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Abstract: Animal studies have demonstrated that energy-restricted diets and exercise affect the gut
microbiome and are positively linked to physical health; however, less is known about the impacts
of various patterns of dietary restriction combined with exercise on the gut microbiota and
associated health outcomes in humans. This study aimed to determine if an energy-restricted diet
combined with resistance training altered the gut microbiome, and whether any changes were
associated with differences in body composition, dietary intake, or biomarkers of metabolic health.
Twenty-six healthy males and females, aged 19-36 years with BMIs of 22-35 kg/m?, were enrolled
in a 2-arm parallel, randomized controlled trial and followed either a 5:2 intermittent fasting (IFT, n
= 13) or continuous energy restriction (CERT, n = 13) diet combined with supervised resistance
training for 12 weeks. Both treatments resulted in decreased body weight and increased lean body
mass. Shifts in the abundance of, Faecalibacterium prausnitzii, a high butyrate producer, was
positively associated with changes in lean body mass (IFTp = 0.05, CERTp = 0.01) in both the groups.
Moreover, in the CERT group, changes in Coprococcus genus were negatively associated with energy
(p = 0.009) and fat intake (p= 0.03) and positively associated with body fat (p = 0.02). Overall, the
findings indicate that using resistance training paired with either intermittent or continuous energy
restriction, result in similar changes in bacterial diversity and shifts in relative abundance of
bacterial taxa. The shift in specific bacterial taxa were positively associated with measures of
physical health providing further support to the proposed relationship between energy
consumption, exercise, gut microbiota, and physical health.
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1. Introduction

Gut microbiota coexist within the mammalian intestinal tract and contribute to the host’s health
through several processes. These include, but are not limited to, fermentation of indigestible dietary
polysaccharides and production of important metabolic by-products, synthesis of essential amino
acids and vitamins, and the overall maintenance of the host’s gut homeostasis [1]. As a result, these
microbes have been linked to many aspects of human health including immune [2], metabolic [3] and
neurobehavioural function [4]. Several factors play a role in shaping the gut microbiota, starting from
mode of birth delivery, diet (during infancy to adulthood), and antibiotic use [5]. Recent evidence
suggests that energy-restricted diets such as fasting and exercise can have a significant impact on the
composition and function of the gut microbiota and changes in both could be mediators of the many
health benefits typically observed with these lifestyle practices [6].

Reported benefits of exercise include increased microbiota diversity, improved balance between
beneficial and pathogenic bacterial communities and increased production of short chain fatty acids
(SCFA) [7,8]. Though the effects of exercise on gut microbial composition are inconsistent, it does
appear that Firmicutes and Actinobacteria phylum are most responsive to exercise-induced changes
[9]. These findings support the conclusions of a recent systematic review that suggest exercise is likely
associated with increased butyrate-producing bacteria, such as Roseburia hominis, Faecalibacterium
pausnitzii and Ruminococcaceae [10]. The effects of calorie restriction and/or intermittent fasting are
also quite variable due to heterogeneity of study design, population used and type of restricted
energy prescription. Notwithstanding, energy-restricted diets have shown to markedly alter the gut
microbiota composition, with some studies demonstrating changes in levels of Akkermansia,
Firmicutes, Bacteroidetes, and Verrucomicrobia [11,12].

While there is a growing interest in the role of gut microbial populations in the metabolic and
health benefits of energy-restricted diets and exercise, further research is needed to better understand
the relevant changes in compositional and functional characteristics of the gut microbiota in humans.
Therefore, in a secondary analysis of a randomized controlled trial, we compared the effects of
intermittent fasting and continuous energy restriction combined with exercise training on gut
microbiota diversity and composition as well as reporting associations with body composition, lipid
levels and markers of metabolic health.

2. Material and Methods

2.1. Brief Study Design

This study analysed the effects of two different energy-restricted diets combined with a
resistance training program on the gut microbiota of 26 generally healthy individuals. Participants
were stratified by age, BMI and sex then randomized into either a 5:2 intermittent fasting diet [IFT: 2
non-consecutive ‘fasting” days per week consuming ~30% energy requirements and 5 days per week
consuming ~100% energy requirements (1 = 13); or a continuous energy restriction group [CERT: 7
days per week consuming ~80% of energy requirements (n = 13)]. Fasting days for those in the IFT
group consisted of high-protein meal replacement shakes, a high-protein soup, and vegetables. Meal
plans were provided for both groups for all other days that aimed to achieve a moderate-high protein
intake (21.4 g of protein per kilogram of body weight per day), and a matched overall energy
restriction for both groups (average 20% energy restriction). Participants undertook 2 supervised
resistance training sessions per week (~45 min) and 1 unsupervised aerobic/resistance combination
session per week (~30 min). This study was approved by the Swinburne University of Technology
Human Research Ethics Committee (project #2018/322) and registered with the Australian New
Zealand Clinical Trials Registry (ACTRN: ACTRN12620000920998).

2.2. Participants

Current and past university students in Victoria, Australia were recruited for this study. To be
eligible, participants were required to: be aged between 18-45 years; have a body mass index (BMI)
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of 22.0-35.0 kg/m?; have a body fat percentage >18% for males or >25% for females measured by dual
X-ray absorptiometry (DXA); have not followed a structured resistance training program in the
previous 6 months; have been weight stable (<5% weight loss or gain) for the previous 3 months and;
cease taking any dietary supplements not provided by the researchers for the duration of the
intervention.

2.3. Body Composition, Diet and Blood Biomarker Assessment Measures

Changes in body composition [lean body mass (LBM), body fat and body fat percentage] were
measured using DXA [Hologic Horizon (Bedford, MA, USA)], and strength changes were assessed
by measuring participants’ 3-repetition maximum (3RM) for bench press and leg press at baseline
and at the end of 12 weeks. Participants recorded their dietary intake via an electronic 3-day food
diary (2 non-consecutive weekdays and 1 weekend day; in the IFT group diaries were kept on non-
fasting days), at baseline and in weeks 1, 6 and 12 of the intervention using the Easy Diet Diary (Xyris
Software, Brisbane, Australia, 2019) smartphone application. Fasting (minimum of 8 h) blood
biomarkers [total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C) and high-density
lipoprotein cholesterol (HDL-C)] were analyzed at baseline and after 12 weeks by an external
pathology lab (Melbourne Pathology, Melbourne, Australia). Analysis was conducted on 22 out of
the 26 participants for blood biomarkers due to blood draw failures (n = 3) and exclusion of outliers
(n=1).

2.4. Fecal Sample Collection and Preparation

Participants were asked to supply fecal samples at baseline and after 12 weeks for gut microbiota
analysis. Participants collected samples using a collection container (Sarstedt Australia Pty Ltd.,
Adelaide, Australia) provided by the research team. The sample was immediately placed in a sealable
plastic bag (provided to the participant) with an ice pack and stored in home freezer prior (minimum
for 24 hrs) to returning for their next visit at the research clinic at Swinburne University, Victoria,
Australia. Upon receipt of the fecal sample, the container was stored at -80 °C until DNA extraction.

2.5. Microbiota Analysis Using 16s rRNA High-Throughput Sequencing

Fecal samples were thawed and DNA was extracted in singlet using the Qiagen DNeasy
PowerSoil Pro kit (Qiagen, Germantown, MD, USA), as per manufacturer’s instructions. PCR
amplification of the variable region (V3-V4) from 165 rRNA gene and subsequent Illumina
sequencing on Miseq platform using paired 300-bp reads was performed commercially by the
Australian Genome Research Facility (AGRF, Adelaide, Australia). Paired-ends reads were
assembled by aligning the forward and reverse reads using PEAR (version 0.9.5). Primers were
identified and trimmed. Trimmed sequences were processed using Quantitative Insights into
Microbial Ecology (QIIME 1.8.4), USEARCH (version 8.0.1623), and UPARSE software. Using
USEARCH tools, sequences were quality filtered, full length duplicate sequences were removed and
sorted by abundance. Singletons or unique reads in the data set were discarded. Sequences were
clustered and chimeric sequences were filtered using the “rdp_gold” database as a reference. To
obtain the number of reads in each Operational Taxonomic Units (OTU), reads were mapped back to
OTUs with a minimum identity of 97%. Taxonomy was assigned using QIIME Greengenes database
(Version 13.8, August 2013). Samples less than 20K reads were removed and were rarefied to a depth
of 20K sequences/sample. One participant from IFT group was removed during quality filtering
process.

2.6. Statistical Analysis

Analysis of microbial community composition was conducted using Phyloseq [13] and vegan
package in R version 3.6.1 [14] as per-protocol. SPSS (version 25, IBM, Armonk, NY, USA) was used
to perform statistical analysis and GraphPad Prism (version 8.2.1, GraphPad Software, San Diego,
CA, USA) for data visualization. Differences in baseline characteristics between groups were
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analyzed using independent t-tests. Linear mixed-models were used to analyse body composition,
strength, dietary and blood biomarker variables for main effects for time, group, and time x group
interactions. Estimates of a-diversity were calculated using Shannon Index, InSimpson index and the
Observed Species Index. With-in group treatment changes in a-diversity (from baseline to post
treatment) were assessed by non-parametric Wilcoxon T test. Differences in a-diversity between
treatment groups were determined by Mann-Whitney U test. Bray-Curtis Dissimilarity Index was
used to quantify the compositional dissimilarity between the treatment groups followed by
Permutational Multivariate Analysis of Variance (PERMANOVA) using Adonis function in vegan
using R to determine statistical differences. Nonmetric Multi-Dimensional Scaling (NMDS) was used
to assess with-in group effects relative to baseline, such that microbial communities that are closer in
the ordination space are more similar. The change in relative abundance of the bacterial taxa for each
treatment group (effect of intervention relative to baseline) was determined by 2-way repeated
measures ANOVA (rANOVA) where statistical significance was considered at p values <0.05.
Furthermore, to evaluate treatment-response relationship Spearman correlation and partial
correlation were employed.

3. Results and Discussion

3.1. Baseline Characteristics

A total of 26 participants completed the intervention and returned fecal samples (IFT = 6 males
and 7 females; CERT = 5 males and 8 females), with 1 outlying female from the IFT group being
excluded from the analysis. No differences in baseline characteristics were found for either group
(Table 1).

Table 1. Baseline characteristics.

] ) IFT (n=12) CERT(n =13)
Baseline Variable Mean + SD Mean + SD IFT vs. CERT (p)
Male/Female 6/6 5/8
Age (years) 258 +5.1 23.6+4.1 0.24
Weight 80.2+11.4 78.2+13.8 0.70
BMI (kg/m?2) 273+2.7 272 +3.2 0.97
LBM (kg) 54.0+12.1 51.4+12.0 0.59
Body fat (kg) 304+7.9 30.6 +8.3 0.96
Bench Press
(3RM) 425+19.2 37.6+20.2 0.54
Leg Press (3RM) 111.7 £57.1 96.7 +64.4 0.55
TC* 47+1.0 42+0.6 0.19
LDL-C* 27+08 23+05 0.09
HDL-C * 1.5+0.5 1.5+04 0.81

Independent t-tests performed to determine differences between baseline variables for each group.
* Analysis conducted on n =22 due to blood draw failures and outlier exclusion.

3.2. Changes in Body Composition, Strength, Blood Biomarkers and Dietary Intake

Main effects for group were found for LBM (p = 0.005), 3RM bench press (p = 0.001), leg press (p
= 0.001) and carbohydrate intake (p = 0.04), indicating higher amounts of LBM, greater weight lifted
for 3RM bench press and leg press and a lower carbohydrate intake in IFT compared to the CERT
group (Table 2). Main effects for time were found for weight (p < 0.001), BMI (p < 0.001), LBM (p <
0.001), body fat (p < 0.001), 3RM for bench press and leg press (p < 0.001), TC (p = 0.001), LDL-C (p =
0.001), protein intake (p <0.001), carbohydrate intake (p = 0.007), fat intake (p = 0.004) and fiber intake
(p = 0.04) indicating decreases in weight, BMI, body fat, TC, LDL-C, carbohydrate intake and fat
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intake, and increases in LBM, 3RM for bench press and leg press, protein intake and fiber intake in
both groups over time. No other significant interactions were identified (Table 2).

3.3. Effect of Caloric Restriction and Exercise on Fecal Bacterial Diversity

IFT and CERT interventions reduced the fecal measures of microbial a-diversity that included
evenness and richness of bacterial species across as measured by the Shannon Diversity Index (IFT;
-0.12 £ 0.07 and CERT; -0.14 + 0.05; ns), InSimpson Index (IFT; —-0.62 + 0.5 and CERT; -4.22 + 3.07; ns)
and Observed Species Index (IFT: -42.61 + 27.3 and CERT: -32.61 + 15.5, ns); however the reduction
in measures were not significant (Figure 1A).

Table 2. Changes in assessment measures.

. Baseline Post-Intervention
Variable Group  pjean+SD  Mean+SD (Grzup) (Ti’:ne) p D
Weight IFT  802+114 76.0 +10.3 054 <0001 073
CERT  782+138 745 +12.0
BMI (kg/m?) IFT 27327 25.9+2.7 097 <0001 073
CERT  272+32 26.0+3.0
LBM (kg) [FT  54.0+12.1 55.8+11.4 0.005  <0.001 0.97
CERT  51.4+12.0 532+11.4
Body fat (kg) IFT  304+7.9 227459 007  <0.001 0.73
CERT  30.6+83 234+8.0
Bench Press 3RM) ~ IFT  42.5+19.2 463+17.8 0.001  <0.001 0.17
CERT  37.6+20.2 435+19.3
Leg Press BRM)  IFT  111.7+57.1 140.3 + 60.0 0.001  <0.001 0.96
CERT  96.7+64.4 125.8+58.1
TC* [FT 4710 41+07 030 0001 0.9
CERT  42+06 3.9+0.8
LDL-C * IFT 27408 22405 015 0001 015
CERT  23+05 21405
HDL-C * IFT 15405 14+05 0.37 012 041
CERT 1504 14+04
Dietary Variable Baseline Int[;:xfg%i_on P P 1)
aty varia Mean + SD Moan + Sb (Group) (Time) !
Energy (kJ) IFT  7344+1453 6581 + 1336 0.20 007 099
CERT 7511 +1763 6742 + 1411
Protein IFT  89.7+31.0 111.9 +24.0 005  <0.001 0.64
(grams/day)
CERT  864+225 114.2+26.3
Carbohydrates IFT  179.6+52.6 148.6 +35.9 004 0007 0.83
(grams/day)
CERT  182.8+40.5 155.9 +34.4
Fat (grams/day) IFT 69.6 +16.7 56.1+11.0 0.43 0.004  0.89
CERT  74.6+26.0 58.1+11.9
Fiber (grams/day) ~ IFT  183+7.1 23.8+6.1 0.30 004 027
CERT  182+64 19.9+6.1

Linear mixed model was used to identify main effects for group, time and group x time interactions.

Group = main effect for group, I = time x group interaction, time = main effect for time.
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Figure 1. Effect of dietary treatment on fecal bacterial & and B-diversity. (A) a-diversity analysis of
microbial composition in two treatment groups at pre (baseline) and post (12 weeks; post-
intervention) treatment. Microbial evenness, diversity and richness were determined based on,
Shannon Diversity Index, InSimpson index and Observed species. (B) Non-Metric Multidimensional
Scaling (NMDS) plots based on Bray-Curtis Distance metrics of IFT and CERT dietary treatment
showing pre and post treatment changes. Adonis function was employed to evaluate compare shift
in microbiome composition compare to baseline with significance at p <0.05.

Variation in the microbial composition between samples (3-diversity), as measured by the Bray-
Curtis Dissimilarity Index indicated that there was no significant variation in (3-diversity in both the
treatment (diet + exercise) groups when compared with pre-treatment (IFT, R2=0.017, p = 0.9; CERT,
R2 =0.032, p = 0.6). Subsequent Nonmetric Multi-Dimensional Scaling analysis of the Bray-Curtis
Index also showed no differences in the fecal bacterial community of individuals from both treatment
groups when compared with the pre-treatment (Figure 1B). Reported changes in a-diversity and f -
diversity in response to energy-restricted diets are inconsistent in the currently available literature,
with some studies demonstrating heterogeneous changes within participants [15], with others
reporting no effects [16,17]. Though our data indicates reduction in microbial a-diversity, these
changes were non-significant. It is possible that participants demonstrated individual-specific
microbial responses to the same energy-restricted diet, but at group comparison this may have
masked any significant gut microbial changes [16]. Physical fitness and exercise training have shown
to impact gut microbial diversity, with the majority of work undertaken in rodent models [18]. Few
studies have investigated the effects of resistance training alone and given our participants combined
diet and exercise together, it is difficult to comment on the training effects alone.

3.4. Taxonomic Composition of the Fecal Microbiota

Changes in relative abundance of certain bacterial taxa (p < 0.05, two-way rANOVA) was
observed in both the treatment groups (Figure 2). IFT group enriched Faecalibacterium Prausnitzi
(OTU14, 0.73 fold, p <0.001), Blautia spp. (OTUS, 0.46 fold, p <0.02), Bifidobacterium adolescentis (OTU3,
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0.22, p < 0.01) and OTU with-in Lachnospriaceae family (OTU2, 0.37 fold, p = 0.003). The values are
represented as log2 transformed mean fold changed. IFT treatment reduced the relative abundance
of Roseburia faecis (OTU7, -0.24 fold, p = 0.006). In contrast, CERT treatment enriched Roseburia faecis
(OTU7, 0.39 fold, p < 0.001): as well as Lachnospriaceae (OTU2, 0.76 fold, p < 0.001). CERT treatment
reduced the relative abundance of Faecalibacterium prausnitzii (OTU11, —0.479 fold, p = 0.03), OTU
with-in Ruminococcaceae family (OTUS, -1.46 fold, p < 0.001), Coprococcus spp (OTU 29, -0.59 fold, p =
0.04), Bacteroides uniformis (OTU86, -1.91 fold, p = 0.02), and Bacteroides spp (OTU146, -1.38 fold, p <
0.001). The changes at OTU level indicate a specific response to the energy-restricted diets and
physical activity. Both treatment groups resulted in enrichment of one or more SCFA-producing
bacteria such as as Feacalibacterium prausnitzii (OTU14), Rosburia faecis (OTUY7), Blauti spp (OTUS),
Bifidobacterium adolescentis (OTU3), and species from Lachnospiraceae family (OTU2).

Bacteroides_Unknown(OTU146)
Bacteroides_uniformis(OTU86)
Coprococcus_Unknown(0TU29)
Faecalibacterium_prausnitzii(OTU14)
Faecalibacterium_prausnitzii(OTU11)
Blautia_Unknown(OTUS8)
Roseburia_faecis(OTU7)
Ruminococcaceae_Unknown(OTUS)
Bifidobacterium_adolescentis(OTU3)

Lachnospiraceae_Unknown(OTU2)

- FT 3 2 1 0 1
mm CERT Log2 fold change

Figure 2. Shift in the relative abundance of Bacterial Taxa. Mean fold change (log?2 transformed) from
baseline of Operational Taxonomic Units (OTUs) that showed significant effect (two-way repeated
measure ANOVA, where p <0.05 considered significant. * p < 0.05, ** p < 0.01).

These findings are consistent with previous reports [7,10,11] indicating exercise is likely to
be associated with increases in SCFA-producing bacteria. Fasting has also been shown to
increase OTU abundance of Firmicutes [19] but less is known about its impact on SCFAs. It is
clear that directional changes in OTUs between groups were similar; however, changes in
relative abundance between the groups were different and given both groups performed
resistance training, it is possible that such differences are a reflection of the different patterns of
dietary restriction.

3.5. Correlates between Changes in Diet, Blood Cholesterol and Physical Measures with Changes in
Bacterial Abundance

The relationship between treatment and response was evaluated by Spearman’s correlation
analysis. Changes from baseline in dietary intake, blood cholesterol and physical measures were
correlated with changes in relative abundance of bacterial taxa (Figure 3). Changes in total
carbohydrate intake during IFT treatment was negatively correlated with B adolescentis (OTU3, rs =
-0.7, p = 0.01); however, this correlation was not observed in the CERT group. In the CERT group,
changes in total fat and energy intake were negatively correlated with changes in the abundance of
Coprococcus spp (OTU29, rs = -0.7, p = 0.009; rs = -0.6, p = 0.03, respectively). Changes in relative
abundance of Faecalibacterium prausnitzii (OTU11) was positively correlated with LBM (IFT, rs=0.6, p
=0.05; CERT, rs = 0.7, p = 0.01) in both the treatment groups. Finally, changes in Coprococcus (OTU29)
within the CERT group was positively correlated with the changes in body fat (rs = 0.6, p = 0.03) and
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negatively correlated with LDL cholesterol (rs=-0.6, p = 0.02), fat (rs=—-0.7, p =0.009) and energy intake
(rs=-0.6, p=0.03).

A limitation of the study was that fecal and/or blood metabolomics were not analyzed to
determine changes in microbial-derived metabolites, specifically SCFAs. As a result, we cannot
conclude with confidence that the increase in SCFA bacteria actually increased the SCFA
concentration in the fecal samples.

IFT CERT

7 | I | 1
Lachnospiraceae_Unknown(OTU2) m-m 020101 |[03903 03-01030102 01-01 -o.3l 01 o3 0102 03 02 -0.1

Bifidobacterium_adolescentis(OTU3) 04 0.1 0.1 0.1 02 02 mﬁo.s-o,z 04 02 04 0.5 01 -0101 0.5
0.4

Ruminococcaceae_Unknown(OTUS) o.1ﬂ0.3 0204 -02-02 0.1 01 01 02-0.1-02 0.1 01 03-0.2
Roseburia_faecis(OTU7) 03 0204 02 03 [04f¥] 02 0190204 [0403030301 0301 03

Blautia_Unknown(OTU8) m-ua 0.2 . 0.1-01 |04 04030602 -01fK03-03 02-01 03 01-0102 0
Faecalibacterium_prausnitzii(OTU11) 0.1 060803 02  -02 0202 fBFNI0E o03[¥]o10202 0303 020801
Faecalibacterium_prausnitzii(OTU14) 0.2 03 04 04 .-o.; 0.3 0.2 {ik3-0.1-0.1 01 0.1 02 01-02:0301 01

Coproceccus_Unknown(OTU29) 02 0250303 0103 03802028 .03-02 m 0.1
Bacteroides_uniformis(OTU86) 02 02 0101 01 03 020101 02 030203 0202 [05-02030301 -0.5
Bacteroides_Unknown(OTU146) 03 0.1 0.2 03 02 01 |04 03-0201 0.1 01-0102 03 F 01 -o.s 01-01
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Figure 3. Treatment-response relationships were evaluated on significantly changed OTUs, physical
measures, blood cholesterol and dietary component (i.e., baseline to week 12) using spearman’s
correlation, data represented are as correlation coefficient, where * p <0.05 and ** p < 0.01.

4. Conclusions

Exploratory analysis of the secondary outcome measures of a randomized controlled trial, using
resistance training paired with energy restriction, suggests that regardless of the type of energy
restriction (intermittent or continuous), similar changes in bacterial diversity and shifts in relative
abundance of bacterial taxa occurred. Furthermore, both interventions resulted in the enrichment of
SCFA-producing bacteria. Furthermore, F. prausnitzii, a butyrate-producing bacteria was positively
and significantly associated with LBM in both the treatment groups. Advance research is needed to
determine if the correlations found are causative by undertaking follow-up studies with larger
sample sizes and other relevant measures that can help identify possible mechanisms of action.
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