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ABSTRACT

Recent advances in molecular biology have enabled researchers to study the gut
microbiome. However, only limited evidence has examined whether resistance training alters
the gut microbiome, and no studies in this regard have been performed in an older population.
Therefore, the purpose of this study was to determine if 6 weeks of resistance training in older
males: 1) altered bacterial species suggestive of enhanced gut microbiome diversity, and/or ii)
altered taxonomic units associated with gut health chosen a priori through an extensive literature
search. Fecal samples were collected prior to and following a 6-week resistance training
intervention (2x/week) in 16 older Caucasian males (65£9 years old, 28.1£3.1 kg/m?) with
minimal prior training experience. After training concluded, DNA was isolated from pre-and
post-training fecal samples, and taxa were quantified using sequencing to amplify the variable
region 4 (V4) of the 16S ribosomal RNA gene. Training significantly increased whole-body
lean/soft tissue mass (determined by dual energy x-ray absorptiometry) as well as leg extensor
strength (p<0.05). Markers of microbiome diversity as well as select bacteria chosen for analysis
a priori were not significantly altered with training. However, MetaCY C pathway analysis
indicated metabolic capacity of the microbiome to produce mucin increased; blood analysis
indicated serum Zonulin was significantly decreased after training (p<0.05), further suggesting
intestinal barrier integrity was improved. In conclusion, this study adds to the limited literature
examining how resistance training affects the gut microbiome. Interestingly, our data suggest
that resistance training in older Caucasians may improve intestinal barrier integrity, and warrant

further in-depth research in this area.
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CHAPTER I: INTRODUCTION

Recent advances in sequencing techniques and metabolomics have enabled researchers to study
the gut microbiome. The microbiome is an integral part of the human body, and it can affect
everything from caloric absorption to immune function (59). Both genetic and metabolic
diversity are present, as there are millions of genes and gene functions within the microbiome
such that the gut microbiota reflect characteristics of their host including diet and lifestyle factors
(35). Several groups have suggested the gut microbiome can affect key aspects of host fitness,
such as development, fertility, and lifespan (45). Gut microbial differences are observed between
children born vaginally or Cesarean section (31). Further, gut microbial adaptations occur with
initiation and duration of breast-feeding (90), and dietary habits well into adulthood can continue
to alter the gut microbiome. Thus, the environment can profoundly alter the composition of the
gut microbiota (111).

Significant alterations in the human gut microbiome that are not quickly resolved result
in dysbiosis, which can have detrimental effects on the host (123). Dysbiosis can also be induced
through administration of antibiotics (43), which often induce compositional changes that can be
permanent. In young children and infants, the use of antibiotics increase the likelihood of
maladaptive bacterial species that can result in necrotizing enterocolitis (43), one of the leading
causes of death for neonates (67). Given the widespread and ubiquitous use of antibiotics across
the globe, there has been a subsequent rise in antibiotic-induced dysbiosis (127). Antibiotics
have been observed to affect neuronal transmission within the gut, including a distorted glial
network, and altered cholinergic, tachykinergic and nitrergic neuronal transmission (11). The

increase in antibiotic-resistant bacterial infections across the world suggests greater disposition



to opportunistic infections and dysbiosis (40). Conversely, several supplemental therapies
represent a robust measure against dysbiosis and antibiotic resistance (44). The use of prebiotics,
probiotics and postbiotics has grown in recent years, as the need from clinicians and the desire of
consumers to find novel, and less damaging modalities of gut health maintenance continue.

Prebiotics include several types of dietary fibers that are not broken down by pancreatic
enzymes. Numerous bacteria flourish on these fibers, producing several metabolites including
short chain fatty acids (SCFAs). The use of fibers, specifically high soluble fibers, alter different
regions of the host’s intestinal tract, directly and indirectly altering gut barrier integrity and
functioning. This has the capacity to alter cholesterol and bile acid reabsorption (41). In human
and animal models, Gram-negative bacteria produce lipopolysaccharides (LPS). Interestingly,
the impact of LPS-induced inflammation is reduced by SCFAs (25). Several bacteria thrive on
the mucosa and are found predominantly near the epithelium. Encroachment by pathogens has
proinflammatory effects (6). These include cell pattern recognition receptors via gut associated
lymphoid system. Involved receptors include toll-like receptors as well as nucleotide-binding
oligomerization domain-contain protein receptors. Further, the release and regulation of protein
metabolites and immunoregulating peptides play a role in gut microbiome regulation and
augmentation (98, 104).

Several changes in the gut microbiome have been observed throughout middle and older
age, most notably a reduction in diversity and susceptibility to pathogenic infections (128),
maladaptive disease states such as Irritable Bowel Disease (34), and potentially with
degenerative brain diseases such as Alzheimer’s disease (109). Interestingly, the age-related
degeneration of muscle tissue (i.e., sarcopenia) is accompanied by changes in microbiota, which

has generated interest in the gut-muscle axis (114). Further, the microbiome can be acutely and



chronically altered via exercise (71). Rodent studies have explored the relationship between
muscle and microbiota, finding that dysbiosis and gnotobiotic are associated with decreased
muscle fiber size, physical performance, glucose metabolism, and neuromuscular communication
(11, 59, 86). Given that resistance training enhances several of these characteristics in older
populations (17, 55, 106), it remains plausible that these adaptations are mitigated, in part,
through training-induced changes in the gut microbiome. However, to our knowledge, only two
human studies examining longitudinal gut microbiome changes with resistance training exist (7,
20), and both studies were carried out in college-aged individuals. Therefore, the purpose of this
study was to determine if 6 weeks of resistance training in older adult participants: 1) improved
microbiome diversity of fecal samples, ii) altered taxonomic units associated with gut health
chosen a priori through an extensive literature search, and iii) affected overall metabolic function
of host microbiota and metabolism specific to energy harvest and gut health. We hypothesized
that six weeks of resistance training would favorably alter the gut microbiome of older
participants. Specifically, we hypothesized that resistance training would improve microbiome
diversity and positively affect certain taxonomic units associated with positive metabolic

outcomes.



CHAPTER II: LITERATURE REVIEW

The following sections of this literature review will discuss studies that have used various
techniques to elucidate how aging, exercise and various diseases affect the gut microbiome.
Additionally, mechanistic rodent research using antibiotics, germ-free mice, and probiotics will
be discussed. While there is emerging evidence of a muscle-microbiome connection, this
evidence is sparse. Likewise, there is very little evidence examining how resistance training
affects the gut microbiome, and whether resultant alterations are associated with resistance
training adaptations. Thus, the culmination of this review will address these literature gaps and

lead into to the purpose(s) of my dissertation question.

Gut microbiome characteristics

Merriam-Webster’s Dictionary defines the microbiome as, “4 community of
microorganisms (such as bacteria, fungi, and viruses) that inhabit a particular environment and
especially the collection of microorganisms living in or on the human body.” When querying
PubMed.gov with the search term “gut microbiome” it is evident that this area of research has
exponentially blossomed, with 0-10 publications per year being published from the years 2000-
2007, and 5,500-8,500 publications per year being published between 2018-2020. A healthy
person is inhabited with trillions of microbes (19). Indeed, while this includes fungi, viruses, and
archaea, the microbiome (when healthy) includes roughly 1000-2000 different bacterial taxa. It
has been estimated that genome size of microbiota surpasses the human genome by 150 times,
and that there are 10 times more bacterial cells than all human cells (99). Of these, a majority

cannot be cultivated using traditional and current techniques (102). However, the availability of



culture-independent sequencing and metagenomic testing now available, which is quickly
becoming cheaper, has allowed for a more complete analysis of the microbiome. One type of
sequencing allows for the unique sequence identification of 16S ribosomal RNA (rRNA) of
different species obtained from fecal samples (83). Indeed, the use of 16S rRNA sequencing has
rapidly increased our comprehension of the gut microbiome (120). Further, the capacity to
examine large swaths of the microbiome via sequencing has allowed for associations and
correlations to develop in relation to microbiome changes and states of disease and
maladaptation (15, 74). In this regard, sequencing endeavors have revealed that Bacteroidetes
and Firmicutes account for nearly 99% of all the species in the microbiome (51). Further, it has
been demonstrated that Bacteroidetes tends to be inversely proportional to Firmicutes (51).

While extensive, the microbiome does not directly interact with most cell types given that
it is confined to the gastrointestinal tract. However, metabolites produced by the microbiome are
candidates for microbiome-to-cell communication. Short-chain fatty acids (SCFAs) are the main
metabolites produced by the microbiota through the anaerobic fermentation of indigestible fibers
and resistant starch, and the most abundant microbiome-derived SCFAs include acetate, butyrate,
and propionate (37, 70, 108). Acetate acts, in part, by binding to the G-protein coupled receptors
GPR41 and GPR43 (FFAR2, FFAR3). These receptors are expressed in the colon, small
intestine, and insulin-sensitive tissues including the liver, pancreas, and skeletal muscle (56, 88,
112). Additionally, SCFAs produced by bacteria, such as Faecalibacterium, are capable of
entering into circulation where they can act as ligands for muscle cells and other tissues (27, 28).
SCFA receptors have also been shown to play an important role in altering glucose metabolism
and uptake, along with playing a role in insulin sensitivity (57). Further, mitochondrial

biogenesis is modulated, in part, by SCFAs (50). Low-grade inflammation has been associated



with the reduction of SCFA-producing bacteria in the gut (118). Butyrate may be involved in the
regulatory pathways responsible for increased ATP synthesis and improving metabolic efficiency
(26). Butyrate can also inhibit histone deacetylase, which implicates its role in genetic regulation
across a variety of cell types (122). Given the broad range of tissues affected, this shows the
wide-ranging role SCFAs may exert within the body. Also notable, gram-negative bacteria
produce lipopolysaccharides (LPS), and LPS can permeate the mucosal lining to interact with
and adversely affect various cell types via inflammatory signaling. Interestingly, the impact of
LPS-induced inflammation is reduced by SCFAs (25). The collective evidence presented above
shows that, in addition to the compositional complexity of the microbiome, one must consider

the flux of metabolites produced by different bacteria and how these may affect target tissues.

Muscle-microbiome axis

Skeletal muscle plays major roles in stability, locomotion, and force production, with
further roles in endocrine function (52). Exercise, whether it be resistance or endurance training,
can have long-lasting impacts on skeletal muscle physiology (48). Indeed, many exercise-
induced adaptations occur due to localized signals (e.g., mMTORCI1 activation during resistance
exercise or AMPK activation during endurance exercise). However, a bi-directional
communication from the microbiome and endocrine system has emerged, and bacteria are
capable of producing metabolites as a means of interaction between skeletal muscle and the gut
microbiome (105). While the muscle-microbiome axis is indeed complex and still being
elucidated, several rodent studies have established interesting relationships. For instance, the
expression of the peroxisome proliferator-activated receptor (PPAR)-gamma transcription factor

is altered in skeletal muscle via butyrate, a SCFA produced by numerous genera as discussed



above (72). Further, germ-free mice have been shown to present larger muscle fibers that are
fewer in number with an overall reduced skeletal muscle weight compared to mice with intact
microbiomes (59). Another study administered antibiotic treatments to healthy mice to assess
the effects of microbiome alteration on various performance indices (86). The authors showed
that the mice preformed more poorly on skeletal muscle endurance tests. However, the effects of
the antibiotics on the endurance capacity of the mice were completely abated via reseeding the
microbiome. Captui et al. (11) found the neuromuscular function in juvenile mice was hindered
with the onset of dysbiosis. Specifically, C57Bl/6 juvenile male mice were administered
antibiotic treatment for 14 days, and tissue was collected and analyzed using
immunohistochemistry and western blots. The findings of the research suggested a decrease in
myenteric plexus neurons, alterations in the glial network, and decrements in various
neurotransmitters. L. Plantarum, when supplemented in healthy young mice, increases muscle
weights, swim time and grip strength (14). Another study showed a decrease in LPS and
systemic inflammation along with increased muscle mass when providing the prebiotic
oligofructose to mice (9). Correlations have also been found with antibiotic use and muscle
wasting in mouse models (73), and fecal transfers to mice exposed to antibiotics have been
shown to promote muscle hypertrophy (86). Thus, ample evidence suggests skeletal muscle
form and function are seemingly affected by alterations in the composition and metabolites

produced by the gut microbiome.

Aging and the microbiome
Sarcopenia is an accelerated loss of muscle mass, and is typically viewed as an age-

related health condition that primarily affects the elderly (84). Sarcopenia is exacerbated through



acute and chronic stressors such low-grade inflammation, inactivity, poor diet, and poor
endocrine function (79). There is strong evidence for the overlap of sarcopenia and physical
fragility (82). Further, anabolic resistance (i.e., the inability of sarcopenic muscle to hypertrophy)
is heavily associated with insulin resistance and chronic low-grade inflammation (46). In general,
older individuals tend to have a decrease in nutrient intake and absorption, and this can play a
role in the development of sarcopenia (89, 121). Physical activity has been viewed as a
countermeasure to stave off sarcopenia (62). In particular, strength training has used to combat
sarcopenia given that it typically promotes myofiber hypertrophy, enhancements in insulin
sensitivity, improved muscle capillary density, and mitochondrial biogenesis (78).

Aging itself is a catalyst that drives alterations in the gut microbiome. It has been
reported that the microbiome robustly adapts until three years of age in humans, at which point it
begins to stabilize and resemble the adult microbiome (49, 126). However, in older individuals,
the rate of aberrant changes in microbiome composition accelerates roughly after 65 years of age
(103, 113). In this regard, the relative proportions of Bacteroidetes predominate in the elderly
compared to higher proportions of Firmicutes in young adults (129). Significant decreases in
Bifidobacterial, Bacteroides, and Clostridium cluster IV have also been reported with aging
(119). Until recently, the consequences of these changes over the lifespan have been
understudied. However, there is now emerging evidence that microbiome dysbiosis may be a
catalyst of physical frailty (69). Further, there are interesting associations between the gut
microbiome and skeletal muscle aging. For instance, a review by Ticinesi et al. (115) provides
evidence that the age-associated changes in the microbiome could influence muscle protein
synthesis in addition to upregulating chronic inflammation via insulin resistance. Fielding et al.

(39) found that the species Barnesiella intestinihominis, among a number of other genus and



family level bacteria, was associated with age-related muscle strength maintenance in older
adults. Testosterone levels decrease with age in men, and alterations in gut microbiota may
drastically alter the amounts of testosterone and other sex steroids in circulation (81). Poutahidis
et al. (97) found that increasing the total number of L. reuteri bacterium via supplementation in
rats increased testicular size and circulating testosterone in aged rats. Alpha-diversity is the total
expression of bacterial species detected in a fecal sample using metagenomic testing.
Interestingly, it has been reported that fecal alpha-diversity highly correlated with the Rockwood
frailty index (53). As mentioned above, many of the microbiome effects on muscle may be
modulated through SCFAs. In this regard, Walsh et al. showed that the administration of
butyrate helped prevent an age-related reduction in muscle mass in rodents (94). While not the
focus of this review, what should not be discounted is how poor dietary choices over the lifespan
may adversely affect the gut microbiome. For instance, researchers have shown that young mice
exposed to a high fat diet, which contributes to insulin resistance via low grade inflammation,
experienced an increase in body weight along with decreased glucose tolerance and heightened
circulating levels of LPS (8). This is problematic given that LPS elicits an inflammatory
response and can induce skeletal muscle atrophy (33). Animal-based diets have also been shown
to increase the abundance of bile-tolerant microorganisms (Alistipes, Bilophila and Bacteroides)
while decreasing levels of Firmicutes that metabolize dietary plant polysaccharides (Roseburia,
Eubacterium rectale and Ruminococcus bromii) (23). Notably, it has been argued that this can
lead to increases in gut and systemic inflammation, which again, may adversely affect skeletal

muscle.

Exercise and the microbiome



Exercise training has the potential to increase muscle mass or aerobic endurance.
However, currently emerging evidence suggests the gut microbiome may also influence exercise
adaptations (13). First, a number of animal models has shown that microbiome diversity
increases with exercise training (29, 61, 68). Additionally, Scheinman et al. (107) found that,
when isolating, culturing, and administering Villanella atypical from stool samples of an
Olympic athlete to mice, the mice significantly increased performance on exhaustive treadmill
runs. In a review titled “Microbiota and muscle highway — two way traffic’ Hawley (47)
highlights data from another study showing bacterial genus Villanella, which metabolizes acetate
from lactate through the methylmanyl-CoA pathways, is more highly enriched in runners
following a marathon. There are also interesting associations in this area of research. For
instance, in premenopausal women, microbiome composition was found to correlate with aerobic
fitness (125). Further, gut microbiota diversity is reduced in overweight/obese persons compared
to the microbial diversity of professional athletes (16). These and other findings led Wosinska et
al. (124) to conclude in a review article that athletic performance is altered by several species of
bacteria, and the possibility of designer bacteria to enhance sports performance is seemingly
feasible.

While the aforementioned findings have been informative, few studies have specifically explored
the impact of exercise intervention studies on the microbiome in humans. Allen et al. (3)
examined the effects of a six-week endurance training intervention in 18 obese and 14 lean
individuals. Notably, the microbiome make-up between lean and obese individuals were
different at the beginning of the study, and those differences were reduced following exercise
intervention. Munukka et al. (85) observed only modest changes in overall community

composition following a six-week endurance training intervention in 18 overweight women.
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Cronin et al. (20) performed an eight-week combined aerobic and resistance training intervention
study where 90 participants were randomized to one of three groups including exercise-only,
exercise with a whey protein dietary supplement, and whey protein supplementation only. In
short, the authors reported no significant changes in the microbiome due with exercise training.
Byruca et al. (7) examined how either endurance training or resistance training for 8 weeks
affected the gut microbiome. Interestingly, endurance exercise elicited more robust changes in
the microbiome relative to resistance training, and this finding led authors to conclude that
resistance training either does not affect the microbiome or does so in a more subtle manner.
However, what should be noted is that the participants in this study were apparently healthy,
younger adults. Thus, it remains unknown as to whether resistance training can affect the
microbiome in older adult participants.
Purpose Statement

Muscle loss with aging has been associated with frailty and detrimental health outcomes
and as stated above, the microbiome has been speculated to play a role in this process. Exercise
in general has been shown to combat muscle loss with aging and as discussed above, may impact
the gut microbiome. However, it is currently unclear as to whether resistance training affects the
gut microbiome. Therefore, the purpose of this study was to determine if 6 weeks of resistance
training in older adults (between ages 55-80 years old): 1) improved alpha-diversity, and/or ii)
altered taxonomic units associated with gut health chosen a priori through an extensive literature
search. Moreover, we sought to determine if changes in gut microbiome markers with training
were associated with various training adaptations. Fecal samples were collected approximately
one week prior to and ~72 hours following the exercise intervention. Samples were processed to

extract bacterial RNA and sent to a collaborator for 16S rRNA sequencing. Following
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sequencing, bacteria were strategically interrogated as listed in Table 1. Notably, these bacteria
were identified through a comprehensive literature review, where targets were selected based on
prior literature deeming their involvement in health or muscle physiology. More details
regarding training methodologies and analyses are presented in Chapter III. We hypothesized
that six weeks of resistance training would favorably alter the gut microbiome of older
participants. Specifically, we hypothesized that resistance training would improve alpha-
diversity, taxonomic units associated with positive metabolic outcomes, and microbial

metabolism specific to energy harvest and gut health.

INSERT TABLE 1 HERE
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CHAPTER III: METHODS

Ethics approval

This study is a secondary analysis. The original study investigated the effects of protein
supplementation with resistance training on skeletal muscle hypertrophy in older untrained
individuals (60). Prior to any data collection, this study was approved by the Auburn University
Institutional Review Board (IRB) (Protocol # 19-249 MR 1907), conformed to standards set by
the latest revision of the Declaration of Helsinki, and was registered as a clinical trial
(NCT04015479). Men and women aged 50-80 years with minimal resistance training experience,
defined here as not having performed structured RT for at least three months prior, were
recruited for this study. Participants were recruited via flier, email inquiry and newspaper
advertisement. Interested participants were informed of the study and testing procedures either
over the phone or face-to-face at the Auburn University School of Kinesiology. Eligibility
criteria indicated that potential participants had to: 1) be between the ages of 50-80 years old, 1)
not actively be participating in structured RT for at least 3 months prior, iii) be free of metal
implants, and iv) possess blood pressure readings within normal ranges, with or without
medication (i.e. <140/90 SBP/DBP). Exclusion criteria included: i) individuals having a known
peanut allergy, ii) individuals having a body mass index > 35 kg/m?, iii) individuals being
exposed to medically necessary radiation in the last 6 months, or iv) individuals having a medical
condition contradicting participation in a RT program, giving blood, or donating a skeletal
muscle biopsy (i.e., blood clotting disorders or taking blood thinning medications). Participants
deemed eligible based on the aforementioned criteria provided written and verbal consent to

participate. A medical history questionnaire was obtained at the time of consenting and
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participants were scheduled to return to the Auburn University School of Kinesiology to

complete study procedures described below.

Study design

Participants reported to the School of Kinesiology on 16 separate occasions. Visit one (V1)
included screening to determine eligibility, gathering consent and obtaining a health history. V1
also involved sending participants who consented to be in the study home with stool sample
collection kits and food logs. For food logs, participants were instructed to record all food
consumed over two weekdays and one weekend day. Participants were instructed to return the
kit and food log prior to the first resistance-training day. Visit two (V2; PRE) included a testing
battery comprised of urine specific gravity (USG) testing, height and body mass assessments,
assessment of the right leg vastus lateralis (VL) muscle thickness using ultrasound, a full body
dual-energy x-ray absorptiometry (DXA) scan, a peripheral quantitative computed tomography
(pQCT) scan at the mid-thigh of the right leg, and a right leg strength assessment using an
isokinetic dynamometer. V3 included the participant’s first muscle tissue sample collection and
the participant’s first resistance exercise bout. V4 included the participants’ second muscle
biopsy. Visits five (V5) through fifteen (V15) were supervised workouts at the Auburn
University School of Kinesiology. During V15 participants were provided with their second
stool collection kit and food log. Visit sixteen (V16; POST) occurred roughly 72 hours following
V15, and included a repeat of the V2 testing battery. Specific testing methodologies are detailed

below.
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Pre- and Post-intervention Testing Battery

The testing sessions described below occurred during morning hours (05:00-09:00) following an
overnight fast for all but a small subset of participants who reported to the laboratory after
working hours at 17:00-18:30 following a ~4-5 hour fast.

Body Composition Assessments. During V2 and V16, participants reported to the Auburn
University School of Kinesiology wearing casual sports attire (i.e. athletic shirt and shorts, tennis
shoes). Participants submitted a urine sample (~5 mL) to assess USG levels using a handheld
refractometer (ATAGO; Bellevue, WA, USA). Notably, all participants possessed USG values
less than 1.020 indicating that they were well hydrated. Height and body mass were assessed
using a digital column scale (Seca 769; Hanover, MD, USA) with mass and height being
collected to the nearest 0.1 kg and 0.5 cm, respectively. Thereafter, right leg VL images were
captured in the transverse plane using real-time B-mode ultrasonography (LOGIQ S7 Expert, GE
Healthcare, USA) utilizing a multi-frequency linear-array transducer (3-12 MHz, GE Healthcare,
USA) and subsequently analyzed for VL thickness. Participants were instructed to stand and
displace bodyweight to the left leg to ensure the right leg was relaxed. Measurements were
standardized by placing the transducer at the midway point between the inguinal crease and
proximal border of the patella. All images were captured and analyzed by the same investigator
(S.C.0.) with a 24-hr test-retest reliability using intraclass correlation coefficient (ICCs,1),
standard error of the measure (SEM), and minimal difference (MD) to be considered real of
0.991, 0.06, and 0.16 cm, respectively. Participants then underwent a full body dual-energy x-
ray absorptiometry (DXA) scan (Lunar Prodigy; GE Corporation, Fairfield, CT, USA) for

determination of total lean soft tissue mass (LSTM) and fat mass FM. Quality assurance testing
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and calibration were performed the morning of data-collection days to ensure the scanner was
operating to manufacturer specification. Scans were analyzed by the same technician using the
manufacturer’s standardized software. Test-retest reliability using ICCs,1, SEM, and MD were
previously determined for LSTM (0.99, 0.36, and 0.99 kg, respectively) and FM (0.99. 0.43, and
1.19 kg). Following the DXA scan, a cross-sectional image of the right thigh at 50% of the femur
length was acquired using a pQCT scanner (Stratec XCT 3000, Stratec Medical, Pforzheim,
Germany). Scans were acquired using a single 2.4 mm slice thickness, a voxel size of 0.4 mm
and scanning speed of 20 mm/sec. All images were analyzed for total muscle cross-sectional area
(mCSA, cm?) and density (mg/cm?®) using the pQCT BonelJ plugin freely available through
ImagelJ analysis software (NIH, Bethesda, MD). All scans were performed and analyzed by the
same investigator (K.C.Y.). Test-retest reliability using ICCs,1, SEM, and MD was previously
determined for mCSA (0.99, 0.84, and 2.32 cm?, respectively).

Right Leg Isokinetic Strength Assessment. Participants performed maximal isokinetic
right leg extensions on an isokinetic dynamometer (System 4 Pro, BioDex Medical Systems,
Shirley, NY, USA). Participants were fastened to the dynamometer so that the right knee was
aligned with the axis of the dynamometer. Seat height was adjusted to ensure the hip angle was
approximately 90°. Prior to peak torque assessment, each participant performed a warmup
consisting of submaximal to maximal isokinetic knee extensions. Participants then completed
five maximal voluntary isokinetic knee extension actions at 60°/sec and 120°/sec. Sets were
separated by 60 sec of rest. Participants were provided verbal encouragement during each set.

The isokinetic extension resulting in the greatest peak torque value was used for analyses.

Resistance training

16



Participants completed supervised RT twice weekly for either ten weeks or six weeks. All
training sessions were separated by at least 48 hours to allow for a period of recovery. Each RT
session consisted of five exercises including seated leg press, leg extensions, lying leg curls,
barbell bench press and cable pull-downs. For each exercise, participants performed three sets of
10-12 repetitions with 1 minute of rest between sets. At the end of each set, participants were
asked to rate the level of difficulty where 0 = easy, 5 = moderate difficulty and 10 = hard. If
values were below 7, weight was modestly added to increase exertion on the subsequent set. If
values were 10, or the participant could not complete the set, weight was removed prior to the
next set. Participants were encouraged to be as truthful as possible when assessing difficulty and
were provided verbal encouragement and feedback during and following each set. The intent of
this training method was to consistently challenge participants so that perceived exertion after
each set of 10-12 repetitions was at a 7-9 rating. Training data for each participant were logged,
allowing us to ensure that training effort was maximized within each training session, and
participants were successfully implementing progressive overload in an individualized fashion.

Notably, study personnel supervised all training throughout the study.

Food log analysis

Participants were instructed to self-report their habitual food intake for three consecutive
days and return these food logs at V3 and V24 or V16 (10- and 6-week cohort, respectively).
Participants were asked not to change their diet in any way. Study staff entered each food log
into the Automated Self-Administered 24-Hour Dietary Assessment tool (ASA24), which uses
the United States Department of Agriculture Food and Nutrient Database for Dietary Studies to

provide values for 195 nutrients, nutrient ratios and other food components.
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Fecal microbiome analysis
Immediately upon receipt of stool samples, stool was aliquoted and stored at -80°C until
processing. Fecal microbial DNA was isolated using Zymo Research kits (Irvine, CA, USA,
Cat. #D6010). DNA samples were prepared and polymerase chain reaction (PCR) using the
[llumina Miseq instrument (San Diego, CA, USA) was employed to amplify variable region 4
(V4) of the 16S rRNA gene, which yielded the amplicon library for individual samples as
described previously (10, 21, 58). Raw data files underwent FASTQ conversion using MiSeq
reporter (58); UCLUST clustered sequences into amplicon sequence variants (previously
operational taxonomic units [OTUs]) with a similarity threshold at 97%. Taxonomic assignments
were issued using the Mothur classifier, and SILVA database (v 138.1) (100). ASVs with an
average abundance <0.005% were not included in the final table, and remaining ASVs were
grouped to summarize varying hierarchical levels.

Alpha-diversity of individual samples was measured using Observed Species, and Whole
Tree Phylogeny. Beta-diversity was measured using Bray Curtis, Unweighted Unifrac, and
Weighted Unifrac metrics to determine overall compositional change in the entire sample from
baseline to follow-up. Further, Kruskal-Wallis one-way analysis of variance tests were
performed to compare relative abundance of all OTUs, with false discovery rate (FDR)
correction to determine differences between PRE and POST.

Functional genes were predicted based on MetaCYC database of metabolic pathways
(12) by PICRUSt2 (phylogenetic investigation of communities by reconstruction of unobserved
state 2) (32) based on 16S rRNA sequencing data (63). Longitudinal change in functional gene

analysis was compared by Welch’s t-test with Bonferroni correction using the software STAMP
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2.1.3(93). A4 priori selected MetaCYC pathways associated with SCFA production, mucin

production, and mucin degradation were analyzed using MANOVA.

Statistical analysis

In addition to bioinformatics approaches related to microbiome metadata mentioned
above, key dependent variables will include PRE and POST values of bacterial genera presented
in Table 1. Secondary dependent variables will include: i) DXA LSTM changes from PRE to
POST, i1) VL thickness changes from PRE to POST as determined by ultrasound, ii1) pQCT-
determined changes in mid-thigh muscle thickness from PRE to POST, and iv) self-reported
dietary macronutrient intakes at PRE and POST. Critically, change scores in bacteria of interest
will be associated with change scores in secondary dependent variables as another layer of
analysis for this project.

All statistical analyses were performed using SPSS v26.0 (IBM Corp, Armonk, NY,
USA). For all dependent variables over time, dependent samples t-tests were performed.
Change scores (or delta scores) in key training variables were also calculated by subtracting PRE
values from POST values, and these scores were associated with certain bacteria using Pearson
correlations. Statistical significance was established as p<0.05, and relevant p-values are

depicted in-text or within figures.
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Abstract

Recent advances in molecular biology have enabled researchers to study the gut
microbiome. However, only limited evidence has examined whether resistance training alters
the gut microbiome, and no studies in this regard have been performed in an older population.
Therefore, the purpose of this study was to determine if 6 weeks of resistance training in older
males: 1) altered bacterial species suggestive of enhanced gut microbiome diversity, and/or i1)
altered taxonomic units associated with gut health chosen a priori through an extensive literature
search. Fecal samples were collected prior to and following a 6-week resistance training
intervention (2x/week) in 16 older Caucasian males (65£9 years old, 28.1+3.1 kg/m?) with
minimal prior training experience. After training concluded, DNA was isolated from pre-and
post-training fecal samples, and taxa were quantified using sequencing to amplify the variable
region 4 (V4) of the 16S ribosomal RNA gene. Training significantly increased whole-body
lean/soft tissue mass (determined by dual energy x-ray absorptiometry) as well as leg extensor
strength (p<0.05). Markers of microbiome diversity as well as select bacteria chosen for analysis
a priori were not significantly altered with training. However, MetaCY C pathway analysis
indicated metabolic capacity of the microbiome to produce mucin increased; blood analysis
indicated serum Zonulin was significantly decreased after training (p<0.05), further suggesting
intestinal barrier integrity was improved. In conclusion, this study adds to the limited literature
examining how resistance training affects the gut microbiome. Interestingly, although
microbiome diversity and several bacterial species were not altered, our data suggest that
resistance training in older Caucasians may improve intestinal barrier integrity, and warrant

further in-depth research in this area.
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Introduction

Recent advances in sequencing techniques and metabolomics have enabled researchers to
study the gut microbiome. The microbiome is an integral part of the human body, and it can
affect everything from caloric absorption to immune function (59). Both genetic and metabolic
diversity are present, as there are millions of genes and gene functions within the microbiome
such that the gut microbiota reflect characteristics of their host including diet and lifestyle factors
(35). Several groups have suggested the gut microbiome can affect key aspects of host fitness,
such as development, fertility, and lifespan (45). Gut microbial differences are observed between
children born vaginally or Cesarean section (31). Further, gut microbial adaptations occur with
initiation and duration of breast-feeding (90), and dietary habits well into adulthood can continue
to alter the gut microbiome. Thus, the environment can profoundly alter the composition of the
gut microbiota (111).

Significant alterations in the human gut microbiome that are not quickly resolved result
in dysbiosis, which can have detrimental effects on the host (123). Dysbiosis can also be induced
through administration of antibiotics (43), which often induce compositional changes that can be
permanent. In young children and infants, the use of antibiotics increase the likelihood of
maladaptive bacterial species that can result in necrotizing enterocolitis (43), one of the leading
causes of death for neonates (67). Given the widespread and ubiquitous use of antibiotics across
the globe, there has been a subsequent rise in antibiotic-induced dysbiosis (127). Antibiotics
have been observed to affect neuronal transmission within the gut, including a distorted glial
network, and altered cholinergic, tachykinergic and nitrergic neuronal transmission (11). The
increase in antibiotic-resistant bacterial infections across the world suggests greater disposition
to opportunistic infections and dysbiosis (40). Conversely, several supplemental therapies
represent a robust measure against dysbiosis and antibiotic resistance (44). The use of prebiotics,
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probiotics and postbiotics has grown in recent years, as the need from clinicians and the desire of
consumers to find novel, and less damaging modalities of gut health maintenance continue.

Prebiotics include several types of dietary fibers that are not broken down by pancreatic
enzymes. Numerous bacteria flourish on these fibers, producing several metabolites including
short chain fatty acids (SCFAs). The use of fibers, specifically high soluble fibers, alter different
regions of the host’s intestinal tract, directly and indirectly altering gut barrier integrity and
functioning. This has the capacity to alter cholesterol and bile acid reabsorption (41). In human
and animal models, Gram-negative bacteria produce lipopolysaccharides (LPS). Interestingly,
the impact of LPS-induced inflammation is reduced by SCFAs (25). Several bacteria thrive on
the mucosa and are found predominantly near the epithelium. Encroachment by pathogens has
proinflammatory effects (6). These include cell pattern recognition receptors via gut associated
lymphoid system. Involved receptors include toll-like receptors as well as nucleotide-binding
oligomerization domain-contain protein receptors. Further, the release and regulation of protein
metabolites and immunoregulating peptides play a role in gut microbiome regulation and
augmentation (98, 104).

Several changes in the gut microbiome have been observed throughout middle and older
age, most notably a reduction in diversity and susceptibility to pathogenic infections (128),
maladaptive disease states such as Irritable Bowel Disease (34), and potentially with
degenerative brain diseases such as Alzheimer’s disease (109). Interestingly, the age-related
degeneration of muscle tissue (i.e., sarcopenia) is accompanied by changes in microbiota, which
has generated interest in the gut-muscle axis (114). Further, the microbiome can be acutely and
chronically altered via exercise (71). Rodent studies have explored the relationship between

muscle and microbiota, finding that dysbiosis and gnotobiotic are associated with decreased
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muscle fiber size, physical performance, glucose metabolism, and neuromuscular communication
(11, 59, 86). Given that resistance training enhances several of these characteristics in older
populations (17, 55, 106), it remains plausible that these adaptations are mitigated, in part,
through training-induced changes in the gut microbiome. However, to our knowledge, only two
human studies examining longitudinal gut microbiome changes with resistance training exist (7,
20), and both studies were carried out in college-aged individuals. Therefore, the purpose of this
study was to determine if 6 weeks of resistance training in older adult participants: 1) improved
microbiome diversity as determined through the analysis of pre- and post-training fecal samples,
i1) altered taxonomic units associated with gut health chosen a priori, and iii) affected overall
metabolic function of host microbiota and metabolism specific to energy harvest and gut health.
We hypothesized that six weeks of resistance training would favorably alter the gut microbiome
of older participants. Specifically, we hypothesized that resistance training would improve
microbiome diversity and positively affect certain taxonomic units associated with metabolic

outcomes.

Materials and Methods

Ethics approval

This study is a secondary analysis, where 16 males that completed 6 weeks of resistance training
were analyzed. The original study investigated the effects of peanut protein supplementation
with resistance training on skeletal muscle hypertrophy in older untrained individuals (60). Nine
of these subjects received the peanut protein supplement, and seven of these subjects received no
supplement. Prior to any data collection, this study was approved by the Auburn University
Institutional Review Board (IRB) (Protocol # 19-249 MR 1907), conformed to standards set by
the latest revision of the Declaration of Helsinki, and was registered as a clinical trial
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(NCT04015479). Men and women aged 50-80 years with minimal resistance training experience,
defined here as not having performed structured RT for at least three months prior, were
recruited for this study. Participants were recruited via flier, email inquiry and newspaper
advertisement. Interested participants were informed of the study and testing procedures either
over the phone or face-to-face at the Auburn University School of Kinesiology. Eligibility
criteria indicated that potential participants had to: i) be between the ages of 50-80 years old, ii)
not actively be participating in structured RT for at least 3 months prior, iii) be free of metal
implants, and iv) possess blood pressure readings within normal ranges, with or without
medication (i.e. <140/90 SBP/DBP). Exclusion criteria included: 1) individuals having a known
peanut allergy, ii) individuals having a body mass index > 35 kg/m?, iii) individuals being
exposed to medically necessary radiation in the last 6 months, or iv) individuals having a medical
condition contradicting participation in a RT program, giving blood, or donating a skeletal
muscle biopsy (i.e., blood clotting disorders or taking blood thinning medications). Participants
deemed eligible based on the aforementioned criteria provided written and verbal consent to
participate. A medical history questionnaire was obtained at the time of consenting and
participants were scheduled to return to the Auburn University School of Kinesiology to

complete study procedures described below.

Study design

Participants reported to the School of Kinesiology on 16 separate occasions. Visit one (V1)
included screening to determine eligibility, gathering consent and obtaining a health history. V1
also involved sending participants who consented to be in the study home with stool sample

collection kits and food logs. For food logs, participants were instructed to record all food
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consumed over two weekdays and one weekend day. Participants were instructed to return the
kit and food log prior to the first resistance-training day. Visit two (V2; PRE) included a testing
battery comprised of urine specific gravity (USG) testing, height and body mass assessments,
assessment of the right leg vastus lateralis (VL) muscle thickness using ultrasound, a full body
dual-energy x-ray absorptiometry (DXA) scan, a peripheral quantitative computed tomography
(pQCT) scan at the mid-thigh of the right leg, and a right leg strength assessment using an
isokinetic dynamometer. V3 included the participant’s first muscle tissue sample collection,
blood collection for serum analysis, and the participant’s first resistance exercise bout. V4
included the participants’ second muscle biopsy. Visits five (V5) through fifteen (V15) were
supervised workouts at the Auburn University School of Kinesiology. During V15 participants
were provided with their second stool collection kit and food log. Visit sixteen (V16; POST)
occurred roughly 72 hours following V15, and included a repeat of the V2 testing battery in
addition to a second blood draw and third muscle biopsy. Specific testing methodologies are

detailed below.

Pre- and Post-intervention testing battery

The testing sessions described below occurred during morning hours (05:00-09:00) following an
overnight fast for all but a small subset of participants who reported to the laboratory after
working hours at 17:00-18:30 following a ~4-5 hour fast.

Body Composition Assessments. During V2 and V16, participants reported to the Auburn
University School of Kinesiology wearing casual sports attire (i.e. athletic shirt and shorts, tennis
shoes). Participants submitted a urine sample (~5 mL) to assess USG levels using a handheld
refractometer (ATAGO; Bellevue, WA, USA). Notably, all participants possessed USG values

less than 1.020 indicating that they were well hydrated. Height and body mass were assessed
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using a digital column scale (Seca 769; Hanover, MD, USA) with mass and height being
collected to the nearest 0.1 kg and 0.5 cm, respectively. Thereafter, right leg VL images were
captured in the transverse plane using real-time B-mode ultrasonography (LOGIQ S7 Expert, GE
Healthcare, USA) utilizing a multi-frequency linear-array transducer (3-12 MHz, GE Healthcare,
USA) and subsequently analyzed for VL thickness. Participants were instructed to stand and
displace bodyweight to the left leg to ensure the right leg was relaxed. Measurements were
standardized by placing the transducer at the midway point between the inguinal crease and
proximal border of the patella. All images were captured and analyzed by the same investigator
(S.C.0.) with a 24-hr test-retest reliability using intraclass correlation coefficient (ICC3,1),
standard error of the measure (SEM), and minimal difference (MD) to be considered real of
0.991, 0.06, and 0.16 cm, respectively. Participants then underwent a full body dual-energy x-
ray absorptiometry (DXA) scan (Lunar Prodigy; GE Corporation, Fairfield, CT, USA) for
determination of total lean soft tissue mass (LSTM) and fat mass FM. Quality assurance testing
and calibration were performed the morning of data-collection days to ensure the scanner was
operating to manufacturer specification. Scans were analyzed by the same technician using the
manufacturer’s standardized software. Test-retest reliability using ICCs,1, SEM, and MD were
previously determined for LSTM (0.99, 0.36, and 0.99 kg, respectively) and fat mass (0.99. 0.43,
and 1.19 kg). Following the DXA scan, a cross-sectional image of the right thigh at 50% of the
femur length was acquired using a pQCT scanner (Stratec XCT 3000, Stratec Medical,
Pforzheim, Germany). Scans were acquired using a single 2.4 mm slice thickness, a voxel size
of 0.4 mm and scanning speed of 20 mm/sec. All images were analyzed for total muscle cross-
sectional area (mCSA, cm?) and density (mg/cm?) using the pQCT Bonel plugin freely available

through ImagelJ analysis software (NIH, Bethesda, MD). All scans were performed and analyzed
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by the same investigator (K.C.Y.). Test-retest reliability using ICCs,1, SEM, and MD was
previously determined for mCSA (0.99, 0.84, and 2.32 cm?, respectively). Following pQCT
scans, right leg vastus lateralis (VL) images were captured in the transverse plane using real-time
B-mode ultrasonography (LOGIQ S7 Expert, GE Healthcare, USA) utilizing a multi-frequency
linear-array transducer (3-12 MHz, GE Healthcare, USA). Participants stood and displaced
bodyweight to the left leg to ensure the right leg was relaxed. Measurements obtained at the
midway point between the inguinal crease and proximal border of the patella. All images were
captured and analyzed by the same investigator (S.C.O.) with a 24-hr test-retest reliability using
ICCs,1, SEM, MD to be considered real of 0.991, 0.06, and 0.16 cm, respectively. Images were
analyzed for VL thickness using associated software.

Right Leg Isokinetic Strength Assessment. Participants performed maximal isokinetic
right leg extensions on an isokinetic dynamometer (System 4 Pro, BioDex Medical Systems,
Shirley, NY, USA). Participants were fastened to the dynamometer so that the right knee was
aligned with the axis of the dynamometer. Seat height was adjusted to ensure the hip angle was
approximately 90°. Prior to peak torque assessment, each participant performed a warmup
consisting of submaximal to maximal isokinetic knee extensions. Participants then completed
five maximal voluntary isokinetic knee extension actions at 60°/sec and 120°/sec. Sets were
separated by 60 sec of rest. Participants were provided verbal encouragement during each set.

The isokinetic extension resulting in the greatest peak torque value was used for analyses.

Resistance training
Participants completed supervised RT twice weekly for either ten weeks or six weeks. All

training sessions were separated by at least 48 hours to allow for a period of recovery. Each RT
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session consisted of five exercises including seated leg press, leg extensions, lying leg curls,
barbell bench press and cable pull-downs. For each exercise, participants performed three sets of
10-12 repetitions with 1 minute of rest between sets. At the end of each set, participants were
asked to rate the level of difficulty where 0 = easy, 5 = moderate difficulty and 10 = hard. If
values were below 7, weight was modestly added to increase exertion on the subsequent set. If
values were 10, or the participant could not complete the set, weight was removed prior to the
next set. Participants were encouraged to be as truthful as possible when assessing difficulty and
were provided verbal encouragement and feedback during and following each set. The intent of
this training method was to consistently challenge participants so that perceived exertion after
each set of 10-12 repetitions was at a 7-9 rating. Training data for each participant were logged,
allowing us to ensure that training effort was maximized within each training session, and
participants were successfully implementing progressive overload in an individualized fashion.

Notably, study personnel supervised all training throughout the study.

Food log analysis

Participants were instructed to self-report their habitual food intake for three consecutive days
and return these food logs at V3 and V24 or V16 (10- and 6-week cohort, respectively).
Participants were asked not to change their diet in any way. Study staff entered each food log
into the Automated Self-Administered 24-Hour Dietary Assessment tool (ASA24), which uses
the United States Department of Agriculture Food and Nutrient Database for Dietary Studies to

provide values for 195 nutrients, nutrient ratios and other food components.

Fecal microbiome analysis
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Immediately upon receipt of stool samples by Auburn University staff (K.S.S. and
J.H.M.), stool was aliquoted and stored at -80°C until processing. Fecal microbial DNA was
isolated by Auburn University staff (K.S.S. and J.H.M.) using Zymo Research kits (Irvine, CA,
USA, Cat. #D6010). Samples were then shipped to the University of Alabama Birmingham for
DNA PCR analysis. DNA samples were prepared and polymerase chain reaction (PCR) using
the [llumina Miseq instrument (San Diego, CA, USA) was employed to amplify variable region
4 (V4) of the 16S rRNA gene, which yielded the amplicon library for individual samples as
described previously (10, 21, 58). Raw data files underwent FASTQ conversion using MiSeq
reporter (58); UCLUST clustered sequences into amplicon sequence variants (previously
operational taxonomic units [OTUs]) with a similarity threshold at 97%. Taxonomic assignments
were issued using the Mothur classifier, and SILVA database (v 138.1) (100). ASVs with an
average abundance <0.005% were not included in the final table, and remaining ASVs were
grouped to summarize varying hierarchical levels.

The following bioinformatics methods were performed by Auburn University researchers
(A.D.F. and J.H.M.). Microbiome diversity of individual samples was measured using Observed
Species, Whole Tree Phylogeny, Shannon Index and Simpson Index. Beta-diversity was
measured using Bray Curtis, Unweighted Unifrac, and Weighted Unifrac metrics to determine
overall compositional change in the entire sample from baseline to follow-up. Further, Kruskal-
Wallis one-way analysis of variance tests were performed to compare relative abundance of all
OTUs, with false discovery rate (FDR) correction to determine differences between PRE and
POST. Functional genes were predicted based on MetaCYC database of metabolic pathways (12)
by PICRUSt2 (phylogenetic investigation of communities by reconstruction of unobserved state

2) (32) based on 16S rRNA sequencing data (63). Longitudinal change in functional gene
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analysis was compared by Welch’s t-test with Bonferroni correction using the software STAMP
2.1.3 (93). A4 priori selected MetaCY C pathways associated with SCFA production (L-glutamate
degradation V [via hydroxyglutarate]; L-lysine fermentation to acetate and butanoate;
Bifidobacterium shunt, hexitol fermentation to lactate, formate, ethanol and acetate; pyruvate
fermentation to acetate and lactate II; acetylene degradation; 4-aminobutanoate degradation V;
acetyl-CoA fermentation to butanoate II; pyruvate fermentation to butanoate; succinate
fermentation to butanoate; pyruvate fermentation to propanoate I), mucin production (GDP-
mannose biosynthesis), and mucin degradation (D-galactarate degradation I; superpathway of
hexuronide and hexuronate degradation; D-galacturonate degradation I; D-glucarate
degradation I; superpathway of D-glucarate and D-galactarate degradation; lactose and
galactose degradation I; galactose degradation I [Leloir pathway])were analyzed using
MANOVA. Moreover, select bacterial species were interrogated based on an extensive literature

review, where targets were selected based on their involvement in health or muscle physiology

INSERT TABLE 1 HERE

Serum assays
Venous blood was drawn from the antecubital vein, and samples were collected into a 5 mL
serum separator tube (BD Vacutainer, Franklin Lakes, NJ, USA). Approximately 30 minutes
following collection, tubes were centrifuged at 3,500 g for 5 minutes at room temperature.
Aliquots were then placed in 1.7 mL polypropylene tubes and stored at -80°C until batch-
processing. Serum Zonulin was analyzed using a commercially available antibody-based

colorimetric kit (Abcam, Cambridge, MA, USA; cat #: ab219048). Serum LPS was also
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analyzed using a commercially available antibody-based colorimetric kit (Mybiosource, San
Diego, CA, USA; cat #: MBS9716036). Coefficient of variation values for all duplicates were

4.2% for Zonulin, and 18.0% for LPS.

Statistical analysis

In addition to bioinformatics approaches related to microbiome metadata mentioned
above, key dependent variables included PRE and POST values of bacterial genera presented in
Table 1. Secondary dependent variables included PRE and POST values for DXA LSTM, VL
thickness measures assessed via ultrasound, pQCT-determined mid-thigh muscle thickness, knee
extensor peak torque, and self-reported dietary macronutrient intakes. All statistical analyses
were performed using SPSS v26.0 (IBM Corp, Armonk, NY, USA). For all dependent variables
over time, dependent samples t-tests were performed. Statistical significance was established as

p<0.05, and relevant p-values are depicted in-text or within figures.

Results
Participant characteristics and general training adaptations

The 16 men that were analyzed for this study were 65+9 years old (age range 51-78 years
old), all Caucasian, and had a study entry body mass index of 28.1+3.1 kg/m?.

Table 2 presents training adaptations in participants. One variable not presented in this
table is total training volume throughout the 6-week study, which was 96,277+£27,619 kg. In
short, DXA LSTM, VL thickness and leg extensor peak torque significantly increased (p<0.05),
DXA fat mass significantly decreased (p=0.034), and mid-thigh mCSA determined by pQCT

showed no change (p=0.154). Two-way ANOV As indicated changes in these variables with
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training did not differ between participants in the peanut supplement group (n=9) and non-
supplement group (n=7) (interaction p-values were >0.10 for all variables).

INSERT TABLE 2 HERE

Data from self-reported food recalls

Table 3 presents 3-day food recall data prior to study initiation and during the last week
of training. In short, self-reported protein and fiber intakes significantly increased (p<0.05), and
calorie, carbohydrate, and fat intakes showed no significant changes. Two-way ANOVAs
indicated changes in protein and fiber intakes were greater in the peanut supplemented
participants (p<0.05) given that both of these metrics were bolstered through contents in the

nutritional supplement.

INSERT TABLE 3 HERE
Changes in microbiome diversity metrics with resistance training
Metrics of microbiome diversity are presented in Table 4. In short, none of these metrics
significantly changed with training. Additionally, independent samples t-tests indicated change
scores in these variables did not differ between participants in the peanut supplement group

(n=9) and non-supplement group (n=7) (p-values were >0.10 for all variables).

INSERT TABLE 4 HERE
Microbiome markers of interest identified through systematic literature review
Of the 17 microbiome markers selected in Table 1, only 11 of the original 17 selected
microbiome markers had an abundance that could be detected and filtered. Results of these

markers are presented in Table 5. None of these markers were significantly affected by training.
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Taxa not detectable included Bacillus subtilis, Lactobacillus rhamnoses, Clostridium difficile,
Lactobacillus plantarum, Bifidobacterium breve, and Lactobacillus acidophilus. Independent
samples t-tests indicated change scores in these variables did not differ between participants in
the peanut supplement group (n=9) and non-supplement group (n=7) (p-values were >0.10 for all
variables).

INSERT TABLE 5 HERE

MetaCYC pathway changes

MetaCYC pathways associated with SCFA production, mucin production, and mucin
degradation were chosen a priori to be interrogated herein. The reason why we chose to examine
these functional pathways was that SCFAs produced by the microbiome can aid in reducing
systemic inflammation, and inflammation can be detrimental to muscle mass maintenance.
Additionally, mucin production aids in maintaining a healthy intestinal barrier, and intestinal
barrier integrity is instrumental for preventing the intrusion of pathogens (or bacterial-borne
compounds such as LPS) from the gut into circulation. Results are presented in Table 6. While
short-chain fatty acid and mucin degradation did not change with training, mucin biosynthesis
increased with training (p=0.047). Independent samples t-tests indicated change scores in these
variables did not differ between participants in the peanut supplement group (n=9) and non-

supplement group (n=7) (p-values were >0.10 for all variables).

INSERT TABLE 6 HERE

Serum Zonulin and lipopolysaccharide changes
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We opted to assay select serum markers of gut integrity given that MetaCY C pathway analysis
indicated mucin biosynthesis was predicted to increase with resistance training, and mucus is
vital for intestinal barrier integrity. Zonulin (a.k.a. Haptoglobin) was the first assayed serum
marker, and this is a tight junction protein involved with gut epithelial cell barrier function (36).
LPS, the second serum marker, is considered an endotoxin produced by Gram-negative bacteria
and high circulating levels largely reflect an impaired mucosal barrier (1). Zonulin levels
decreased with training (p=0.046, Fig. 1a), and LPS levels did not change with training
(p=0.301).

INSERT FIUGRE 1 HERE

Discussion

To our knowledge, this is the third study to examine how resistance training affects fecal
microbiome markers, and is the first study to do so in an older population. The 6-week training
program was effective in in promoting select phenotype changes that it increased whole-body
LSTM, VL thickness, and knee extensor strength. Although most microbiome markers were
unaffected with training, MetaCY C pathway analysis predicted that mucin biosynthesis capacity
was increased. This finding was strengthened with follow-up analysis showing that serum
Zonulin was down regulated. Hence, while resistance training-induced changes in the gut
microbiome were not striking, the modest changes that did occur may have partially improved
gut epithelial cell barrier function. However, we are cautious in this interpretation given the
limited evidence unveiled in this study. Major findings as well as limitations in these data are

discussed in greater detail below.
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As mentioned previously, several human studies have examined how endurance training
affects the gut microbiome. Allen et al. (3) examined the effects of a six-week endurance
training intervention in 18 obese and 14 lean individuals. The authors found that the microbiota
were different between lean and obese individuals at the beginning of the study, and those
differences were reduced following exercise intervention. Munukka et al. (85) observed only
modest changes in overall community composition following a six-week endurance training
intervention in 18 overweight women. Cronin et al. (20) performed an eight-week combined
aerobic and resistance training intervention study where 90 participants were randomized to one
of three groups including exercise-only, exercise with a whey protein dietary supplement, and
whey protein supplementation only. In short, the authors reported no significant changes in the
microbiome with exercise training. Byruca et al. (7) examined how either endurance training or
resistance training for 8 weeks affected the gut microbiome in healthy, younger adults.
Interestingly, endurance exercise elicited more robust changes in the microbiome relative to
resistance training, and this finding led authors to conclude that resistance training either does
not affect the microbiome or does so in a more subtle manner. Our data largely agree with the
data by Cronin and colleagues as well as the data by Byruca and colleagues in that microbiome
diversity nor individual bacteria interrogated were not altered with resistance training. The
reason as to why resistance training does not impact the microbiome versus endurance training is
difficult to answer. However, this may largely be due to the stress imposed on the
gastrointestinal system with endurance versus resistance training. In this regard, it has been
reported that 30-50% of endurance athletes complain of gastrointestinal stress during exercise,
and sources of such stress can be due to mechanical perturbations, increases in core temperature,

and reductions in visceral blood flow (24). Moreover, it has been estimated that an exercise bout
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lasting greater than 2 hours at 60% VO:2max appears to be the threshold whereby significant
gastrointestinal perturbations manifest, irrespective of fitness status (18). Hence, we posit that
resistance exercise bouts likely do not meet a gut-stress threshold, that this is likely why
resistance training does not robustly affect the gut microbiome.

While the studies by Cronin and colleagues as well as Byruca and colleagues were the
first to interrogate how resistance exercise alters the gut microbiome, the current data add unique
insight literature in given that: a) this is the first study performed in an older population, and b)
Byruca and colleagues only presented markers of microbiome diversity, whereas we added
additional insight with MetaCYC pathway analysis. With regard to the later, we discovered that
bacteria involved with mucin biosynthesis were altered to the point of up regulating this
pathway. Mucins are O-glycosylated molecules that are produced by intestinal goblet cells, have
gel-like properties, coat the intestinal lumen to generate a mucus later, and generate a bacteria-
free zone at the epithelial surface (54). Mucus turnover is very high in mammals, with estimates
in mice suggesting a turnover rate of 1-2 hours (91). Until recently, the mucus layer was thought
to be a simple lubricant for assisting in the progression of the food bolus through the gut (91).
However, it has been recently demonstrated in rodents that fiber deficiency leads to a
deterioration of the gut mucosal layer, and eventual dysbiosis ensues (30). Additionally,
research in mice has shown that chronic exposure to stress reduced the expression of mucin-2
mRNA and the number of goblet cells (42). Interestingly, aging in rodents has been shown to
reduce mucosal layer thickness. To this end, Sovran et al. (110) showed that 19-month old mice
displayed a ~6-fold reduction in mucosal layer thickness compared to 10-week old littermates.
In explaining the significance of these findings, the authors hypothesized that the age-associated

reduction in mucus thickness may be one of a few determining factors that drives the prevalence
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of age-associated cholitis (110), especially since mucus is needed to prevent epithelial cell
contact with pathogenic bacteria.

Given the MetaCYC pathway analysis findings of upregulated mucin production along
with the literature discussed above, we became interested in determining whether markers of
intestinal barrier integrity were altered with training. Interestingly, while serum LPS levels were
not significantly altered, we discovered serum Zonulin levels were significantly down regulated.
Zonulin is a protein that is critical for the formation of tight junctions between intestinal
epithelial cells. It is generally recognized that higher serum Zonulin levels indicate potential
“gut leakiness” due to increased intestinal permeability (2). Hence, these findings lend credence
to resistance training improving intestinal barrier integrity, and this may be due to the modest but
seemingly meaningful alterations in gut bacteria responsible for mucin production. One topic
that needs to be discussed is the cross-reactivity of certain commercial assays that are designed
to assess serum Zonulin/Haptoglobin samples. It has been shown that certain kits detect both
Haptoglobin and complement C3 (2), and this has dampened enthusiasm in using commercial
assays for serum Zonulin detection. However, we used a kit by Abcam, and results of this kit
have been validated through the use of proteomics (80). Thus, this provides us with more
confidence that our findings were meaningful. Aside from assay logistics, our hypothesis that
resistance training improves intestinal barrier integrity in older populations needs to be further
validated through additional experimentation. In particular, time course studies where multiple
blood draws and fecal samples are collected and more extensively analyzed for intestinal

integrity biomarkers will provide valuable insight.

Experimental considerations
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This study has various limitations. First, only 16 older Caucasian males were studied. Thus, we
are uncertain as to whether these findings extrapolate to older females or persons of other
ethnicities. While our n-size is limited, our n-size is line with n-sizes from Byruca et al. (7) who
examined the effects of resistance training on the gut micobiome; biome analysis was only
performed on n=9 at PRE and n=15 at POST. Additionally, other studies that have examined the
effects of endurance training have used similar n-sizes to show changes in the gut microbiome do
occur in overweight, untrained participants; Manukka et al. (85) and Allen et al. (3) both
examined n=18 participants. However, this does not rule out that the inclusion of more
participants may have altered our findings, and this needs to be considered in the context of the
study. One notable limitation is the length of training only being 6 weeks in duration. Indeed,
the training program was effective in increasing whole-body LSTM, VL thickness, and lower
body strength. However, these changes were modest given that training was relatively short
(1.2% DXA LSTM, 5.2% VL thickness, 15.3% in leg extensor strength). Hence, it is unknown
if longer-term resistance training (e.g., years or decades) elicits more notable shifts in the gut
microbiome. Our data are also limited with regard to the number of bacterial species identified
(~160). In this regard, there are over 1,000 bacterial species in the gut microbiome (19), and
replicating our approach with advanced interrogation techniques (e.g., metagenomics) is
warranted. Finally, analyzing the gut microbiome via stool sampling may adequately represent
bacterial colonization of the large intestine, and this too must be considered when interpreting

these data.

Conclusions
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This study continues to expand upon the current scientific knowledge regarding the human gut
microbiome, and how it is affected by resistance training. Despite the limitations of this study,
our novel observation regarding the potential upregulation in mucin biosynthesis and

improvement in intestinal barrier integrity warrants further research.
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Tables and Legends

Table 1. Bacteria that were interrogated from fecal samples prior to and following a 6-week
resistance training intervention.

Bacterium

Interaction

Model

Reference(s)

Bacillus Subtilis

Increases gut
integrity, increases
heat stress resistance,
increases dopamine
production, increases
Strength

Human/Rat/Chicken
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Increases strength,

Lactobacillus Reduces reactive Human/Rat 17, 18, 20
Rhamnoses .
oxygen species
Lactobacillus Reuteri Increases strength Human/Rat 13, 14,17, 18
E. Coli Decreases gut Human/Rat 12
Integrity
C. Diff Decreases gut Human/Rat 1,3
’ integrity ’
Increases gut
C. Scindens integrity, protects Human 1,3
against C. Diff
Lactobacillus Increase strength Human 2
Plantarum
B.a ctgrmdetes/ Increases gut integrity Human/Rat 8, 11
Firmicutes
Increases gut
Strep. Thermophilus | integrity, neurological Mouse 4
protection

Bifidobacterium ) .
Breve Increased gut integrity Rat 7,19

Promotes vitamin
Bifidobacterium formation and up‘Fake, Human/Mouse 7.9.10, 18
Longum SCFA upregulation,

neurological repair
Bifidobacterium Vitamin formation

H M
Bifidum and uptake uman/Mouse 7
Lactobacillus . .
I t integrit H

acidophilus ncreases gut integrity uman 8
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Bifidobacterium Enhances insulin
o sensitivity via GLP-2 Chicken
animalis .
activity
SCFA production,
Clostridium neurological
. . Mouse
Symbiosum protection, reduces
inflammation
SCFA production,
Faecalibacterium neurological
s . Mouse
prausnitzii protection, reduces
inflammation
SCFA production,
Lactobacillus neurological
. Mouse
fermentum protection, reduces
inflammation

Legend: This table was constructed from the following references: 1. (4), 2. (14), 3. (38), 4. (22),
5.(5),6.(92),7.(64), 8. (117), 9. (65), 10. (66), 11. (75), 12. (77), 13. (76), 14. (87), 15. (95),
16. (96), 17. (97), 18.(99), 19. (101), 20. (116). Notably, a comprehensive literature search was
used to construct this table with the intent of identifying targets that have been shown in various
models to be associated with health outcomes. Abbreviation: SCFA, short-chain fatty acid.

Table 2. Training adaptations in older male participants

Training Adaptation Values Significance
FFM LSTM (kg) PP§§T gg:g N 2:2 p=0.003
DA Fot Mass (kg PRE 217572 |,
pQCT mCSA (cm?) PP(i{SET | 13471 i ;g p=0.154
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PRE  2.10+038
POST  2.21+0.38 p=0.032

PRE 144 + 57
Leg extensor torque (N*m) POST 166 + 40

VL thickness (cm)

p=0.008

Legend: means and standard deviations of the pre to post alterations are presented here for DXA
lean/soft tissue mass (LSTM), DXA fat mass, mid-thigh muscle cross-sectional area (mCSA)
determined by pQCT, vastus lateralis (VL) thickness according to ultrasound, and leg extensor
peak torque. Data include all 16 participants for each variable.

Table 3. Self-reported food log data

Variable Values Significance
Calories (per day) PI?SET g:ﬁ; i ié; p=0.966
Protein (g/day) PP(i{SET | 1?(1) i gi p=0.048
Carbohydrate (g/day) PI?SET | ggé i ;g p=0.452
Fat (g/day) PP§8ET | gi i ;Z p=0.706
Fiber (g/day) PPORSET | ;g i 2 p=0.023

Legend: means and standard deviations of the pre to post alterations are presented here for daily
calorie and macronutrient intakes. Data include 13 of 16 participants for each variable given that
3 participants did not turn in food logs. Data at POST also consider daily peanut protein
supplementation by some participants.

Table 4. Changes in microbiome diversity metrics

Variable Abundance values Significance
. PRE 156 + 57 _
Total observed species POST 162 + 59 p=0.458
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PRE 15.1+43
Whole-tree phylogeny POST 15.4 + 4.1 p=0.623
PRE 55+44
Shannon diversity index POST 554144 p=0.570
. o PRE 0.95 +£0.01
Simpson diversity index POST 095+ 0.01 p=0.974

Legend: means and standard deviations of the pre to post alterations are presented here for
variables of interest. Data include all 16 participants.

Table 5. Changes in microbiome taxa/markers of interest identified through systematic literature
review

Variable Relative abundance values Significance
PRE 0.0003 +£0.0011
Bifidobacterium animalis POST ND p=0.333
T
PRE 0.0061 + 0.0087
Bifidobacterium longum POST 0.0062 = 0.0111 p=0.966
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Faecalibacterium prausnitzii Plg{SET 8888822 i 888833; p=0.862
Lactobacillus fermentum PP(i{SET | 88888;? i 888833;‘ p=0.333
Lactobacillus reuteri PPORSET | 888883; i 8888(1)411‘(2) p=0.257
Strep. thermophilus PpgsET | 88}2 i 88?; p=0.677
Clostridium symbiosum PPORSET | 8888?? i 888(1)28 p=0.255
Bscherichia co PRE 0003200077 0949
Clostridium scindens | FRE 000060000138
Bifidobacterium bifidum Plg{SET | 888832 i 888;?(1) p=0.321
Bacteroidetes / Firmicutes PP§8ET | 812 i 811 p=0.620

Legend: means and standard deviations of the pre to post alterations are presented here for

variables of interest. Data include all 16 participants. ND, not detected.

Table 6. Changes in select pathways according to bioinformatics

Pathway

Pathway score Significance
: PRE 9,309 + 3,523 _
T
o ) PRE 24,676 += 11,287 _
Mucin biosynthesis POST 31,424 + 15,240 p=0.047
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PRE 15,354 + 4,873

Mucin degradation POST 18.665 + 6,987 p=0.082

Legend: means and standard deviations of pre to post alterations are presented here for variables
of interest. Data include all 16 participants.

Figures and Legends

Figure 1. Serum gut integrity biomarker changes

a b
p=0.046 p=0.301
1
150000 300
£
E @ —
S I 100000 T 4 T 2007 _
N = =
) )
E ¢ 2 c
2~ 50000 o =~ 100-
[} 7]
A %
0 0
Pre Post Pre Post
Mean (SD) 51,851 (57,063) 22,390 (22,022) Mean (SD) 106 (123) 90 (111)

Legend: means and standard deviations of pre to post alterations are presented here for variables
of interest. Data include all 13-14 participants per biomarker.
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