may 

contribute to disease (6).  

In 2007, Bäckhed et al. (7) performed a preclinical study investigating the mechanisms 

underlying the resistance to diet-induced obesity in germ-free mice and was the first study to 

suggest the presence of a gut–muscle axis. Others have reported that supplementing mice with 

the probiotic Lactobacilli plantarum (L plantarum) for six weeks significantly increased grip 

strength, swimming time to exhaustion, normalized muscle weight and the percentage of Type I 

myofibers (8). Yan and co-workers subsequently provided evidence that the gut microbiome 

could regulate skeletal muscle fiber-type composition (9), expanding the ways in which skeletal 

muscle can be influenced by the microbiome. In a more recent study, Fernandez et al. 

demonstrated that endurance training increased the number of taxa in 8-week-old mice which 

correlated with physical performance (10). However, neither resistance training nor endurance 

training altered the phyla and family compositions (10). Cullen et al. (11) reported that resistance 

training induces mixed changes in the gut microbiome in sedentary young adults. These 

collective results suggest that the gut microbiota may communicate with skeletal muscle to, in 

part, regulate the adaptive responses to exercise training.  
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Short-chain fatty acids (SCFAs), primarily acetate, propionate, and butyrate, are microbial 

metabolites produced through the fermentation of dietary fibers and resistant starches by gut 

bacteria (12). Acetate is produced by intestinal bacteria of the genus Bifidobacteria, Lactobacilli, 

Clostridium, and Akkermansia (13). Propionate is largely produced by intestinal bacteria of the 

genus Bacteroides, Ruminococcus, and Roseburia (14). Butyrate is mainly produced by intestinal 

bacteria of the genus Faecalibacterium prausnitzii, Eubacterium rectale and Roseburia spp. 

(15). SCFAs have been suggested to participate in crosstalk with skeletal muscle, proposing a 

direct link between microbiome-derived metabolites and skeletal muscle physiology (16, 17). In 

this regard, Lahiri et al. (18) presented evidence of SCFAs regulating skeletal muscle mass and 

function in germ-free (GF) mice by treating the GF mice in vivo with a cocktail of SCFAs thus 

partly reversing skeletal muscle impairment. Interestingly, studies in rodents and humans 

indicate that endurance exercise training (ET) or combined ET+RT training modulates fecal 

SCFA content (19, 20, 21, 22). However, no study to our knowledge has examined if resistance 

training alone alters fecal and circulating SCFAs in humans.  

Although the aforementioned results are promising, there are human data indicating that 

resistance training may minimally affect gut microbiome outcomes. For instance, our group 

recently published a study in older individuals indicating that shorter-term (i.e., six weeks) of 

resistance training does not affect microbiome diversity or abundances of various taxa (23), and 

this agrees in principle with other resistance training interventions demonstrating null effects (24, 

25). However, our prior null results may have been due to either the shorter-term nature of the 

intervention and/or only examining older individuals who demonstrate a limited capacity to 

experience changes in the gut microbiome (26). We previously performed two investigations 

examining the effects of a peanut protein supplement on training outcomes in younger and older 
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adults (27, 28), and both studies indicated that training (but not supplementation) promoted 

increases in measures of skeletal muscle hypertrophy and strength. Given our interest in 

determining if longer-term training and/or aging affects gut microbiome adaptations, we 

leveraged banked fecal specimens and remaining blood sera from 12 younger and 12 older 

participants in these studies to examine if ten weeks of resistance training (RT) either altered the 

gut microbiome, fecal and serum SCFAs, and/or serum markers of gastrointestinal integrity. A 

secondary aim was to determine if changes in these outcomes were associated with indices of 

muscle hypertrophy. We hypothesized that RT would improve microbiome diversity and relative 

abundance of bacterial taxa and increase microbial metabolites in younger but not older 

participants. We also hypothesized that RT would alter fecal and serum SCFAs in younger, but 

not older, participants. However, we adopted the null hypothesis that changes in microbiota and 

SCFA would not be associated with training outcomes. 
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Chapter II – Literature Review 

Gut microbiome 

Composition of the gut microbiome 

The gastrointestinal tract harbors the greatest variety of microbes and species in the human body 

compared to other areas of the human body (29). In this regard, the gut microbiome possesses 

trillions of microorganisms, including bacteria, viruses, fungi, and other microbes, that reside 

within the human gastrointestinal tract, particularly in the large intestine. The gut microbiome is 

highly diverse, with a unique collection of microbial species, and is influenced by various 

factors, including diet, age, hormones, and environmental exposures (30, 31, 32). The gut is 

dominated by the microbial phyla Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, 

Fusobacteria, and Verrucomicrobia, with the two phyla Firmicutes and Bacteroidetes generally 

representing 90% of gut microbiota (33). The Firmicutes phylum is composed of more than 200 

different genera such as Lactobacillus, Bacillus, Clostridium, Enterococcus, and Ruminococcus. 

Clostridium genera represent 95% of the Firmicutes phyla. Bacteroidetes consists of predominant 

genera such as Bacteroides and Prevotella. The Actinobacteria phylum is proportionally less 

abundant and mainly represented by the Bifidobacterium genus (34). The advancement in 

technology and improvements in metagenomic testing have increased the comprehension of the 

gut microbiome. In recent years, the 16S rRNA gene sequencing technique, which involves 

sequencing a specific region of the 16S ribosomal RNA gene to provide information about the 

taxonomic composition and diversity of the microbial community based on the variation in that 

region, has increased in popularity and precision (35, 36, 37). The low cost and effectiveness of 

sequencing have influenced further investigation of the factors that impact the gut microbiome.  

 

Diet and probiotic effects on the gut microbiome 
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One of the factors that influences diversity of the gut microbiome is diet. A diet rich in fiber, 

such as fruits, vegetables, whole grains, and legumes, increases gut microbiome diversity and 

composition (38, 39, 40). Klimenko and co-workers demonstrated that long-term fruit and 

vegetable consumption, increasing dietary fiber, decreased levels of Bacteroidaceae, 

Porphyromonadaceae and Rikenellaceae while increasing levels of Methanobrevibacter, 

Bifidobacterium, Clostridium, and butyrate-producing Lachnospiraceae (41). Additionally, 

Martinez et al. revealed that the consumption of 60 g whole-grain barley, brown rice, or a 

mixture of both, increased microbial diversity, the Firmicutes/Bacteroidetes (F/B) ratio, and the 

abundance of the genus Blautia in fecal samples. Furthermore, whole grain consumption reduced 

serum plasma inflammatory biomarker interleukin-6 (IL-6) (42). However, a diet high in refined 

carbohydrates, saturated fats, and processed foods can lead to a less diverse and potentially 

increase harmful bacteria in the gut (43, 44). For example, David and co-workers showed that a 

high-fat diet, consisting solely of animal-based foods, significantly shifted composition of the gut 

microbiota (32). The Western diet, which is  high in fat and refined carbohydrate, can lead to 

endotoxemia, a condition characterized by increased intestinal permeability and dysbiosis (an 

imbalance of the structure and function of the gut microbiota) (45). Furthermore, the intake of 

probiotics, enriched with either Lactobacillus or Bifidobacterium, through probiotic-enriched 

yogurt and milk consumption or supplementation, is beneficial to gut health and influences gut 

microbiome composition (46, 47). The addition of probiotics in the diet is one of the key 

solutions to restore the gut microbial balance and prevent diseases and inflammation following 

antibiotic treatments, which induces gut dysbiosis (48, 49). Moreover, probiotics have been 

studied for their potential to alleviate symptoms of gastrointestinal disorders such as irritable 

bowel syndrome (IBS) and inflammatory bowel disease (IBD) (50, 51, 52). For example, 
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Nobaek et al. administered 400ml/day of probiotic drinks to irritable bowel syndrome (IBS) 

patients for four weeks and found that the intake of probiotics improved IBS symptoms including 

abdominal pain and flatulence (53). The collective evidence of the interactions between diet and 

probiotics in shaping the gut microbiome suggests a therapeutic role in managing gut dysbiosis-

related conditions. 

 

Aging and the gut microbiome 

Aging is another factor that influences diversity of the gut microbiome. After the age of 65, gut 

microbiota resilience is generally reduced, and its overall composition is more vulnerable to 

lifestyle changes, drug treatments such as antibiotics, and disease (54). Evidently, there tends to 

be a decline in microbial diversity with aging (55, 56), which can lead to imbalances and 

dysbiosis, thus further exacerbating age-related health complications such as sarcopenia, 

metabolic disorders, and dementia (57, 58, 59). Sarcopenia is the progressive and generalized 

loss of muscle mass and function that occurs primarily in the elderly and is strongly associated 

with frailty (60). Sarcopenia is very common due to factors including reduced physical activity, 

decreased circulating sex hormone levels, and decreased nutrient digestion and absorption (61, 

62). Few studies have shown a correlation between sarcopenia in older adults and changes in the 

gut microbiome composition and diversity. In comparing the gut composition of the elderly to 

young adults, Claesson et al. discovered a lower proportion of phylum Firmicutes (40%) and 

higher proportions of phylum Bacteroidetes (57%) in the elderly than for younger adults (63). 

The same authors also showed that diversity of the gut microbiome is inversely correlated with 

physical function and the institutionalization of older adults (54). Similar to the Claesson 

findings, Zhou and co-workers analyzed fecal samples of sarcopenic patients and found that they 
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exhibited a significant decrease in the abundance of phylum Firmicutes and a corresponding 

increase in the abundance of phylum Proteobacteria. The genera Blautia was also significantly 

decreased in patients with sarcopenia (64). Additionally, Han and co-workers found that the 

Firmicutes/Bacteroidetes ratio was significantly reduced in elderly adults with low muscle mass, 

which is a characteristic of sarcopenia (65). Though these changes in the gut microbiome 

composition may influence muscle atrophy in the elderly, chronic inflammation also plays an 

important role in sarcopenia (66). The dysregulation of cytokines, such as interleukin-6 (IL-6) 

and tumor necrosis factor-alpha (TNF-alpha), in aging individuals not only perpetuates 

inflammation but also contributes to tissue damage and impaired cellular repair mechanisms (67, 

68, 69). For instance, Buford et al. compared the microbiota profiles of young and older adults, 

and the results provided evidence of inflammation in the gut with aging. The authors reported a 

significant abundance of phylum Bacteroidetes in the older adults, which was also positively 

correlated with inflammatory markers IL-6 and TNF-alpha (70). Furthermore, Sovran et al. 

discovered that a proportion of goblet cells in the colonic crypts of 19-month-old mice stained 

positive for cleaved caspase 3 (a crucial protein involved in the execution phase of apoptosis) 

which may account for the reduced thickness of secreted mucus in the old mice (71). 

Nonetheless, vitamin deficiencies in the elderly are known to contribute to age-related conditions 

including sarcopenia and dementia. The microbes in the gut aid in synthesizing essential 

vitamins including several B vitamins and vitamin K (72, 73, 74). Age-related changes in the gut 

microbiome may impact the efficiency of key nutrient absorption. Further investigation in this 

area is warranted.  

 

Gut-muscle axis 
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The gut-muscle axis represents a bidirectional communication and interaction between the 

gastrointestinal tract and skeletal muscle function and metabolism. This crosstalk involves 

various signaling pathways through which the gut microbiota, metabolites, and muscles 

influence each other's function and health (75, 76). Several rodent studies have demonstrated this 

bidirectional interaction. For instance, Bäckhed et al. led a pioneering study in 2004 in which 

they infused germ-free (GF) mice, lacking a microbiome, with the cecal contents of 

conventionally raised animals, and demonstrated a reciprocal reduction in muscle insulin 

sensitivity and glucose tolerance. These findings suggest microbiome regulation of muscle 

metabolic function (77). The same authors also compared skeletal muscle protein activity and 

gene expression in GF and non-perturbed (control) animals. They reported skeletal muscle from 

GF mice exhibited greater activity of the AMP-activated protein kinase (AMPK) and carnitine 

palmitoyl transferase-1 (CPT-1) enzymes (7).  Although this is an indication of elevated 

oxidative capacity, this can also present challenges for muscle mass maintenance given that 

AMPK overstimulation interferes with signaling cascades (e.g., mTORC1) that promote muscle 

anabolism (78). Following their work, Yan and co-workers determined that differences in the 

skeletal muscle properties are transmissible via fecal microbiota transplantation. The GF mice 

with fecal transplantation from a pig with increased microbial diversity exhibited larger fiber 

cross-sectional area (fCSA) of the gastrocnemius muscle (9). Alternatively, Kundu et al. revealed 

that fecal microbiome transplant into GF mice from either old or young mice did not exhibit 

differences in skeletal muscle mass or function (79). Lahiri and colleagues compared the skeletal 

muscle of GF mice to the skeletal muscle of a specific pathogen-free (SPF) mice that had gut 

microbiota. They found that the GF mice skeletal muscle were atrophic compared to SPF mice 

(18). Additionally, the absence of the gut microbiota induced the degradation of branched-chain 
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amino acids (BCAA) in muscle, and the enzymes involved in the BCAA catabolic pathway 

(branched-chain aminotransferase 2 (BCAT2) and branched-chain-keto acid dehydrogenase 

(BCKDH)) were elevated in GF mice (18). Furthermore, the same authors observed an increased 

expression of Atrogin-1 and Murf-1 and elevated expression of FoxO3, known to regulate 

Atrogin-1 and Murf-1. Additionally, MyoD and Myogenin, key genes in skeletal muscle 

differentiation were decreased in GF mice (18). These muscle molecular markers are indicative 

of an atrophic phenotype and, again, highlight potential mechanisms in which the gut 

microbiome may regulate skeletal muscle size and function. These have been a few of the 

pioneering studies to examine the gut-muscle axis crosstalk. However, the underlying 

mechanism(s) through which the gut microbiome impacts skeletal muscle mass and function is 

still complex and not well understood. 

 

Gut permeability, inflammation and muscle damage 

Gut barrier integrity and intestinal permeability are likely operative in the gut-muscle axis. The 

gut barrier plays a crucial role in regulating the passage of bacterial products and metabolites 

into the systemic circulation. Increased intestinal permeability (leaky gut) can lead to the 

translocation of bacterial components and trigger inflammation (80), potentially contributing to 

muscle damage and impaired recovery processes (81). Adding strength to the potential 

importance of intestinal permeability in maintaining muscle mass, Qi and co-workers found that 

serum zonulin, a tight junction protein, was high in older adults and associated with systemic 

inflammation (82). In another study, Cesari and co-workers found that serum concentrations of 

IL-6 and CRP, measured via enzyme-linked immunosorbent assay (ELISA), were inversely 

associated with appendicular lean mass (83). Additionally, Haddad and co-workers infused rats 
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with IL-6 to identify signaling pathways affected by this stimulus. The infusion of IL-6 resulted 

in a reduction in the amount of phosphorylated S6K1 protein, which is a protein kinase that plays 

a crucial role in the regulation of protein synthesis (84). Probiotic supplements, specifically 

Lactobacillus casei LC122 and Bifidobacterium longum BL986, attenuates pro-inflammatory 

cytokines such as TNF-α, IL-6, and IL-1beta, and upregulates the PGC1-alpha 4 gene to 

positively affect muscle protein synthesis (85). Despite these promising findings, the field of gut-

muscle axis research is relatively nascent, with many questions remaining unanswered. Future 

studies are needed to elucidate specific mechanisms by which gut microbiota influence muscle 

physiology in humans. 

 

Gut microbiota and exercise  

Emerging evidence suggests that exercise can modulate the gut microbiota composition, 

promoting the growth of beneficial bacteria and enhancing gut barrier function. This interaction 

highlights the potential therapeutic implications of targeting the gut-muscle axis in managing 

conditions related to both systems (86). Endurance exercise is beneficial for human health 

including physical, mental, and gastrointestinal health (87, 88, 89). Although the relationship 

between the gut microbiome and exercise has been shown in research to be bidirectional, the 

mechanism in which exercise influences the composition and diversity of the gut microbiome 

continues to be investigated. Many rodent studies have provided insight into some of the 

mechanisms. For instance, Hsu et al. revealed that endurance swimming time was improved for 

the SPF and Bacteroides fragilis (BF) gnotobiotic mice, but not the GF mice (90). Another study 

by Fernandez et al. explored the relationship between endurance and resistance training and gut 

microbiota composition in mice. They found that increased microbiome richness and evenness 
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were associated with endurance and resistance training, according to Shannon and Simpson 

indexes, respectively (10). Furthermore, Chen et al. investigated the relationship between the gut 

microbiome and exercise performance by supplementing mice with probiotics (L. plantarum 

TWK10) and engaging the animals in strength and endurance exercises. Their results showed an 

improvement in forelimb grip strength and swimming time to exhaustion (8). While there are 

limited studies in humans, several studies have shed light on the bidirectional relationship of 

exercise and the gut microbiome. Huang and co-workers replicated the Chen et al. 2016 study in 

humans. The authors reported that 6 weeks of L. plantarum TWK10 probiotic supplementation 

improved the runners’ time-to-exhaustion and glucose levels, possibly due to the ability of L. 

plantarum to regulate blood glucose levels in response to insulin (91). Additionally, Morita and 

colleagues investigated the effects of aerobic training in improving intestinal microbiota 

composition in elderly women. They found that moderate-intensity brisk walking increased the 

relative abundance of Bacteroides and decreased Clostridium subcluster XIVa (92). Walking 

distance and time spent brisk walking increased, which was positively correlated with the change 

in the Bacteroides (92). Lastly, Motiani et al. found that short-term moderate-intensity 

continuous training increased the relative abundance of phylum Bacteroidetes, while decreasing 

the abundance of genus Blautia and Clostridium. The low abundance of Blautia was associated 

with better whole-body insulin sensitivity (93). Further, intestinal inflammatory markers LBP, 

TNF-α, and CRP were reduced because of the training (93).  

Although the aforementioned studies highlight the role of endurance training in 

improving gut microbiome composition in humans, limited effects have been observed with 

resistance training. Resistance exercises, such as weightlifting or bodyweight exercises, may 

enhance the abundance of beneficial bacteria in the gut (94, 95). Zhong et al. examined the 
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effects of aerobic and resistance training on the gut microbiota in sedentary elderly women. The 

authors reported that resistance training altered beta diversity, but no changes in alpha diversity 

were observed (96). The relative abundance of Firmicutes was significantly reduced with both 

resistance and endurance training, but the non-training group experienced a significant increase 

in the relative abundance of Bacteroidetes (96). Alternatively, Moore et al. found that 6 weeks of 

resistance training did not significantly alter the composition of gut microbiome. Interestingly, 

however, the authors revealed that tight junction protein, zonulin, non-significantly decreased 

with training suggesting that intestinal permeability may have beenmodulated (23). Still, it 

remains unclear as to whether resistance training can impact the microbiome in either older or 

young adults. 

 

Short-chain fatty acids (SCFAs) 

An important contribution of the gut microbiome-muscle interaction is the production of short 

chain fatty acids (SCFAs), which are fatty acids with fewer than six carbon atoms. SCFAs are 

primarily produced through the fermentation of non-digestible carbohydrates and dietary fiber by 

gut bacteria in the colon (97). The SCFAs mostly reported in research include acetate, 

propionate, and butyrate, which serve as important metabolites with various physiological roles 

(98, 99). The production of SCFAs is influenced by factors such as diet composition, gut 

microbiota composition, and fermentation capacity (100). Acetate is the most abundant SCFA in 

the human colon (101) and it accounts for more than half of SCFAs content (102). Acetate is 

produced by intestinal bacteria of the genus Bifidobacteria, Lactobacilli, Clostridium, and 

Akkermansia (13). Propionate is mainly produced by intestinal bacteria of the genus Bacteroides, 

Ruminococcus, and Roseburia (14). Butyrate is mainly produced by intestinal bacteria of the 



14 

 

genus Faecalibacterium prausnitzii, Eubacterium rectale and Roseburia spp. (15). Butyrate, 

although produced in the smallest amount as compared to acetate and propionate, is the main 

source of energy for colonocytes.  

Most SCFAs are absorbed via passive diffusion across the colonic epithelium, facilitated by their 

small size and lipophilic nature. The absorption rate depends on factors such as luminal pH, 

SCFA concentration, and the presence of transporter proteins (103, 104). Once absorbed, SCFAs 

enter the portal circulation and are transported to the liver, where they can be further metabolized 

or utilized as an energy source. Acetate is primarily metabolized in peripheral tissues, such as 

skeletal muscle, adipose tissue, and the heart, where it serves as an energy source and contributes 

to lipid metabolism. Initially, acetate is converted to acetyl-CoA by the enzyme acetyl-CoA 

synthetase. Acetyl-CoA can then either enter the TCA cycle for energy production or be used for 

lipid synthesis (105). Propionate is mainly metabolized in the liver, where it plays a role in 

gluconeogenesis, contributing to the regulation of blood glucose levels. Propionate increases 

mRNA expression of key genes involved in gluconeogenesis including phosphoenolpyruvate 

carboxykinase 1 (PCK1), phosphoenolpyruvate carboxykinase 2 (PCK2), and pyruvate 

carboxylase (PC) (106, 107). Butyrate is the primary energy source for colonic epithelial cells 

and is essential for maintaining intestinal barrier function and mucosal integrity, reducing 

inflammation, and regulating immune function (108, 109, 110).  

SCFAs can be altered with aging. This phenomenon may be associated with changes in the 

expression or activity of SCFA transporters and metabolic enzymes involved in SCFA absorption 

and utilization (111, 112). Dysbiosis may also disrupt the production of SCFAs, especially 

butyrate, which can negatively impact muscle protein synthesis and insulin sensitivity (16, 113, 

114). 
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SCFAs and exercise 

Many of the microbiome effects on skeletal muscle may be modulated through SCFAs, either 

directly or indirectly. SCFAs may affect muscle metabolism due to their roles in serving as an 

energy source and acting as signaling mediators. The utilization of SCFAs as an alternate energy 

source is through the complete oxidation of acetate, butyrate and propionate yielding 10, 27 and 

18 ATP/M, respectively (115). SCFAs treatment in GF mice reduced the expression of Atrogin-1 

and increased expression of MyoD, a marker associated with myogenesis, in the tibialis anterior 

muscle (18). Another study by Walsh et al. examined the effects of older mice consuming 

butyrate, a general histone deacetylase inhibitor, in their diet. The authors found that butyrate 

improved glucose tolerance and prevented muscle atrophy in 26‐month‐old mice (116). 

Furthermore, Huang and colleagues revealed that the SCFAs produced by the gut microbiota 

enhanced mitochondrial biogenesis, thus improving endurance performance. However, there was 

no change in grip strength (117). Lastly, Allen et al. found that aerobic exercise increased fecal 

concentrations of acetate, propionate, and butyrate in sedentary lean individuals (19). 

Additionally, endurance training also increased butyrate-producing bacteria, Roseburia spp., 

Faecalibacterium spp., Lachnospira spp., and Clostridiales spp. (19). However, we are unaware 

of any research studies examining how resistance exercise acutely or chronically alters fecal 

SCFA concentrations. Hence, further research is needed to investigate the potential effects of 

resistance training on SCFAs in humans.  

 

Conclusion 
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The intricate relationship between the gut microbiome and skeletal muscle health, mediated by 

SCFAs, emphasizes a pivotal intersection of microbiology and human physiology. Through their 

metabolic activities, human gut bacteria produce SCFAs that exert a variety of documented 

effects on muscle metabolism, function, and overall health. These SCFAs not only enhance 

energy utilization and mitochondrial function within muscle cells, but also modulate 

inflammation, all of which may significantly influence functional and performance outcomes. As 

research continues to unveil the complexities of this bidirectional relationship, harnessing the 

potential therapeutic benefits of targeting the gut microbiome and its metabolites presents 

exciting opportunities for improving strategies in muscle health maintenance, treatment of 

musculoskeletal disorders such as sarcopenia, and the enhancement of athletic performance with 

ergogenic aids. Maintaining a balanced gut microbiome and optimizing SCFAs production 

emerges as a potential avenue to prevent skeletal muscle atrophy and support muscle function 

and overall well-being.  
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Chapter III: Methods 

Ethical approval and participant eligibility 

This study is a secondary analysis of 12 younger adults and 12 older adults that completed 10 

weeks of resistance training. Both studies were conducted under a single approved protocol by 

the Auburn University Institutional Review Board (IRB) (Protocol # 19-249 MR 1907) and both 

studies were pre-registered clinical trials (NCT04015479; registered July 11, 2019, 

NCT04707963; registered 13 January 2021). Detailed methods of the original studies have been 

previously described ( 27,  28).  

Participants were recruited at Auburn University campus and locally via flyers, emails, and direct 

contact either face-to-face or over the phone. Both studies had identical eligibility criteria aside 

from age, which included:  (i) 18–30 years old, or 50-80 years old, (ii) body mass index (BMI) 

<35 kg/m2, (iii) not actively participating in RT more than one time per week in the preceding six 

months, (iv) no known peanut allergy, (v) free of metal implants that could interfere with X-ray 

procedures, (vi) no medically necessary radiation exposure for six months prior, (vii) free of 

obvious cardiovascular or metabolic disease, (viii) free of conditions contraindicating 

participation in exercise program or donation of muscle biopsy (i.e., blood thinners or blood 

clotting disorder), (ix) for females, could not be pregnant or trying to become pregnant. Eligible 

individuals were informed of all study procedures and completed a medical history questionnaire 

prior to signing informed consent to participate.  

 

Study design  

This section serves to provide a brief overview of procedures relevant to the data presented 

herein. Participants reported to the School of Kinesiology at Auburn University for pre-testing 

battery (Pre) which included a urine specific gravity (USG) to ensure hydration and a rapid 
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pregnancy test for female participants to ensure safety for X-ray exposure. Next, height and 

weight assessments using digital column scales, right leg vastus lateralis (VL) thickness using 

ultrasound, and body composition using full body dual-energy X-ray absorptiometry (DXA) 

scan. Venous blood was obtained from an arm vein in serum separator tubes (BD Vacutainer; 

Franklin Lakes, NJ, USA), and blood was allowed to clot for 30 minutes at room temperature 

prior to being centrifuged at 3500 g for serum separation. Each participant was provided with a 

three-day food log and stool specimen collection kit to take home to complete and return them at 

the next appointment. Participants then performed 10 weeks of supervised full-body RT twice 

weekly as described by Sexton et al. (27) and Lamb et al. (28). All training sessions were 

supervised by study personnel to ensure proper form throughout the sessions. After completion 

of the 10-week RT program, participants were provided with another set of three-day food logs 

and stool collection kits for post-intervention testing (Post), which was conducted 72 h after their 

last workout. The post-intervention testing replicated Pre procedures, which included USG, 

pregnancy test in females, height and weight assessments, right leg VL thickness using 

ultrasound, a DXA scan, a venous blood draw, and submission of food-logs and stool samples. 

The following paragraphs provide more in-depth descriptions of testing sessions. 

 

Body composition 

During baseline testing and post-intervention testing, participants reported to the School of 

Kinesiology at Auburn University and submitted a urine sample to assess USG levels using a 

handheld refractometer (ATAGO; Bellevue, WA, USA). All participants recorded USG values 

below 1.020 indicating that they were hydrated. Next, height and body weight were then 

assessed utilizing a laboratory scale (Seca 769; Hanover, MD, USA), with height and body 
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weight being collected to the nearest 0.5 cm and 0.1 kg. Following these measurements, 

participants underwent a whole-body DXA scan (Lunar Prodigy; GE Corporation, Fairfield, CT, 

USA) for determination of total lean soft tissue mass (LSTM) and fat mass (FM). Notably, all 

scans were performed by the same study personnel during the pre-testing and post-testing.  

 

Resistance training program 

Participants completed supervised RT twice weekly for 10 weeks where detailed instructions 

were provided on proper posture, form, technique, and body positioning to ensure safety. The 

training protocol required a minimum of 48 hours, in between sessions, to allow for proper 

recovery. Each training session included a warm-up of 25 jumping jacks and 10 body weight 

squats, a warm-up of 1 set of 10 reps at 50% of working weight, 1 set of 5 reps at 75% working 

weight, and 1set of 3 reps at 90% of working weight. Post warm up, younger participants 

performed either 4 sets of 10 reps (high volume) or 5 sets of 6 reps (high load) at working 

weight. The older participants performed 4 sets of 10-12 reps at working weight. Following each 

set, rating of perceived exhaustion (RPE) was recorded to ensure appropriate loads were 

implemented throughout. An RPE below 7 resulted in a slight increase in working weight on the 

next set and an RPE at 10 or incomplete set resulted in a slight decrease in working weight on 

the next set. Furthermore, participants in the PPS group consumed their supplement after 

workouts under the supervision of study personnel, and participants in the CTL group did not 

consume any supplement. 

 

Dietary analysis  
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Participants were instructed to complete a three-day food log, which included nutritional intakes 

for two weekdays and one weekend day and return them prior to the baseline testing (T1-2) and 

again the last day of testing (T3). Regular dietary habits were encouraged throughout the 

duration of the study, besides consumption of protein supplements by individuals in the PPS 

group. The Nutrition Data System for Research (NDSR; NDSR 2014; University of Minnesota) 

software was utilized by study personnel to analyze all young participant food logs. The 

Automated Self-Administered 24-Hour Dietary Assessment tool (ASA24) was utilized by study 

personnel to analyze all older participant food logs.  

 

Fecal microbiome analysis 

Stool samples were collected with a commode specimen collection kit and sterile collection 

tubes. Participants were instructed to seal and store samples in the freezer prior to submission at 

the next visit. Upon receipt, samples were stored in a -80 degree Celsius prior to processing. 

Fecal microbial DNA was isolated using Zymo Research miniprep kits (Irvine, CA, USA). DNA 

samples were prepared, and polymerase chain reaction (PCR) amplified 250 base pair variable 

region 4 of the 16S rRNA. The PCR amplicon library was sequenced on the Illumina Miseq (San 

Diego, CA, USA) (118, 119). Further detailed processing steps have been previously described 

(13). The Quantitative Insight into Microbial Ecology (QIIME) 2 pipeline, utilizing version 1.8 

DADA2 generated amplicon sequence variants (ASVs) to the species level (120, 121, 122). 

UCLUST clustered sequences into ASVs (previously operational taxonomic units (OTUs)) with 

a 97% similarity threshold. Thereafter, taxonomic assignments were issued using the SILVA 

database (123). ASVs with an average abundance >0.005% were further processed and grouped 

by taxonomy. Microbiota alpha diversity was determined using Observed Species, Shannon 
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Index, Simpson Index, and Whole Tree Phylogeny. To determine overall microbiota 

compositional change from baseline to post 10-weeks RT program, beta diversity was measured 

using Bray Curtis, Unweighted Unifrac, and Weighted Unifrac metrics. 

 

Fecal and serum SCFAs analysis 

Short-chain fatty acids (SCFAs) were quantified using gas chromatography (Thermo Trace 1310) 

coupled to a flame ionization detector (Thermo Fisher Scientific) as previously described (124). 

Aliquots of stool samples were homogenized using MP Bio FastPrep post suspension in MilliQ-

grade water at 4.0 m/s for 1 minute. Next, the samples were acidified by adding 5 M HCL to the 

fecal suspensions, until it reached a final pH of 2.0. The suspensions were incubated for 10 

minutes and then centrifuged at 10,000 revolutions per minute (RPM). Supernatants were spiked 

with 2-Ethylbturyic acid until a final concentration of 1 mM was reached. SCFAs were detected 

from the supernatants by direct injection into a Thermo TG-WAXMS A GC Column (30 m, 

0.32 mm, 0.25 μm). The injected standard solutions of individual SCFAs were used for 

calibration. Serum SCFAs were also analyzed in a similar process previously described (125). 

Gas chromatography-mass spectrometry (GC-MS) is the most common method used for SCFA 

analysis. Due to their volatile nature, GC is particularly suited for separating and quantifying 

these compounds from biological samples such as feces, plasma, or urine (126). The 

chromatogram provides a profile of SCFAs present in a sample, enabling researchers to quantify 

concentrations and further study metabolic processes linked to gut health and disease states 

(127).  

 

Serum biomarkers  
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Serum samples were stored and removed from -80C to determine concentrations of intestinal 

fatty acid-binding protein (FABP), leucine-rich alpha-2-glycoprotein 1 (LRG-1), and 

lipopolysaccharide-binding protein (LBP) using enzyme-linked immunosorbent assay (ELISA) 

kits according to the manufacturer’s instructions (AFG Bioscience, Wood Dale, IL USA; catalog 

#’s: EK710951, EK710885, EK241481). All three assays followed similar protocols which ended 

with determining absorbance readings at 450 nm using a microplate spectrophotometer (Biotek 

Synergy H1 hybrid reader; Agilent, Santa Clara, CA, USA). Sample absorbance readings were 

compared to standard curve absorbance readings, and values are provided in serum concentration 

units. The three kits performed sufficiently as determined by unknown absorbance values 

following within the linear range of the standard curves and coefficient of variation values for 

duplicates being relatively around or less than 20% (FABP = 22.8%, LBP = 12.3%, LRG-1 = 

18.5%). 

 

Statistics  

Statistical analysis was conducted using RStudio Team (2023) (Integrated Development for R. 

RStudio, PBC, Boston, MA, USA). For all dependent variables over time, repeated measures 

two-way (group × time; GxT) analysis of variance (ANOVA) tests were performed. Kruskal-

Wallis ANOVA with false discovery rate (FDR) corrections were conducted to compare relative 

abundance of all ASVs between both groups at both time points. Alpha diversity was measured 

using ASV counts (observed species), PD Whole Tree Phylogeny, and Shannon index. Beta-

diversity was measured using Bray–Curtis Dissimilarity and Weighted Unifrac distance metrics. 

Change scores (or delta scores) in all dependent variables were also calculated by subtracting 

PRE values from POST values, and these scores were compared within each group using 
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independent samples t-tests. Spearman correlations were conducted on select variables to explore 

relationships between changes in alpha diversity, changes in SCFAs, and changes in body 

composition. Spearman’s rho and p-values are provided for each group individually and when 

merged. Statistical significance was established as p < 0.05, and relevant p-values are depicted 

in-text or within figures.  

 

 

  



24 

 

Chapter IV: Manuscript (to be submitted to Journal of Applied Physiology) 

Fecal microbiota and associated metabolites are minimally affected by ten weeks of 

resistance training in younger and older adults. 

 

Running Title Resistance training effects on microbiome 

 

Anthony Agyin-Birikorang1, Sarah Lennon2, Kristen S. Smith2, William Van Der Pol3, Morgan 

A. Smith1, Casey L. Sexton1, Donald A. Lamb2, Kaelin C. Young4, Kevin Huggins2, Michael D. 

Roberts1, Andrew D. Frugé5 

 
1School of Kinesiology, Auburn University, Auburn, AL 36849, USA, 2Department of Nutritional 

Sciences, Auburn University, Auburn, AL 36849, USA, 3Biomedical Informatics, UAB Center 

for Clinical and Translational Science, The University of Alabama at Birmingham, Birmingham, 

Alabama. 4Department of Physiology, Pacific Northwest University of Health Sciences, Yakima, 

WA 98901, USA, 5College of Nursing, Auburn University, Auburn, AL 36849, USA 

 

Author Contributions: 

 

*Address correspondence to: 

Andrew D. Frugé, PhD 

College of Nursing 

Auburn University 

e-mail: fruge@auburn.edu    

mailto:fruge@auburn.edu


25 

 

ABSTRACT 

Recent evidence suggests that short chained fatty acids (SCFAs) produced by gut microbiota may 

impact body composition and muscle accretion. Additionally, aging is implicated in negative 

alterations to the gut microbiome and exercise training has been posited to positively affect gut 

microbiota. However, limited human evidence indicates that shorter-term resistance training does 

not appreciably alter the gut microbiome in older adults, and no human study has examined if 

resistance training differentially alters the gut microbiome and associated SCFAs between 

younger and older individuals. Therefore, we examined whether 10 weeks of resistance training 

(RT) differentially altered fecal microbiota composition, fecal and circulating SCFAs, and serum 

markers associated with gastrointestinal integrity in younger and older adults. Fecal and serum 

samples were collected from untrained younger (22 ± 2 years, n=12) and older (58 ± 8 years, 

n=12) participants prior to and following 10-weeks of supervised twice-weekly full body RT. 

Outcome measures prior to (Pre) and following the training intervention (Post) included body 

composition measured by dual x-ray absorptiometry, vastus lateralis (VL) thickness measured by 

ultrasound, fecal microbiome data from 16S rRNA gene sequencing, serum and fecal SCFAs 

measured by gas chromatography, and serum intestinal fatty acid-binding protein 2 (FABP2), 

lipopolysaccharide-binding protein (LBP), and leucine-rich alpha-2 glycoprotein (LRG-1) 

quantified by enzyme-linked immunosorbent assays. Repeated measures two-way (group×time; 

G×T) ANOVAs were performed for all dependent variables over time, and Spearman 

correlations were used to explore if changes in training variables were associated with 

microbiome variables and SCFAs. RT significantly increased VL thickness and lean body mass 

(p<0.05) in both groups, but no GxT interactions were evident. Although differences in beta 

diversity were evident between younger and older participants, no significant age, time, or 
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interaction effects were evident. Seven SCFAs were detected in the fecal samples, albeit no 

significant age, time, or interaction effects were evident. Acetic acid was the only SCFA detected 

in serum, and no significant age, time, or interaction effects were evident. Serum LRG1 

exhibited a significant main effect of time (Pre>Post, p=0.007) and age (Younger>Older, 

p=0.015), but this marker nor serum FABP2 or LBP exhibited significant interactions. In all 

younger, older, and/or all participants combined, there were no significant correlations between 

RT-induced changes in muscle mass-related outcomes and changes in either metrics of fecal 

microbiome diversity, total or individual SCFAs, or serum FABP2/LBP/LRG-1 (p>0.00067). Our 

data highlights that 10 weeks of RT largely does not alter the fecal microbiome, associated 

SCFAs, or select markers of gastrointestinal integrity in untrained younger or older adults. 

 

Keywords: short chain fatty acids, gut microbiome, resistance training, aging  
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INTRODUCTION 

The human gut microbiota consists of a diverse array of microorganisms, including bacteria, 

viruses, fungi, and archaea, which inhabit the gastrointestinal tract. The gut microbiome contains 

the largest and most diverse microbial community in the human body (1). Through symbiotic 

relationships, the gut microbiota contributes to digestion, vitamin synthesis, immune regulation, 

and protection against pathogens (2). Environmental factors including diet, exercise, xenobiotics, 

stress, and trauma have been hypothesized to modify the composition of the gut microbiome (3, 

4, 5), thus creating a complex balance between microbes that are beneficial for the host and those 

that may contribute to disease (6).  

 

In 2007, Bäckhed et al. (7) performed a preclinical study investigating the mechanisms 

underlying the resistance to diet-induced obesity in germ-free mice was the first study to suggest 

the presence of a gut–muscle axis. Others have reported that supplementing mice with the 

probiotic Lactobacilli plantarum (L plantarum) for six weeks significantly increased grip 

strength, swimming time to exhaustion, normalized muscle weight and the percentage of Type I 

myofibers (8). Yan and co-workers subsequently provided evidence that the gut microbiome 

could regulate skeletal muscle fiber-type composition (9), expanding the ways in which skeletal 

muscle can be influenced by the microbiome. In a more recent study, Fernandez et al. 

demonstrated that endurance training increased the number of taxa in 8-week-old mice which 

correlated with physical performance (10). However, neither resistance training nor endurance 

training altered the phyla and family compositions (10). Cullen et al. (11) reported that resistance 

training induces mixed changes in the gut microbiome in sedentary young adults. These 
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collective results suggest that the gut microbiota may communicate with skeletal muscle to, in 

part, regulate the adaptive responses to exercise training.  

 

Short-chain fatty acids (SCFAs), primarily acetate, propionate, and butyrate, are microbial 

metabolites produced through the fermentation of dietary fibers and resistant starches by gut 

bacteria (12). Acetate is produced by intestinal bacteria of the genus Bifidobacteria, Lactobacilli, 

Clostridium, and Akkermansia (13). Propionate is largely produced by intestinal bacteria of the 

genus Bacteroides, Ruminococcus, and Roseburia (14). Butyrate is mainly produced by intestinal 

bacteria of the genus Faecalibacterium prausnitzii, Eubacterium rectale and Roseburia spp. 

(15). SCFAs have been suggested to participate in crosstalk with skeletal muscle, proposing a 

direct link between microbiome-derived metabolites and skeletal muscle physiology (16, 17). In 

this regard, Lahiri et al. (18) presented evidence of SCFAs regulating skeletal muscle mass and 

function in germ-free (GF) mice by treating the GF mice in vivo with a cocktail of SCFAs thus 

partly reversing skeletal muscle impairment. Interestingly, studies in rodents and humans 

indicate that endurance exercise training (ET) or combined ET+RT training modulates fecal 

SCFA content (19, 20, 21, 22). However, no study to our knowledge has examined if resistance 

training alone alters fecal and circulating SCFAs in humans.  

Although the aforementioned results are promising, there are human data indicating that 

resistance training may minimally affect gut microbiome outcomes. For instance, our group 

recently published a study in older individuals indicating that shorter-term (i.e., six weeks) of 

resistance training does not affect microbiome diversity metrics or abundances of various taxa 

(23), and this agrees in principle with other resistance training interventions demonstrating null 

effects (24, 25). However, our prior results may have been due to either the shorter-term nature 
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of the intervention and/or only examining older individuals who demonstrate a limited capacity 

to experience changes in the gut microbiome (26). We previously performed two investigations 

examining the effects of a peanut protein supplement on training outcomes in younger and older 

adults (27, 28), and both studies indicated that training (but not supplementation) promoted 

increases in measures of skeletal muscle hypertrophy and strength. Given our interest in 

determining if longer-term training and/or aging affects gut microbiome adaptations, we 

leveraged banked fecal specimens and remaining blood sera from 12 younger and 12 older 

participants in these studies to examine if ten weeks of resistance training (RT) either altered the 

gut microbiome, fecal and serum SCFAs, and/or serum markers of gastrointestinal integrity. A 

secondary aim was to determine if changes these outcomes were associated with indices of 

muscle hypertrophy. We hypothesized that RT would improve microbiome diversity and relative 

abundance of bacterial taxa and increase microbial metabolites in younger but not older 

participants given our laboratory’s prior null findings in older participants. We also hypothesized 

that RT would alter fecal and serum SCFAs in younger, but not older, participants. However, we 

adopted the null hypothesis that microbiome and SCFA outcomes would not be associated with 

training outcomes. 

 

METHODS 

Ethical approval and participant eligibility 

This study is a secondary analysis of 12 younger adults and 12 older adults that completed 10 

weeks of resistance training. Both studies were conducted under a single approved protocol by 

the Auburn University Institutional Review Board (IRB) (Protocol # 19-249 MR 1907) and both 

studies were pre-registered clinical trials (NCT04015479 registered July 11, 2019; 

NCT04707963 registered 13 January 2021). This sample size was chosen from the original 47 
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younger participants and 17 older participants who finished the 10-week interventions due to 

these 24 total individuals having enough fecal and blood materials to perform the analyses 

described in the following paragraphs. 

 

Detailed methods of the original studies have been previously described (27, 28). Participants 

were recruited at Auburn University campus and locally via flyers, emails, and direct contact 

either face-to-face or over the phone. Both studies had identical eligibility criteria aside from 

age, which included: (i) 18–30 years old or 50-80 years old, (ii) body mass index (BMI) <35 

kg/m2, (iii) not actively participating in RT more than one time per week in the preceding six 

months, (iv) no known peanut allergy, (v) free of metal implants that could interfere with X-ray 

procedures, (vi) no medically necessary radiation exposure for six months prior, (vii) free of 

obvious cardiovascular or metabolic disease, (viii) free of conditions contraindicating 

participation in exercise program or donation of muscle biopsy (i.e., blood thinners or blood 

clotting disorder), (ix) for females, could not be pregnant or trying to become pregnant. Eligible 

individuals were informed of all study procedures and completed a medical history questionnaire 

prior to signing informed consent to participate.  

 

Study design  

This section serves to provide a brief overview of procedures relevant to the data presented 

herein. Participants reported to the School of Kinesiology at Auburn University for pre-testing 

battery (Pre) which included a urine specific gravity (USG) to ensure hydration and a rapid 

pregnancy test for female participants to ensure safety for X-ray exposure. Next, height and 

weight assessments using digital column scales, right leg vastus lateralis (VL) thickness using 

ultrasound, and body composition using full body dual-energy X-ray absorptiometry (DXA) 
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scan. Venous blood was obtained from an arm vein in serum separator tubes (BD Vacutainer; 

Franklin Lakes, NJ, USA), and blood was allowed to clot for 30 minutes at room temperature 

prior to being centrifuged at 3500 g for serum separation. Each participant was provided with a 

three-day food log and stool specimen collection kit to take home to complete and return them at 

the next appointment. Participants then performed 10 weeks of supervised full-body RT twice 

weekly as described by Lamb et al. (28) and Sexton et al. (27). All training sessions were 

supervised by study personnel to ensure proper form throughout the sessions. After completion 

of the 10-week RT program, participants were provided another set of three-day food logs and 

stool collection kits for post-intervention testing (Post), which was conducted 72 h after their last 

workout. The post-intervention testing replicated Pre procedures, which included USG, 

pregnancy test in females, height and weight assessments, right leg VL thickness using 

ultrasound, a DXA scan, a venous blood draw, and submission of food-logs and stool samples. 

The following paragraphs provide more in-depth descriptions of testing sessions. 

 

Body composition 

Participants reported to the School of Kinesiology at Auburn University following an overnight 

fast and submitted a urine sample to assess USG levels using a handheld refractometer (ATAGO; 

Bellevue, WA, USA). All participants recorded USG values below 1.020 indicating that they 

were hydrated. Next, height and body weight were then assessed utilizing a laboratory scale 

(Seca 769; Hanover, MD, USA), with height and body weight being collected to the nearest 

0.5 cm and 0.1 kg. Following these measurements, participants underwent a whole-body DXA 

scan (Lunar Prodigy; GE Corporation, Fairfield, CT, USA) for determination of total lean soft 

tissue mass (LSTM) and fat mass (FM). Notably, all scans were performed by the same study 

personnel during the pre-testing and post-testing.  
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Ultrasound for vastus lateralis thickness 

Real-time B-mode ultrasonography (NextGen LOGIQe R8, GE Healthcare, USA) utilizing a 

multi-frequency linear-array transducer (L4-12T, 4-12 MHz, GE Healthcare, USA) was used to 

capture images of the right mid-thigh vastus lateralis (VL). Prior to image acquisition, subjects 

rested supine on an examination table for a minimum of five minutes with the hip and knee fully 

extended. For VL thickness at the mid-thigh, images were collected at a depth in which the edge 

of the femur was visible, and this depth was held constant for post-testing image collection. For 

all ultrasound images, a generous amount of water-soluble transmission gel was applied to both 

the skin and probe and care was taken to apply a consistent probe pressure to maximize image 

quality without compressing the underlying tissue. All ultrasound settings (frequency: 10 MHz, 

gain: 50 dB, dynamic range: 75) except for depth, were held constant across participants and 

time points. One image per participant at each time point was obtained.  Following the study 

conclusion, images were analyzed using the freely available ImageJ software (National Institutes 

of Health, Bethesda, MD, USA). VL thickness was measured using the straight-line function and 

defined as the distance between the subcutaneous adipose tissue-vastus lateralis interface and 

deep aponeurosis.  

 

Resistance training program 

Participants completed supervised RT twice weekly for 10 weeks where detailed instructions 

were provided on proper posture, form, technique, and body positioning to ensure safety. The 

training protocol required a minimum of 48 hours in between sessions to allow for proper 

recovery. Each training session included a warm-up of 25 jumping jacks and 10 body weight 
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squats, a warm-up set of 10 reps at 50% of working weight, 1 set of 5 reps at 75% working 

weight, and 1set of 3 reps at 90% of working weight.  

Post warm up, younger participants performed either 4 sets of 10 reps (high volume) or 5 sets of 

6 reps (high load) at working weight. The older participants performed 4 sets of 10-12 reps at 

working weight. 

Following each set, rating of perceived exhaustion (RPE) was recorded to ensure appropriate 

loads were implemented throughout. An RPE below 7 resulted in a slight increase in working 

weight on the next set and an RPE at 10 or incomplete set resulted in a slight decrease in 

working weight on the next set. 

 

Dietary analysis  

Participants were instructed to complete a three-day food logs prior to and following the 10-week 

training intervention, which included nutritional intakes for two weekdays and one weekend day. 

Regular dietary habits were encouraged throughout the duration of the study, besides 

consumption of protein supplements by individuals in the PPS group. The Nutrition Data System 

for Research (NDSR; NDSR 2014; University of Minnesota) software was utilized by study 

personnel to analyze all young participant food logs. The Automated Self-Administered 24-Hour 

Dietary Assessment tool (ASA24) was utilized by study personnel to analyze all older participant 

food logs.  

 

Fecal microbiome analysis 

Stool samples were collected with a commode specimen collection kit and sterile collection 

tubes. Participants were instructed to seal and store samples in the freezer prior to submission at 

the next visit. 
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Upon receipt, samples were stored at -80°C prior to processing. Fecal microbial DNA was 

isolated using commercially available kits (Zymo, Irvine, CA, USA). DNA samples were 

prepared, and polymerase chain reaction (PCR) amplified 250 base pair variable region 4 of the 

16S rRNA. The PCR amplicon library was sequenced on the Miseq (Illumina, San Diego, CA, 

USA) (120, 121). Further detailed processing steps have been previously described (13). The 

Quantitative Insight into Microbial Ecology (QIIME) 2 pipeline, utilizing version 1.8 DADA2 

generated amplicon sequence variants (ASVs) to the species level (122, 123, 124). UCLUST 

clustered sequences into ASVs (previously operational taxonomic units (OTUs)) with a 97% 

similarity threshold. Thereafter, taxonomic assignments were issued using the SILVA database 

(125). ASVs with an average abundance >0.005% were further processed and grouped by 

taxonomy.  

 

Fecal and serum SCFAs analysis 

Fecal and serum samples were shipped on dry ice to a commercial vendor (Microbiome Insights, 

Richmond, BC, Canada) for SCFA analysis.  Briefly, SCFAs were quantified using gas 

chromatography (Thermo Trace 1310) coupled to a flame ionization detector (Thermo Fisher 

Scientific, Waltham, MA, USA) as previously described (126). Aliquots of stool samples were 

homogenized using MP Bio FastPrep post suspension in MilliQ-grade water at 4.0 m/s for 1 

minute. Next, the samples were acidified by adding 5M HCl to the fecal suspensions, until it 

reached a final pH of 2.0. The suspensions were incubated for 10 minutes and then centrifuged at 

10,000 rpm. Supernatants were spiked with 2-Ethylbturyic acid until a final concentration of 1 

mM was reached. SCFAs were detected from the supernatants by direct injection into a Thermo 

TG-WAXMS A GC Column (30 m, 0.32 mm, 0.25 μm). The injected standard solutions of 
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individual SCFAs were used for calibration. Serum SCFAs were also analyzed in a similar 

process previously described (127).  

 

Serum biomarkers 

Serum samples were stored removed from -80C to determine concentrations of intestinal fatty 

acid-binding protein (FABP), leucine-rich alpha-2-glycoprotein 1 (LRG-1), and 

lipopolysaccharide-binding protein (LBP) using enzyme-linked immunosorbent assay (ELISA) 

kits according to the manufacturer’s instructions (AFG Bioscience, Wood Dale, IL USA; catalog 

#’s: EK710951, EK710885, EK241481). All three assays followed similar protocols which ended 

with determining absorbance readings at 450 nm using a microplate spectrophotometer (Biotek 

Synergy H1 hybrid reader; Agilent, Santa Clara, CA, USA). Sample absorbance readings were 

compared to standard curve absorbance readings, and values are provided in serum concentration 

units. The three kits performed sufficiently as determined by unknown absorbance values 

following within the linear range of the standard curves and coefficient of variation values for 

duplicates being relatively around or less than 20% (FABP = 22.8%, LBP = 12.3%, LRG-1 = 

18.5%). 

 

Statistics  

Statistical analysis was conducted on non-microbiome data using Graphpad Prism v10.0, and 

microbiome data was analyzed using RStudio Team (2023) (Integrated Development for R. 

RStudio, PBC, Boston, MA, USA). For all dependent variables over time, repeated measures 

two-way (group × time; GxT) analysis of variance (ANOVA) tests were performed. For 

microbiome data, Kruskal-Wallis ANOVAs with false discovery rate (FDR) corrections were 

conducted to compare relative abundance of all ASVs between both groups at both time points. 
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Alpha diversity was measured using ASV counts, PD Whole Tree Phylogeny, Simpson index, 

and Shannon index. Beta-diversity was measured using Bray–Curtis Dissimilarity, Unweighted 

Unifrac distance, and Weighted Unifrac distance metrics. Change scores (or delta scores) for 

select dependent variables were also calculated by subtracting Pre values from Post values. 

Pearson correlations were then conducted on select delta scores to explore relationships between 

changes in muscle hypertrophy outcomes versus changes in fecal microbiome diversity, fecal 

SCFAs, and serum markers. Correlations were performed for each age cohort individually as 

well as all participants. Statistical significance for two-way ANOVAs were established as 

p<0.05, and significance was adjusted to p<0.00067 for correlation analyses to account for the 

high number of associations. 

 

RESULTS 

Participant characteristics and training outcomes 

Table 1 presents participant characteristics and training adaptations in both the younger and older 

groups. Significant main effects of time but no significant interactions were evident for DXA 

LSTM and VL thickness indicating that training increased muscle mass regardless of age group. 

Regarding self-reported food intake, two-way ANOVAs revealed there were no significant main 

effects or G*T interactions for average caloric, carbohydrate, and fat intake. However, 

significant main effects of time were evident for protein and fiber intakes whereby these values 

were higher at Post in both the older and young participants. 

 

INSERT Table 1 HERE 

 

Fecal microbiota between age groups with resistance training 
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Alpha diversity metrics (observed species and whole tree phylogeny) did not exhibit significant 

main or interaction effects (Fig. 2a/b). The Firmicutes to Bacteroidetes (F/B) ratio increased 

exhibited a significant main effect of time (Post>Pre, p=0.040), but did not exhibit significant 

age or interaction effects (Fig. 2c). 

 

INSERT Figure 2 HERE 

 

Beta Diversity between age groups with resistance training  

Though alpha diversity did not differ between groups, younger and older samples did exhibit 

microbial population differences between groups. Beta diversity analyses via Bray Curtis and 

Weighted Unifrac metrics revealed significant differences between younger and older groups 

(p<0.001 for both), but no differences in composition from Pre to Post (p>0.05 for all).   

 

INSERT Figure 3 HERE  

 

Serum and fecal SCFAs between age groups with resistance training  

Serum acetic acid was the only SCFA detected in the older and young participants, and analyses 

revealed no significant main effects or a GxT (Fig. 4a). Seven SCFAs were detected in stool 

samples and included the three highly enriched acetic acid (Fig. 4c), propionic acid (Fig. 4d), and 

butyric acid (Fig. 4e) as well as the less enriched isobutyric acid, valeric acid, isovaleric acid, 

and hexanoic acid (not graphed). No significant main effects or GxT interactions were observed 

for the seven individual fecal SCFAs or total stool SCFA concentrations (Fig. 4b). 

 



38 

 

INSERT Figure 4 HERE 

 

Serum biomarkers of intestinal barrier function 

No significant main effects or GxT interactions were evident for FABP2 or LBP (Fig. 5a/b). A 

significant main effect of time was observed for serum LRG1 whereby levels decreased from 

Pre-to-Post intervention in both groups (Fig. 5c, p=0.007). There was also an observed main 

effect of group with older participants exhibiting lower values compared to younger individuals 

(p=0.015); however, there was not a GxT interaction (p=0.551). 

 

INSERT Figure 5 HERE 

 

Correlations among dietary intake, fecal/serum measures and resistance training adaptations 

Spearman correlations were performed among POST-PRE change scores for key dependent 

variables in the younger, older, and all participants (i.e., diet composition, fecal/serum SCFAs, 

fecal microbiome, and serum biomarkers). Results of the analysis are presented in Figure 6. 

After adjustment for multiple comparisons, no correlations were statistically significant. 

However, the following findings are noteworthy. Increasing lean muscle mass was associated 

with increased alpha diversity, a relationship more strongly observed in young adults compared 

to old. Dietary fat in younger adults and dietary sugar in older adults had the greatest impacts on 

alpha diversity. Surprisingly, no relationships were observed between dietary or lean mass 

changes with serum and stool SCFAs. Serum biomarkers were most strongly associated with 

measures in older but not younger adults, with inverse relationships observed between LRG-1 

and VL thickness, total dietary calories and fat. Dietary carbohydrate, but not fiber, was 
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inversely associated with LBP, whereas fiber was inversely associated with FABP2 (both in 

older but not younger adults). 

 

INSERT Figure 6 

 

DISCUSSION 

This study explored the effects of 10 weeks of RT on fecal microbiome, serum and fecal SCFAs, 

and serum markers of gut integrity in younger and older participants. We observed an increase in 

LBM and VL thickness in both groups after the 10 weeks, which validated the effectiveness of 

the training program. Our young healthy individuals had greater microbiome diversity than the 

older healthy individuals which did not change with RT. While many training studies have 

utilized endurance training interventions, there are several studies that have incorporated 

resistance training interventions. Taniguchi et al. performed a five-week endurance training 

intervention in healthy elderly men to examine the effect in gut microbiota. The authors reported 

that the training program did not change the alpha diversity and beta diversity (37). 

Alternatively, Bycura et al. examined the effects of the gut microbiome using both 8-weeks of 

ET and RT interventions in healthy college-aged adults. They found that changes in microbiota 

differed between training interventions. Beta diversity suggests an increase in microbiota in the 

first few weeks of ET, but there was a slight shift post-intervention to resemble baseline 

microbiota composition, though no significant changes in gut microbiota were observed (24). 

Similarly, a 6-week endurance training intervention in obese and lean individuals conducted by 

Allen et al. found that beta-diversity changes were dependent on BMI status. Additionally, 



40 

 

following the 6-week sedentary washout period, the authors revealed any changes in the 

microbiota were reversed (19).  

Cullen at al. conducted a 6-week resistance training intervention in healthy young sedentary 

adults in which they found that RT elicited mixed changes in alpha and beta diversity measures 

(11). Our data and the previous data utilizing RT interventions collectively suggest that 

microbiome diversity are not altered with RT. Nonetheless, reasons why ET greatly impacts 

microbiota composition compared to RT should be further investigated.  

 

We detected seven SCFAs in our fecal samples and only one SCFA in our serum samples. We 

also discovered that the RT produced minimal changes in SCFAs but not statistically significant. 

These findings are contrary to preclinical studies suggesting that SCFAs improve performance 

outcomes in rodents. Huang et al. treated mice with acetate, propionate, and butyrate for four 

weeks to investigate endurance capacity. They found that higher concentration of SCFAs 

significantly improved the average running time compared with the control group (38).  

Furthermore, Okamoto et al. also investigated the effects of SCFAs in endurance training 

outcomes. The authors administered either a low microbiome-accessible carbohydrate (LMC) 

diet or a high microbiome-accessible carbohydrate (HMC) diet to 10-week-old mice for 6 weeks. 

They found that SCFA concentrations were significantly lower in the LMC diet group than the 

HMC diet group. Additionally, treadmill running time was significantly lower in the LMC diet 

group than the HMC diet group (39). The differences in diet composition and SCFAs production 

is consistent with Eveleens Maarse and co-worker’s study. They supplemented older adults with 

dietary fiber mixture of Acacia gum and carrot powder (30g/day) and observed an increase in 

fecal SCFAs in the intervention group compared to the placebo (40). Estaki et al. investigated 
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SCFAs effects on aerobic capacity in humans. They concluded that healthy young adults with 

higher SCFA concentrations had a higher VO2peak (41).  

Rodent studies suggest that there is a correlation with changes in SCFA and exercise 

performance. However, our training involved resistance exercises rather than endurance 

exercises, which could explain the differences in the results previously discussed.  

 

Examining intestinal barrier integrity is crucial when studying the gut microbiome because of the 

intricate relationship between the two. Given our findings of the gut microbiome and SCFAs 

with RT interventions, it was ideal to determine whether biomarkers of intestinal barrier integrity 

were altered with training. Although serum LBP levels were not altered, we observed a trend in 

increased serum FABP2 following the RT intervention. Numao et al reported similar findings as 

they also observed an increase in FABP after acute low-intensity and moderate-intensity exercise 

in healthy men. However, this study utilized aerobic training intervention (42). Additionally, we 

observed a significant decrease in LRG1 levels with the RT intervention. LRG1 Elevated levels 

of LRG in the bloodstream are often associated with conditions such as inflammatory diseases, 

cancer, and cardiovascular disorders, making it a potential biomarker for disease activity (43, 44, 

45). Our finding suggests that resistance training could improve intestinal barrier integrity. While 

this study provides an insight into RT and gut health in young and old adults, it does have its 

limitations. First, our sample was fairly homogeneous, as there were 63% white participants and 

75% female participants. It would be valuable to investigate whether race or gender is a factor in 

gut microbiota composition and SCFAs changes with training. While our sample included 

participants in an effective RT program, there was no control group that did not train, and our 

sample (n=24) was relatively small. We did not request that participants only collect stool 
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samples at a particular time of day, which may have affected fecal microbiome composition. 

Finally, we had participants self-report their dietary intake for our analysis, which makes false 

reports a possibility.  

This is the first study to investigate the effects of short chain fatty acids on resistance training 

outcomes in humans. Further, this study also investigates relationships between fecal short chain 

fatty acids and serum short chain fatty acids. Alpha diversity and beta diversity analyses indicate 

that 10 weeks of RT did not change overall microbiome composition of untrained adults, though 

younger and older participant cohorts had differing compositions across time. Fecal and serum 

SCFAs were not significantly altered after 10 weeks of RT program. Additionally, fecal SCFAs 

did not translate to serum SCFAs, potentially due to utilization by colonocytes or maintenance of 

intestinal epithelium integrity. 
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TABLES 

 

Table 1. Participant characteristics, training outcomes, and self-reported food intakes 
Variable Younger (n=12) Older (n=12) Stats outcomes 

Age (years) 22±2 59±5 p<0.001 

Sex 2 males/10 females 4 males/8 females  

Body mass (kg) 

   Pre 

   Post 

 

68.0±10.3 

69.1±11.2 

 

96.1±13.6 

97.4±15.1 

Group p<0.001 

Time p=0.028 

G*T p=0.807 

DXA LSTM (kg) 

   Pre 

   Post 

 

45.0±7.2 

46.6±7.6 

 

54.8±8.9 

56.0±8.9 

Group p=0.009 

Time p<0.001 

G*T p=0.454 

VL thickness (cm) 

   Pre 

   Post 

 

2.32±0.32 

2.54±0.33 

 

1.93±0.50 

2.04±0.34 

Group p=0.007 

Time p=0.013 

G*T p=0.364 

Energy intake (kcal/d) 

   Pre 

   Post 

 

1409.8±431.5 

1438.6±369.2 

 

1763.7±566.6 

1705.1±597.5 

Group p=0.146 

Time p=0.804 

G*T p=0.470 

Fat intake (g/d) 

   Pre 

   Post 

 

64.9±17.7 

58.4±21.6 

 

73.1±24.2 

67.4±26.1 

Group p=0.337 

Time p=0.144 

G*T p=0.921 

Protein intake (g/d) 

   Pre 

   Post 

 

54.2±18.6 

75.7±17.4 

 

87.8±31.8 

107.9±46.3 

Group p=0.010 

Time p=0.003 

G*T p=0.909 

Carbohydrate intake (g/d) 

   Pre 

   Post 

 

151.9±75.6 

154.6±43.9 

 

189.4±80.1 

168.6±63.9 

Group p=0.355 

Time p=0.331 

G*T p=0.213 

Fiber intake (g/d) 

   Pre 

   Post 

 

13.9±6.9 

21.8±5.5 

 

14.2±5.9 

18.5±10.9 

Group p=0.621 

Time p<0.001 

G*T p=0.208 

Sugar intake (g/d) 

   Pre 

   Post 

 

54.4±47.2 

43.3±17.9 

 

75.8±44.4 

71.9±37.4 

Group p=0.098 

Time p=0.352 

G*T p=0.647 

Legend: Data are mean ± standard deviation values, with significant main effects of age group, 

time, and the group*time (G*T) interaction p-values being presented; note age was analyzed 

using an independent samples t-test.  Abbreviations: DXA LSTM, lean/soft tissue mass 

determined by dual-energy x-ray absorptiometry; VL, vastus lateralis   
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FIGURES 

 

Figure 1. Study Flow Diagram 
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Figure 2. Changes in fecal microbiome diversity with resistance training 

 
 

Legend: Data in this figure indicates that there were no significant changes observed with fecal 

alpha diversity, including observed species (a) and whole tree phylogeny (b) in both older and 

younger participants. However, the Firmicutes to Bacteroidetes ratio (c) was significantly 

increased in both groups. 
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Figure 3. Bray Curtis and Weighted Unifrac scores 

 

Legend: The average microbiome of young participants was significantly different from the older 

participants according to (a) Bray Curtis (p<0.001) and (b) Weighted Unifrac (p<0.001) metrics. 

Ten weeks of RT did not alter the microbiome composition in either group. Older Pre: red dots; 

Older post: blue dots; Younger pre: orange dots; Younger post: green. 
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Figure 4. Changes in serum and stool short chain fatty acids with resistance training 

 
Legend: Data in this figure indicates that only acetic acid (a) was found in the serum sample and 

there was no alteration observed between groups. Total SCFAs in the stool sample (b) were also 

not altered between groups. There were no significant changes in individual stool SCFAs 

including acetic acid (c), propionic acid (d), butyric acid (e), isobutyric acid (f), isovaleric acid 

(g), and valeric acid (h). However, there was a trend towards a significant increase in hexanoic 

acid (i) in both groups. 
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Figure 5. Serum FABP2, LBP, and LRG1 at PRE and POST in older and younger participants  

 
Legend: Data in this figure indicates that serum FABP2 (a) and serum LBP (b) were not 

significantly altered in both older and younger participants. However, serum LRG1 (c) 

significantly decreased in both groups. Abbreviations: FABP2, fatty acid binding protein; LBP, 

lipopolysaccharide binding protein; LRG1, leucine-rich alpha-2-glycoprotein 1. 
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Figure 6. Correlations among changes in primary and secondary outcomes 

 
Legend: Data are Spearman rho-values. No correlations were significant after adjusting for 

multiple comparisons; 0.05/576 = p<0.000087. Abbreviations: DXA LSTM, lean/soft tissue 

mass determined by dual-energy x-ray absorptiometry; obs. species, observed species; SCFA, 

short chain fatty acids 
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Chapter V: Conclusion 

Short chain fatty acids (SCFAs), byproduct of the gut microbiota, has been suggested to have 

beneficial effects including increased muscle strength, anti-inflammatory factors, and energy 

production. Our investigation into the relationship between gut microbiome composition and 

SCFAs, and resistance training (RT) yields important insights into the complexity of gut health 

and its responses to physical activity. Despite the well-documented benefits of resistance training 

on the gut microbiome diversity in rodent, our findings indicate that this form of exercise does 

not significantly alter gut microbiome diversity or SCFA production in younger and older adult 

humans. We observed that younger adults had greater diversity in their gut microbiome 

composition compared to older adults. However, 10 weeks of RT did not significantly influence 

microbiome composition. We also observed that serum and fecal SCFAs were not altered with 

the RT program. Given these findings, it was beneficial to determine whether markers of 

intestinal barrier integrity were altered with RT. Although serum FABP2 and LBP levels were not 

significantly altered, we observed a significant decrease in serum LRG1 levels following the RT 

program. LRG1 is a novel biomarker of gastrointestinal inflammation and function and plays a 

role in health and disease. Therefore, RT could improve intestinal barrier integrity and gut 

function. The implications of these findings are significant for both researchers and practitioners 

in the fields of nutrition and exercise science. Understanding that RT may not significantly 

influence gut microbiome composition or SCFA levels opens avenues for exploring alternative 

strategies to optimize gut health. Future studies should consider the intensity and duration of 

resistance training, as well as other forms of exercise, to determine how these variables may 

collectively impact the gut microbiota and its byproduct.  In summary, while resistance training 

may be a powerful tool for enhancing overall health, its direct effects on gut microbiome 

composition and SCFA production remain limited.  
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