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Abstract: The impact of a Mediterranean diet on the intestinal microbiome has been linked to its
health benefits. We aim to evaluate the effects of a Mediterranean diet supplemented with dairy foods
on the gut microbiome in Australians at risk of cardiovascular disease. In a randomised controlled
cross-over study, 34 adults with a systolic blood pressure ≥120 mmHg and with risk factors for
cardiovascular disease were randomly allocated to a Mediterranean diet with 3–4 daily serves of dairy
foods (Australian recommended daily intake (RDI) of 1000–1300 mg per day (MedDairy)) or a low-fat
(LFD) control diet. Between each 8-week diet, participants underwent an 8-week washout period.
Microbiota characteristics of stool samples collected at the start and end of each diet period were
determined by 16S rRNA amplicon sequencing. MedDairy-associated effects on bacterial relative
abundance were correlated with clinical, anthropometric, and cognitive outcomes. No change in
the overall faecal microbial structure or composition was observed with either diet (p > 0.05). The
MedDairy diet was associated with changes in the relative abundance of several bacterial taxa,
including an increase in Butyricicoccus and a decrease in Colinsella and Veillonella (p < 0.05). Increases
in Butyricicoccus relative abundance over 8 weeks were inversely correlated with lower systolic blood
pressure (r = −0.38, p = 0.026) and positively correlated with changes in fasting glucose levels (r = 0.39,
p = 0.019), specifically for the MedDairy group. No significant associations were observed between
the altered taxa and anthropometric or cognitive measures (p > 0.05). Compared to a low-fat control
diet, the MedDairy diet resulted in changes in the abundance of specific gut bacteria, which were
associated with clinical outcomes in adults at risk of CVD.
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1. Background

Diet is a fundamental determinant of metabolic health and immune regulation. There
is clear evidence linking the impact of dietary patterns on the development of metabolic
diseases, including obesity [1], type 2 diabetes [2], and cardiovascular diseases [3]. These
conditions are often associated with a cluster of interrelated metabolic phenotypes, in-
cluding insulin resistance, abnormal glucose regulation, lipid dysregulation (high triglyc-
erides and low high-density lipoprotein cholesterol), hypertension, and chronic systemic
inflammation [4–6].

Long-term dietary patterns also play an important role in shaping the intestinal
commensal microbiota [7]. In turn, the microbial production of bioactive metabolites
through the metabolism of dietary components can influence host physiology, including
metabolic and immune homeostasis [7,8]. For example, the production of short-chain fatty
acids (SCFAs), including acetate, propionate, and butyrate, through the fermentation of non-
digestible fibre, provides a source of energy for colonic tissues, promotes the maintenance
of gastrointestinal tissue integrity, modulates inflammatory pathways, and suppresses the
growth of pathogenic bacteria [8]. In contrast, the microbial metabolism of choline and
L-carnitine, which are high in eggs, fish, meat, nuts, and dairy, results in the production of
trimethylamine N-oxide (TMAO), a metabolite that has been associated with inflammation
and atherosclerosis [7,9].

The Mediterranean diet (MedDiet) is characterised by high consumption of vegetables,
fruits, nuts, legumes, cereals, and extra virgin olive oil (EVOO); moderate consumption
of fish, eggs, poultry, dairy foods, and red wine; and low consumption of red meat (ani-
mal proteins) and discretionary foods, including cakes, sweets, and fast foods [10]. The
MedDiet delivers a range of bioactive nutrients, including antioxidants, fibre, vitamins
and minerals, polyphenols, monounsaturated fats, and omega-3 polyunsaturated fats [11],
many of which can promote beneficial health effects via the gut microbiota [12,13]. Changes
in the levels of specific gut bacteria and microbiome function are associated with improve-
ments in cardiometabolic biomarkers and immune regulation, including lower levels of
triglycerides [12], improved liver function [13], and a reduction in systemic inflammatory
markers, such as C-reactive protein [14].

Epidemiology-based studies have reported that higher adherence to the MedDiet is
associated with lower prevalence of central obesity, dyslipidemia, metabolic syndrome,
and a reduced risk of diabetes [15,16]. Additionally, diet intervention studies, including
an 8-week MedDiet in overweight or obese adults [12], a 3-month low-calorie MedDiet
intervention in adults at risk of cardiovascular disease (CVD) (CARDIVEG study) [13],
and a 12-month MedDiet for elderly populations (NU-AGE study) [14], have all demon-
strated that a Mediterranean-based diet modulates the gut microbiome towards a state that
promotes beneficial effects on metabolic health and reduces the risk of CVD.

A traditional MedDiet provides approximately 700–820 mg of calcium per day, which
is below the Australian recommended daily intake (RDI) of 1000–1300 mg per day [17–19].
Calcium is an essential mineral not only for the formation and maintenance of bones, but
also for other biological processes, including cell signalling for muscle function, vascular
dilation and contraction [20], neuronal activity [21], and cell differentiation [22]. Inadequate
calcium intake is related to reduced bone strength, pregnancy complications such as
hypertension and pre-eclampsia [23], and an increased risk of cardiovascular disease [24].

The recommended calcium intake varies between populations, in accordance with
health-related behaviours and the relative risk of calcium-related health outcomes [25].
Before a MedDiet is recommended as a long-term dietary pattern, it should meet the nu-
tritional requirements of the target population. Supplementing the MedDiet with dairy
products, such as milk, cheese, and yoghurt, that are rich in calcium would ensure the Med-
Diet aligns with Australian calcium intake recommendations. These foods are also capable
of altering the gut microbiome [26,27], promoting the expansion of Bifidobacterium species
and lactic acid bacteria with a reciprocal relative depletion of other commensal bacteria,
including Faecalibacterium prausnitzii. Bifidobacteria and lactic-acid bacteria are known to
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possess B-group vitamin biosynthesis capacity, which is required for cellular enzymatic and
metabolic processes [28], while Faecalibacterium prausnitzii can confer protective function
due to its anti-inflammatory effects and role in maintaining intestinal permeability [26].

We undertook a MedDairy dietary intervention trial in an Australian adult population
at risk of CVD to evaluate whether a MedDiet enriched with dairy products promotes
beneficial cardiometabolic and cognitive health outcomes [29]. Specifically, a traditional
Mediterranean diet was modified to meet the Australian RDI of calcium (between 1000 and
1300 mg) through increased intake of dairy foods [29]. The MedDairy trial [29,30] involved
a randomised controlled cross-over design study, where participants adhered to an 8-week
MedDairy and an 8-week control non-Mediterranean low-fat diet (shown to improve CVD
risk [12] and is termed hereafter as a low-fat diet). The MedDairy intervention was found to
be associated with significant improvements in cardiovascular risk, including lower clinic
and morning systolic blood pressure (monitored during clinic visits and self-monitored at
home, respectively), lower morning diastolic blood pressure, lower triglyceride levels, an
increase in HDL cholesterol, and a lower total cholesterol:HDL ratio [29]. In the current
study, we aim to investigate the impact of the Mediterranean diet enriched with dairy
products on the intestinal microbiome and to evaluate the relationships between MedDairy
diet-specific changes in the gut microbiota and the clinical outcomes of the original trial [29].

2. Materials and Methods
2.1. Study Overview

A randomised controlled trial with a 2 × 2 cross-over design was used to compare
a Mediterranean diet supplemented with adequate dairy foods (MedDairy or MD) against
a low-fat (LFD) control diet in individuals at risk of cardiovascular disease (CVD) (study
protocol has been described previously [30]). This trial was registered in the Australia and
New Zealand Clinical Trials Register (ACTRN12616000309482) and approved by the Univer-
sity of South Australia Human Research Ethics Committee (#34954 on 17 December 2015).

2.2. Participants

The MedDairy study recruited adults with a risk of cardiovascular disease (CVD). Inclu-
sion criteria were age between 45 and 75 years, an elevated systolic blood pressure (SBP) of
≥120 mmHg, not on hypertensive medication, and a diagnosis of at least two of the following:
overweight/obesity (body mass index, BMI ≥ 25 kg/m2); waist circumference > 94 cm for
men and >80 cm for women; total cholesterol ≥ 5.5 mM; triglycerides (≥2.0 mM); low-
density lipoprotein (LDL) (≥3.5); or high-density lipoprotein (HDL) ≤ 0.9 for men and
≤1.0 for women; impaired glucose tolerance (6.1–7.8 mmol/L); and/or a family history of
CVD or type 2 diabetes. Individuals that consume medicinal levels of calcium or >1000 mg
of omega-3 supplements daily were excluded from the study. Additional inclusion and
exclusion criteria are reported elsewhere [30].

2.3. Study Intervention

Participants followed a MedDairy or LFD diet intervention for 8 weeks, separated by
an 8-week washout phase where participants returned to their habitual diet. Participants
were stratified by gender and age and randomly assigned to their first dietary phase (Med-
Dairy or LFD) by a blinded independent staff member. Instructions on how to adopt each
diet were provided by a dietitian at the start of each dietary phase. Detailed descriptions
of the MedDairy and LFD dietary phases and instructions are as previously reported [30].
Briefly, components of the Mediterranean diet were primarily focused on consumption of
fresh fruits, vegetables, legumes, fish, seafood, nuts, seeds, whole grain cereal products,
selected white meats (poultry without skin), limited or non-consumption of red meat, pro-
cessed meats, cream, butter, sugared beverages or bakery items, and the use of extra virgin
olive oil (EVOO) for cooking or salad dressing. The recommended dairy consumption was
3–4 daily servings of dairy food based on the following: one serve = 250 mL low-fat milk,
40–120 g hard and/or semisoft to soft cheese, 200 g low-fat Greek yoghurt, or 200 g tzatziki
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dip. This serving size of dairy foods delivers approximately 900–1200 mg of calcium,
while vegetables and nuts provide approximately 100 mg of calcium. The food products
consumed are based on an Australian food supply, and participants were not restricted to
dietary sodium intake as it is not a component of the Mediterranean diet.

The low-fat diet was modelled after the PREDIMED trial [29], in which participants
were instructed to follow their habitual diet but reduce their total fat intake. The use of
a low-fat diet has previously been recommended for heart health, particularly around
the time of the design of PREDIMED. Participants were instructed to consume low-fat
food (breads, cereals, lean meat, legumes, rice, vegetables, and fruits) and choose low-fat
variations of food products (such as low-fat dairy) as a replacement to restrict or avoid
high-fat foods, including cream, full fat dairy, processed meats, high fat meats, nuts, ice
cream, and sugared bakery items. Participants are also advised to consume no more than
20 mL of any oil type, no more than two teaspoons of butter or margarine daily, and to
remove visible fat and skin from meat and fish before cooking. Participants were not
recommended a set dairy consumption as the low-fat diet was intended to match their
habitual dietary intake.

2.4. Study Assessment and Outcomes

Eligible participants completed a clinic assessment visit and faecal sample collection
(for gut microbiome analysis) at the start (weeks 0 and 16) and at the end (weeks 8 and
24) of each diet intervention phase. To determine the effect of a MedDairy diet on the gut
microbiota, changes to the gut microbiota between baseline of the intervention phase and
at the end of the 8-week diet intervention, for the MedDairy or LFD diet, were assessed.
Between-group differences at the end of the 8-week diet intervention were also assessed to
determine MedDairy diet-specific effects on bacterial relative abundance.

The exploratory outcomes were associations between changes in MedDairy diet-
specific bacterial relative abundance and changes in clinical, anthropometric, and cognitive
function measurements. Clinical measures include blood pressure (systolic and diastolic
blood pressure at a clinic or self-measured), blood levels of insulin, glucose, HOMA-IR,
C-reactive protein, total triglyceride, total cholesterol, HDL, LDL, and cholesterol:HDL
ratio [29,30]. Anthropometric measures include BMI, weight, and body composition as-
sessed via dual-energy X-ray absorptiometry (lean mass, fat mass, and abdominal fat
mass) [27,28]. Cognitive function includes planning, memory, attention, processing speed,
and Addenbrook’s Cognitive Examination (ACE-R) scores [29–31]. Correlations between
variables were performed based on the changes during both the MedDairy and low-fat diet
periods. Significant associations were then further assessed for diet-specific significance by
stratifying according to the MedDairy and low-fat diet periods only.

2.5. Dietary Adherence

Dietary adherence was assessed and reported previously [30,32]. Briefly, a 14-item
MedDiet adherence tool and a 9-item low-fat diet adherence tool were completed for each
fortnight during the appropriate intervention. A 3-day weighed food record (WFR) was
used to calculate the Mediterranean diet score (MDS) as an indicator of MedDiet adherence,
using a 10-point [19] and 18-point [33] scoring system. Participants adhered to both dietary
interventions, with increased adherence to the MedDiet during the MedDairy intervention,
as assessed using the 10-point and 18-point MDS (Supplementary Figure S1) [29].

2.6. Faecal Microbiome Analysis

Faecal sample collection was performed in an OMNIgene GUT stool collection kit
(DNA Genotek, Ottawa, ON, Canada) for sample preservation, according to instructions
provided by the manufacturer, and using a disposable urine collection hat (EBOS Health-
care, Kingsgrove, NSW, Australia). Samples were returned to the laboratory within ap-
proximately 24 h of collection and stored at −80 ◦C until analyses. Faecal DNA extraction
was performed by transferring 200 µL of the faecal slurry to a tube containing 200 µL
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of 1X phosphate buffered saline (PBS, pH 8.0) (Life Technologies, Waltham, MA, USA).
The faecal slurry was mixed by vortexing and centrifuged at 13,000× g for 20 min. DNA
was extracted from faecal pellets using the DNeasy PowerLyzer PowerSoil Kit (QIAGEN,
Straße, Hilden, Germany), according to the manufacturer’s instructions with modifications
as previously described [34]. Total bacterial load was assessed by quantitative PCR as
described previously [34] to establish that the levels were similar at baseline and between
paired samples following either diet intervention. Amplicon libraries of the 16S rRNA V4
hypervariable region were generated and indexed for sequencing using an Illumina Miseq
v3 kit on an Illumina Miseq platform at the South Australian Genomics Centre (Adelaide,
SA, Australia) as previously described [35].

Paired-end sequence reads were demultiplexed, and bioinformatics analysis was
performed using the QIIME2 platform (release 2021) for microbiota profiling [36], using
a bioinformatics pipeline as previously described [37]. Taxonomic assignment was per-
formed in reference to the SILVA 16S ribosomal database (version 138) which clustered at
99% sequence identity [38]. All samples were subsampled to the lowest sample read depth
of 7794 sequence reads for microbiome analysis.

Microbial alpha diversity measures of richness, evenness, and diversity (observed
species, Pielou’s evenness, and Faith’s phylogenetic diversity, respectively), as well as
weighted Unifrac distances for composition analysis, were computed using QIIME2. Raw
sequence data are publicly accessible from the Sequence Read Archive repository (BioProject
ID: PRJNA996323).

2.7. Statistical Analyses

Baseline participant demographics between dietary groups were statistically compared
using an unpaired t-test for continuous variables. Data were analysed using STATA (Version
13, StataCorp, College Station, TX, USA) and IBM SPSS Statistics (Version 21). Residuals
were screened for normality, and non-normal variables were transformed through the use
of log10 and square root transformations.

All microbiome data were checked for normality using the Shapiro–Wilks method.
Changes in overall microbial alpha diversity measures were analysed using the Wilcoxon
sign-rank or Mann–Whitney t-test for paired and unpaired data, respectively. Microbiota
composition differences based on the weighted Unifrac distances were analysed using
a permutation-based ANOVA package (PERMANOVA) on PRIMER (v7). PERMANOVA
analyses were performed with diet and time as the main factors, with subjects nested
in these main factors. A statistical comparison of the bacterial taxa’s relative abundance
between the diet groups was performed using a Wilcoxon sign-rank or Mann–Whitney
t-test for paired and unpaired data, respectively. Type I errors in multiple comparisons were
adjusted using the false discovery rate method. All statistical comparisons were assessed
based on a significance level of p < 0.05.

The association between changes in specific bacterial relative abundance and changes
in clinical, anthropometric, and cognitive assessment outcomes was performed using a re-
peated measures correlation analysis package in R (rmcorr v.0.5.4). Similar correlations were
performed to determine associations between bacterial relative abundance and adherence
to the MedDiet based on the 10- and 18-point MDS.

2.8. Power Calculation

The initial sample size calculation was based on the ability to detect a clinically relevant
difference of 2.5 mmHg in systolic blood pressure (primary study outcome) at a power
of 90% and p < 0.05, as previously reported [30]. Briefly, a sample size of 31 volunteers
was required, assuming a within-group SD of 14 mmHg, a within-subject correlation
between the 4 BP measures at each visit of r = 0.6, and a between-phase within-subject
correlation of ρ = 0.5. This correlation (ρ) and the crossover design reduced the number
of required participants by a factor of 1/[(1 − ρ)/2], that is, from n = ∼124 for a parallel-
group design with the use of ANCOVA (n = 62/group) to n = 31 subjects in total [39]. For
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the current study, the final sample size of n = 34 subjects provided n = 68 measures of
change across the 2 periods. This provided 80% power to detect Pearson, Spearman, and
Kendall’s tau correlation coefficients of r = 0.32, 0.34, and 0.34, respectively at a 2-sided
type 1 error rate of alpha = 0.05. Based on the observed mean differences between diets and
the standard deviation of these differences, we also had 80% power to detect differences in
richness (mean ∆ = 1.68, SD ∆ = 2.69), Pielou (mean ∆ = 0.0031, SD ∆ = 0.0020), and Faith’s
phylogenetic diversity (mean ∆ = 0.78, SD ∆ = 0.25).

3. Results

Of the 43 participants randomised, 41 commenced the diet schedule and 37 contin-
ued to completion (Figure 1). Participant withdrawal was not associated with either the
MedDairy or LFD interventions, with two participants dropping out during each arm.
Complete faecal and clinical data were available to perform gut microbiome analyses on
paired samples at baseline and 8 weeks for 34 participants. At baseline, there were no
significant differences between Group 1 (MedDairy intervention first, n = 18) and Group 2
(LFD intervention first, n = 16) for age, the distribution of gender, or the level of education
(Table 1).
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Table 1. Demographic and clinical characteristics of the study sample at week 0 (start of the study
trial) by group.

Group 1
(n = 18)

Group 2
(n = 16)

Total
(n = 34)

Age (years) 62.0 (6.2) 60.2 (7.7) 61.1 (6.9)
Gender
Males 5 5 10

Females 13 11 24
Education (years) 15.3 (2.9) 17.3 (4.7) 16.2 (3.9)

Home SBP average (mmHg) 127.3 (14.8) 128.8 (14.5) 128.1 (14.6)
Home DBP average (mmHg) 77.9 (9.4) 78.1 (10.5) 78.0 (9.9)
Home HR average (mmHg) 71.9 (10.1) 71.3 (10.1) 71.6 (10.0)

Clinic SBP (mmHg) 130.8 (13.1) 132.8 (11.6) 131.7 (12.2)
Clinic DBP (mmHg) 84.6 (11.0) 91.1 (10.5) 87.7 (11.1)

Clinic HR (bpm) 68.5 (11.1) 65.9 (7.9) 67.3 (9.7)
Insulin (mU/L) 14.4 (7.9) 10.4 (4.5) 12.7 (6.8)

Glucose (mmol/L) 5.8 (0.5) * 5.4 (0.5) 5.6 (0.5)
Total triglycerides (mmol/L) 1.7 (1.3) 1.4 (0.6) 1.6 (1.0)
Total cholesterol (mmol/L) 5.9 (1.1) 5.5 (1.0) 5.7 (1.1)

HDL (mmol/L) 1.5 (0.4) 1.5 (0.4) 1.5 (0.4)
LDL (mmol/L) 3.7 (1.0) 3.4 (0.8) 3.5 (0.9)

Cholesterol/HDL ratio 4.4 (1.7) 3.8 (1.0) 4.1 (1.4)
Weight (kg) 86.1 (15.8) 85.3 (13.4) 85.8 (14.5)
Height (m) 1.7 (0.1) 1.7 (0.1) 1.7 (0.1)

BMI (kg/m2) 30.5 (3.9) 30.6 (3.0) 30.5 (3.5)

Values are presented as mean (SD). * Significant difference between groups at p < 0.05. Group 1 = MedDairy
first; Group 2 = Low-Fat first. SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; mmHg,
millimetres of mercury; bpm, beats per minute. SBP, systolic blood pressure; DBP, diastolic blood pressure; HR,
heart rate; CRP, C-reactive protein; HDL, high-density lipoprotein; LDL, low-density lipoprotein; BMI, body
mass index.
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3.1. Effects of Diet Intervention on the Overall Faecal Microbiota Structure and Composition

No significant changes in bacterial richness and evenness were evident after the
MedDairy or LFD diet study arms (Figure 2A,C,E), and these measures did not differ signif-
icantly between the MedDairy and LFD groups at the end of the 8-week diet intervention
(Figure 2B, 2D and 2F, respectively). Microbial diversity was not altered by the MedDairy
diet but was significantly lower following the LFD intervention (p = 0.037) (Figure 2E).
This change in the LFD group was modest, as microbial diversity did not significantly
differ between the MedDairy and LFD groups at the end of the 8-week diet intervention
(Figure 2F). An assessment of the gut microbiota composition shows no significant changes
following the MedDairy or LFD (PERMANOVA p = 0.573 and p = 0.249, respectively)
(Supplementary Figure S2). Additionally, the microbiota composition of the MedDairy
group did not differ significantly from the LFD group at the end of the 8-week diet inter-
vention (p = 0.99). Together, the results suggest that the MedDairy diet, or LFD, does not
have broad effects on the gut microbial community.
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The potential for effects resulting from the MedDairy or LFD intervention at Phase 1
to affect baseline measures at Phase 2 (following the 8-week washout period) was investi-
gated. Carryover effects from Phase 1 were assessed by comparing baseline measures of
paired samples at Phase 1 to those at Phase 2 (corresponding to Week 0 and Week 15 of
the study, respectively). Bacterial richness, evenness, and diversity did not differ signifi-
cantly between the Phase 1 baseline and the Phase 2 baseline (Supplementary Figure S3).
A similar result was observed when this comparison was based on the MedDairy or LFD
intervention groups (Supplementary Figure S4). Additionally, microbiota composition did
not significantly differ between the baseline of Phase 1 and Phase 2 periods (PERMANOVA
p = 0.943), or when stratified to the MedDairy and LFD intervention groups (p = 0.082
and p = 0.248, respectively). Together, these results indicate the absence of significant
carryover effects between phases. The overall (Phase 1 and Phase 2 combined) baseline
alpha diversity (Figure S4) and microbiota composition (PERMANOVA p = 0.985) also did
not differ significantly between the MedDairy and LFD intervention groups.

3.2. Differential Effects between MedDairy and Low-Fat Diets on Specific Gut Bacteria

While the broad characteristics of the faecal microbiota remained unaltered by Med-
Dairy or LFD, changes were observed at the level of individual bacteria taxa. Following the
8-week MedDairy intervention, significant changes were observed for several bacterial taxa,
including increases in the relative abundance of Butyricicoccus, Lachnospiraceae NK4A136,
and Streptococcus, as well as decreases in the relative abundance of Colinsella, Veillonella, two
taxa in the Oscillospiraceae family (Oscillospirales uncultured, UCG-002), and Ruminococ-
caceae UBA 1B19 (Figure 3, Supplementary Table S1). Additionally, MedDairy and LFD
were associated with significant but opposite changes in Collinsella, which decreased in
relative abundance with the MedDairy diet but increased in relative abundance with the
LFD diet (Figure 3). Between diet group comparisons indicate that the relative abundance
of Butyricicoccus, Veillonella, and Collinsella significantly differed between the MedDairy
and LFD groups at the end of the 8-week diet intervention, but these differences were not
observed at baseline (Figure 3, Supplementary Table S1), suggesting that the gut microbiota
changes were mediated primarily by the MedDairy diet. In contrast, the relative abundance
of Lachnospiraceae NK4A136, Streptococcus, Oscillospiralles (uncultured and UCG-002), and
Ruminococcaceae UBA1819 did not significantly differ between the MedDairy and LFD
groups at the end of the 8-week diet intervention, suggesting that the changes in these
taxa were modest or less specific to the MedDairy diet (Figure 3, Supplementary Table S1).
Notably, the bacterial taxa changes described were significant only when uncorrected for
multiple comparisons.

3.3. Gut Bacteria Changes Were Associated with Diet and Clinical Outcomes

Associations between changes in altered bacterial taxa and changes in clinical, an-
thropometric, and cognitive measures were determined by correlation analysis (Figure 4).
The relationship between changes in bacterial taxa and adherence to the MedDairy diet
was also assessed. Bacterial taxa selected for correlation analysis were taxa that differed
following 8 weeks of the MedDairy diet and also differed between the diet intervention
groups, including Collinsella, Butyricicoccus, and Veillonella.

Correlation analysis based on both interventions (MedDairy and LFD) indicates that
a higher relative abundance of Butyricicoccus was significantly associated with higher adher-
ence to a MedDiet (10-point score: r = 0.28, p = 0.003, and 18-point score: r = 0.33, p < 0.001)
(Figure 4D,E, respectively). These associations remained significant following FDR cor-
rection for multiple comparisons (FDR p < 0.05) (Supplementary Table S2). A stronger
and more significant association between Butyricicoccus and adherence to the MedDairy
diet was observed within the MedDairy period only (10-point score: r = 0.46, p = 0.006;
18-point score: r = 0.51, p = 0.002), while no significant associations were observed for the
LFD period (10-point score: r = 0.20, p = 0.246; 18-point score: r = 0.20, p = 0.252).
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MedDairy and low-fat diet groups.

The changes in relative abundance of Butyricicoccus were significantly correlated
with the changes in systolic blood pressure (SBP clinic) and fasting glucose levels for the
combined MedDairy and LFD intervention periods only when assessed without FDR
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correction for multiple testing (Figure 4A, Supplementary Table S2). In particular, increases
in the relative abundance of Butyricicoccus were associated with a decline in systolic blood
pressure (r = −0.25, p = 0.013), but were positively associated with fasting glucose levels
(r = 0.23, p = 0.019) (Figure 4B,C, respectively). When stratified by diet, these associations
were observed for the MedDairy group (SBP: r = −0.38, p = 0.026; Glucose: r = 0.39,
p = 0.019) and not for the LFD group (SBP: r = −0.20, p = 0.235; Glucose: r = 0.07, p = 0.683).
While significant correlations were observed between Collinsella and the Cholesterol:HDL
ratio (r = 0.22, p = 0.027), as well as to the 18-point MDS (r = −0.30, p = 0.002) (Figure 4A)
when considering the whole cohort, these effects were not observed for the MedDairy
group (Cholesterol:HDL ratio: r = −0.17, p = 0.350; 18-point score: r = −0.33, p = 0.058).
None of the taxa changes were associated with cognitive measures including planning,
memory, attention, processing speed, and ACE-R scores (p > 0.05).
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Figure 4. (A) Spearman’s correlation between significantly altered taxa and Mediterranean diet
adherence scores, clinical, anthropometric, body composition, and cognitive measurements. ˆ denotes
statistical significance based on a false discovery rate-adjusted p-value of <0.05, and * denotes p < 0.05.
(B–E) Only correlations that were significant for both the overall participant cohort and the MedDairy
group were plotted. Relative abundance changes of Butyricicoccus (post-pre diet intervention) were
plotted against the corresponding changes in clinical and Mediterranean diet adherence scores. The
correlation dataset shown represents the overall participant cohort.

4. Discussion

This study sought to explore the effects of an 8-week Mediterranean diet enriched with
dairy products (to reach the recommended Australian dietary intake of 1000–1300 mg of
calcium) on the gut microbiome of Australian adults at risk of CVD. The dairy enrichment
involved 3–4 daily servings of any of the following dairy foods: one serve (250 mL) of low-
fat milk, 40–120 g of hard and/or semisoft to soft cheese, 200 g of low-fat Greek yoghurt, or
200 g of tzatziki dip. Participants recruited to the study recorded a MedDiet adherence score
at moderate levels based on their habitual diet at baseline (average ± SD of 4.4 ± 1.8 for
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the 10-point score and 7.0 ± 1.4 for the 18-point score), which reflect those of an Australian
population that are not following a prescribed MedDiet [40–42], and an increased MedDiet
adherence during the MedDairy intervention [29].

Faecal microbiota analysis was performed based on paired comparisons between
baseline and after 8 weeks of MedDairy or LFD intervention and between the groups
at 8 weeks. Paired analysis indicated that the overall structure and composition of the
faecal microbiota were not significantly altered by the MedDairy or LFD groups, except for
a modest decrease in microbial diversity in the LFD group. These results are consistent with
other studies that assessed the gut microbiome following a MedDiet intervention, including
the CARDIVEG study, which involved a 3-month low-calorie MedDiet in adults with CVD
risk [13], and the NU-AGE study, a 12-month MedDiet tailored for elderly subjects [14].
Each of these studies reported that the broad gut microbiota composition was unaltered by
the MedDiet intervention, although significant changes in the relative abundance of several
bacterial taxa were observed. Similar observations were reported in cross-sectional studies
of healthy adult populations that were classified according to MedDiet scores for habitual
dietary patterns. In particular, the Men’s Lifestyle Validation Study, comprising a cohort of
307 healthy men [43], and another study in healthy young adults of low (MDS: 0–5) and
high (6–9) MDS groups [44], indicated a modest effect of MedDiet on the overall structure
of the gut microbiome and microbial diversity specifically.

The MedDairy diet did not result in broad changes to the gut microbiota but signifi-
cantly altered the relative abundance of selected bacterial taxa, a result that is consistent
with previous MedDiet studies [13,14]. Specifically, the MedDairy diet resulted in signifi-
cant increases in the relative abundance of Butyricicoccus and a decrease in Colinsella and
Veillonella. Previous short-term diet intervention studies indicated that Butyricicoccus levels
increased significantly within 2–4 days of the start of a MedDiet intervention [13,45], but
decreased upon switching to a non-Mediterranean diet [45,46]. However, the levels of
Butyricicoccus were not reported to be altered in longer-period diet intervention studies of
3-months [13] or 1-year MedDiet [14]. Given the rapid response of Butyricicoccus to dietary
components, our results suggest that the increase in Butyricicoccus relative abundance can
be sustained by 8 weeks of a MedDiet specifically, as observed with the MedDairy group,
although it is possible that such effects may diminish with long-term MedDiet consumption.

Reductions in the levels of Collinsella [12,14,45] and Veillonella following the MedDairy
diet were also consistent with previous MedDiet studies [12,14,47]. An increase in levels of
Collinsella is linked to low dietary fibre intake [48], with the bacteria found to be associated
with detrimental effects on metabolic regulation [48] and intestinal permeability [49].
A higher abundance of Collinsella has been reported in metabolic diseases, including
CVD [50], type 2 diabetes [51], and rheumatoid arthritis [49], suggesting that its reduction
following the MedDairy diet intervention may contribute to beneficial health outcomes.
Veillonella is known to produce SCFA acetate and propionate from the fermentation of
lactate [52], although its causal role in diseases has not been determined.

The MedDairy diet intervention was associated with modest but significant increases
in Lachnospiraceae and Streptococcus and reductions in Oscillospiraceae and Ruminococ-
caceae. Significant changes in the abundance of Lachnospiraceae, Oscillospiraceae, and
Ruminococcaceae families have been previously reported in MedDiet studies [12,14,44],
although these studies also reported alterations in bacterial genera, including increases
in Faecalibacterium praunitzii, Roseburia, and Eubacterium [12,14], as well as decreases in
Parabacteroides [12,13], Coprococcus, and Dorea [14], which were not observed in our study.
These results suggest that selected components of the MedDairy diet may mediate a more
pronounced effect on specific bacterial taxa. For example, Streptococcus thermophilus, a bac-
terial marker of dairy product consumption, was previously found to decrease with the
MedDiet [12]. The increase in Streptococcus in the MedDairy group may be attributed to
the higher dairy intake in this study. While Streptococcus thermophilus has been linked to
anti-inflammatory effects [53,54], other Streptococcus species are associated with low-grade
inflammation [55] and colorectal cancer (Streptococcus bovis) [56].
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Higher adherence to a MedDiet diet has been previously shown to mediate protec-
tive effects on cardiometabolic risk factors, including blood pressure (lowers systolic and
diastolic blood pressure), lipids (lower total cholesterol:HDL ratio, lower LDL levels, and
higher HDL levels), and/or glycaemic control (lowers insulin secretion and HOMA-IR
levels) when compared to the group consuming a healthy dietary guideline diet [12,57]. We
observed a similar effect with the MedDairy diet [29]. A higher abundance of Butyricicoccus
was significantly associated with lower SBP but increased fasting blood glucose. This asso-
ciation was observed only for the MedDairy group, but not the LFD group, suggesting an
effect specifically directed by the MedDairy diet. Recent studies suggest that blood pressure
can be influenced by an increased inflammatory state and intestinal permeability [58]. Bene-
ficial effects on immune regulation and intestinal permeability can be mediated by bacterial
metabolites, such as SCFAs, while other bacterial-derived metabolites and components,
such as trimethylamine (TMA) and lipopolysaccharide, respectively, are associated with
inflammatory properties [59]. Reduced levels of Butyricicoccus, a SCFA producer, have been
associated with chronic gastrointestinal and kidney diseases [60,61]. Butyricicoccus has also
been shown to provide therapeutic potential for gastrointestinal inflammation, including
ulcerative colitis and Crohn’s disease, through its protective effects on the integrity of
intestinal epithelial cells to maintain intestinal permeability [61,62]. These findings suggest
the potential for Butyricicoccus to beneficially modulate blood pressure, as observed in
the MedDairy group. A higher abundance of Butyricicoccus is also positively correlated
with higher fasting plasma glucose levels but was not significantly associated with other
determinants of glucose homeostasis, including insulin and HOMA-IR levels. Given that
glucose regulation can also affect blood pressure [63], more frequent and detailed assess-
ment of changes in the gut microbiome, blood pressure, and blood glucose measurements
during the diet intervention period will be necessary to establish the role of gut micro-
biota, including Butyricicoccus, to mediate such interactions. Previous studies have also
shown that levels of Butyricicoccus increased during ageing and replaced the loss of several
commensal bacteria [64]. It is therefore possible that the impact of a MedDairy diet on
Butyricicoccus, which was observed in this study, may differ in other cohorts with different
age demographics.

Our study was limited to the measurement of gut microbiota levels and clinical
outcomes but did not measure other factors such as changes in metabolic capacity [12]
or the level of physical activity [43], which can influence cardiometabolic health. The gut
microbiota changes we report were based on those mediated by a Mediterranean-based
diet with dairy supplementation rather than a specific dietary component. Further, the use
of a low-fat diet control group was appropriate at the time of the study design; however, it
may no longer be the most suitable control choice given that dietary guidelines support the
change in diet quality and the quality of dietary fats as a strategy for heart health.

Taken together, our results suggest that an 8-week MedDiet supplemented with
dairy foods results in relative abundance changes in bacterial taxa. Microbial changes,
including an increase in Butyricicoccus, were inversely correlated with changes in systolic
blood pressure, a clinical measure that was previously shown to be reduced following the
MedDairy diet.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu15163645/s1, Figure S1: Mediterranean diet score before and
during MedDairy and low-fat dietary phases; Figure S2: Non-metric multidimensional scaling
ordination plot based on the gut microbiota composition before and after 8 weeks of MedDairy or
low-fat diet intervention; Figure S3: Comparison of microbial alpha diversity measures between
the baseline of Phase 1 and Phase 2; Figure S4: Comparison of microbial alpha diversity measures
between the MedDairy and low-fat diet groups at baseline; Table S1: Taxa that were significantly
altered by the MedDairy diet or low-fat control diet intervention; Table S2: Correlation analysis
between Butyricicoccus and clinical, anthropometric and cognitive measurements for both MedDairy
and low-fat diet groups.

https://www.mdpi.com/article/10.3390/nu15163645/s1
https://www.mdpi.com/article/10.3390/nu15163645/s1


Nutrients 2023, 15, 3645 13 of 16

Author Contributions: K.J.M., J.M.H., A.T.W. and C.R.D. designed the project and secured funding.
K.A.D. contributed to the project design. K.J.M., A.T.W., K.A.D. and C.R.D. conducted the trial and
collected study data. K.J.M. and C.R.D. developed the diet. J.M.C. and Y.W. performed the gut
microbiome analysis. J.M.C. and Y.W. developed and performed the statistical analysis of the gut
microbiome. J.M.C., K.J.M., E.L.B., R.J.W. and G.B.R. prepared the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was funded by Dairy Australia (C100001408). A.T.W. was supported by an
Australian Government Research Training Program (RTP) Scholarship (110014520). J.M.H. was
supported by a National Health and Medical Research Council Senior Research Fellowship (1116793)
and a Royal Perth Hospital Medical Research Foundation Fellowship.

Data Availability Statement: Raw sequence data are publicly accessible from the Sequence Read
Archive repository using the BioProject ID PRJNA996323 and at https://www.ncbi.nlm.nih.gov/
bioproject/996323, accessed on 18 August 2023.

Acknowledgments: The authors would like to thank the following individuals: Louise Massie, for
clinical trial support; Anita Lawrence for assistance in sourcing yoghurt; and research assistants
Joe Mandrell and Kerry Ivey for their contributions to data entry and analysis. We would also like
to acknowledge the following organisations for their generous contributions: Almond Board of
Australia for the donation of almonds; Cobram Estate for the donation of Australian extra virgin
olive oil; Fonterra Australia Pty Ltd. for the donation of cheese; and Simplot Australia Pty Ltd.
for the donation of legumes, tuna, and salmon. This trial is funded by a competitive grant from
Dairy Australia.

Conflicts of Interest: The authors declare no conflict of interest. The funding sponsor, Dairy Australia,
had no role in the design of the study or the preparation of the manuscript.

References
1. Paradis, A.-M.; Godin, G.; Pérusse, L.; Vohl, M.-C. Associations between dietary patterns and obesity phenotypes. Int. J. Obes.

2009, 33, 1419–1426. [CrossRef] [PubMed]
2. Jannasch, F.; Kroger, J.; Schulze, M.B. Dietary Patterns and Type 2 Diabetes: A Systematic Literature Review and Meta-Analysis of

Prospective Studies. J. Nutr. 2017, 147, 1174–1182. [CrossRef] [PubMed]
3. Miller, V.; Micha, R.; Choi, E.; Karageorgou, D.; Webb, P.; Mozaffarian, D. Evaluation of the Quality of Evidence of the Association

of Foods and Nutrients With Cardiovascular Disease and Diabetes: A Systematic Review. JAMA Netw. Open 2022, 5, e2146705.
[CrossRef] [PubMed]

4. Mottillo, S.; Filion, K.B.; Genest, J.; Joseph, L.; Pilote, L.; Poirier, P.; Rinfret, S.; Schiffrin, E.L.; Eisenberg, M.J. The metabolic
syndrome and cardiovascular risk a systematic review and meta-analysis. J. Am. Coll. Cardiol. 2010, 56, 1113–1132. [CrossRef]

5. American Diabetes Association. Diagnosis and classification of diabetes mellitus. Diabetes Care 2009, 32 (Suppl. S1), S62–S67.
[CrossRef]

6. Ormazabal, V.; Nair, S.; Elfeky, O.; Aguayo, C.; Salomon, C.; Zuñiga, F.A. Association between insulin resistance and the
development of cardiovascular disease. Cardiovasc. Diabetol. 2018, 17, 122. [CrossRef]

7. García-Montero, C.; Fraile-Martínez, O.; Gómez-Lahoz, A.M.; Pekarek, L.; Castellanos, A.J.; Noguerales-Fraguas, F.; Coca, S.;
Guijarro, L.G.; García-Honduvilla, N.; Asúnsolo, A.; et al. Nutritional Components in Western Diet Versus Mediterranean Diet at
the Gut Microbiota–Immune System Interplay. Implications for Health and Disease. Nutrients 2021, 13, 699. [CrossRef]

8. Conlon, M.A.; Bird, A.R. The impact of diet and lifestyle on gut microbiota and human health. Nutrients 2014, 7, 17–44. [CrossRef]
9. Romano, K.A.; Vivas, E.I.; Amador-Noguez, D.; Rey, F.E. Intestinal microbiota composition modulates choline bioavailability

from diet and accumulation of the proatherogenic metabolite trimethylamine-N-oxide. mBio 2015, 6, e02481. [CrossRef]
10. Davis, C.; Bryan, J.; Hodgson, J.; Murphy, K. Definition of the mediterranean diet: A literature review. Nutrients 2015, 7, 9139–9153.

[CrossRef]
11. Simopoulos, A.P. The Mediterranean diets: What is so special about the diet of Greece? The scientific evidence. J. Nutr. 2001, 131

(Suppl. S11), 3065S–3073S. [CrossRef]
12. Meslier, V.; Laiola, M.; Roager, H.M.; De Filippis, F.; Roume, H.; Quinquis, B.; Giacco, R.; Mennella, I.; Ferracane, R.; Pons, N.; et al.

Mediterranean diet intervention in overweight and obese subjects lowers plasma cholesterol and causes changes in the gut
microbiome and metabolome independently of energy intake. Gut 2020, 69, 1258. [CrossRef] [PubMed]

13. Pagliai, G.; Russo, E.; Niccolai, E.; Dinu, M.; Di Pilato, V.; Magrini, A.; Bartolucci, G.; Baldi, S.; Menicatti, M.; Giusti, B.; et al.
Influence of a 3-month low-calorie Mediterranean diet compared to the vegetarian diet on human gut microbiota and SCFA: The
CARDIVEG Study. Eur. J. Nutr. 2020, 59, 2011–2024. [CrossRef] [PubMed]

14. Ghosh, T.S.; Rampelli, S.; Jeffery, I.B.; Santoro, A.; Neto, M.; Capri, M.; Giampieri, E.; Jennings, A.; Candela, M.; Turroni, S.; et al.
Mediterranean diet intervention alters the gut microbiome in older people reducing frailty and improving health status: The
NU-AGE 1-year dietary intervention across five European countries. Gut 2020, 69, 1218–1228. [CrossRef]

https://www.ncbi.nlm.nih.gov/bioproject/996323
https://www.ncbi.nlm.nih.gov/bioproject/996323
https://doi.org/10.1038/ijo.2009.179
https://www.ncbi.nlm.nih.gov/pubmed/19736556
https://doi.org/10.3945/jn.116.242552
https://www.ncbi.nlm.nih.gov/pubmed/28424256
https://doi.org/10.1001/jamanetworkopen.2021.46705
https://www.ncbi.nlm.nih.gov/pubmed/35113165
https://doi.org/10.1016/j.jacc.2010.05.034
https://doi.org/10.2337/dc09-S062
https://doi.org/10.1186/s12933-018-0762-4
https://doi.org/10.3390/nu13020699
https://doi.org/10.3390/nu7010017
https://doi.org/10.1128/mBio.02481-14
https://doi.org/10.3390/nu7115459
https://doi.org/10.1093/jn/131.11.3065S
https://doi.org/10.1136/gutjnl-2019-320438
https://www.ncbi.nlm.nih.gov/pubmed/32075887
https://doi.org/10.1007/s00394-019-02050-0
https://www.ncbi.nlm.nih.gov/pubmed/31292752
https://doi.org/10.1136/gutjnl-2019-319654


Nutrients 2023, 15, 3645 14 of 16

15. Ramón-Arbués, E.; Martínez-Abadía, B.; Granada-López, J.M.; Echániz-Serrano, E.; Huércanos-Esparza, I.; Antón-Solanas, I.
Association between adherence to the Mediterranean diet and the prevalence of cardiovascular risk factors. Rev. Lat. Am. Enferm.
2020, 28, e3295. [CrossRef] [PubMed]

16. O’Connor, L.E.; Hu, E.A.; Steffen, L.M.; Selvin, E.; Rebholz, C.M. Adherence to a Mediterranean-style eating pattern and risk of
diabetes in a U.S. prospective cohort study. Nutr. Diabetes 2020, 10, 8. [CrossRef]

17. National Health Medical Research Council, Australian Government, Department of Health and Ageing. Nutrient Reference Values
for Australia and New Zealand Including Recommended Dietary Intakes; National Health and Medical Research Council: Canberra,
Australia, 2006.

18. Kafatos, A.; Verhagen, H.; Moschandreas, J.; Apostolaki, I.; Westerop, J.J. Mediterranean diet of Crete: Foods and nutrient content.
J. Am. Diet. Assoc. 2000, 100, 1487–1493. [CrossRef] [PubMed]

19. Trichopoulou, A.; Costacou, T.; Bamia, C.; Trichopoulos, D. Adherence to a Mediterranean diet and survival in a Greek population.
N. Engl. J. Med. 2003, 348, 2599–2608. [CrossRef]

20. Amberg, G.C.; Navedo, M.F. Calcium dynamics in vascular smooth muscle. Microcirculation 2013, 20, 281–289. [CrossRef]
21. Brini, M.; Calì, T.; Ottolini, D.; Carafoli, E. Neuronal calcium signaling: Function and dysfunction. Cell. Mol. Life Sci. 2014, 71,

2787–2814. [CrossRef]
22. Tonelli, F.M.P.; Santos, A.K.; Gomes, D.A.; da Silva, S.L.; Gomes, K.N.; Ladeira, L.O.; Resende, R.R. Stem cells and calcium

signaling. Adv. Exp. Med. Biol. 2012, 740, 891–916.
23. Hofmeyr, G.J.; Betrán, A.P.; Singata-Madliki, M.; Cormick, G.; Munjanja, S.P.; Fawcus, S.; Mose, S.; Hall, D.; Ciganda, A.;

Seuc, A.H.; et al. Prepregnancy and early pregnancy calcium supplementation among women at high risk of pre-eclampsia:
A multicentre, double-blind, randomised, placebo-controlled trial. Lancet 2019, 393, 330–339. [CrossRef]

24. Kong, S.H.; Kim, J.H.; Hong, A.R.; Cho, N.H.; Shin, C.S. Dietary calcium intake and risk of cardiovascular disease, stroke, and
fracture in a population with low calcium intake. Am. J. Clin. Nutr. 2017, 106, 27–34. [CrossRef] [PubMed]

25. Shlisky, J.; Mandlik, R.; Askari, S.; Abrams, S.; Belizan, J.M.; Bourassa, M.W.; Cormick, G.; Driller-Colangelo, A.; Gomes, F.;
Khadilkar, A.; et al. Calcium deficiency worldwide: Prevalence of inadequate intakes and associated health outcomes. Ann. N. Y.
Acad. Sci. 2022, 1512, 10–28. [CrossRef] [PubMed]

26. Swarte, J.C.; Eelderink, C.; Douwes, R.M.; Said, M.Y.; Hu, S.; Post, A.; Westerhuis, R.; Bakker, S.J.; Harmsen, H.J. Effect of High
versus Low Dairy Consumption on the Gut Microbiome: Results of a Randomized, Cross-Over Study. Nutrients 2020, 12, 2129.
[CrossRef] [PubMed]

27. Le Roy, C.I.; Kurilshikov, A.; Leeming, E.R.; Visconti, A.; Bowyer, R.C.; Menni, C.; Falchi, M.; Koutnikova, H.; Veiga, R.;
Zhernakova, A.; et al. Yoghurt consumption is associated with changes in the composition of the human gut microbiome and
metabolome. BMC Microbiol. 2022, 22, 39.

28. LeBlanc, J.G.; Milani, C.; de Giori, G.S.; Sesma, F.; van Sinderen, D.; Ventura, M. Bacteria as vitamin suppliers to their host: A gut
microbiota perspective. Curr. Opin. Biotechnol. 2013, 24, 160–168. [CrossRef]

29. Wade, A.T.; Davis, C.R.; A Dyer, K.; Hodgson, J.M.; Woodman, R.J.; Murphy, K.J. A Mediterranean diet supplemented with dairy
foods improves markers of cardiovascular risk: Results from the MedDairy randomized controlled trial. Am. J. Clin. Nutr. 2018,
108, 1166–1182. [CrossRef]

30. Wade, A.T.; Davis, C.R.; Dyer, K.A.; Hodgson, J.M.; Woodman, R.J.; Keage, H.A.D.; Murphy, K.J. A Mediterranean Diet to
Improve Cardiovascular and Cognitive Health: Protocol for a Randomised Controlled Intervention Study. Nutrients 2017, 9, 145.
[CrossRef]

31. Wade, A.T.; Davis, C.R.; Dyer, K.A.; Hodgson, J.M.; Woodman, R.J.; Keage, H.A.D.; Murphy, K.J. A Mediterranean diet
supplemented with dairy foods improves mood and processing speed in an Australian sample: Results from the MedDairy
randomized controlled trial. Nutr. Neurosci. 2020, 23, 646–658. [CrossRef]

32. Davis, C.R.; Bryan, J.; Hodgson, J.M.; Wilson, C.; Dhillon, V.; Murphy, K.J. A randomised controlled intervention trial evaluating
the efficacy of a Mediterranean dietary pattern on cognitive function and psychological wellbeing in healthy older adults (MedLey
study): Protocol paper. BMC Nutr. 2015, 15, 55.

33. Sofi, F.; Macchi, C.; Abbate, R.; Gensini, G.F.; Casini, A. Mediterranean diet and health status: An updated meta-analysis and
a proposal for a literature-based adherence score. Public. Health Nutr. 2014, 17, 2769–2782. [CrossRef]

34. Choo, J.M.; Tran, C.D.; Luscombe-Marsh, N.D.; Stonehouse, W.; Bowen, J.; Johnson, N.; Thompson, C.H.; Watson, E.-J.; Brinkworth,
G.D.; Rogers, G.B. Almond consumption affects fecal microbiota composition, stool pH, and stool moisture in overweight and
obese adults with elevated fasting blood glucose: A randomized controlled trial. Nutr. Res. 2021, 85, 47–59. [CrossRef]

35. Choo, J.M.; Leong, L.E.X.; Rogers, G.B. Sample storage conditions significantly influence faecal microbiome profiles. Sci. Rep.
2015, 5, 16350. [CrossRef]

36. Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;
Asnicar, F.; et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019,
37, 852–857. [CrossRef] [PubMed]

37. Burr, L.D.; Taylor, S.L.; Richard, A.; Schreiber, V.; Lingman, S.; Martin, M.; Papanicolas, L.E.; Choo, J.M.; Rogers, G.B. Assess-
ment of Long-Term Macrolide Exposure on the Oropharyngeal Microbiome and Macrolide Resistance in Healthy Adults and
Consequences for Onward Transmission of Resistance. Antimicrob. Agents Chemother. 2022, 66, e0224621. [CrossRef] [PubMed]

https://doi.org/10.1590/1518-8345.3904.3295
https://www.ncbi.nlm.nih.gov/pubmed/32520245
https://doi.org/10.1038/s41387-020-0113-x
https://doi.org/10.1016/S0002-8223(00)00416-8
https://www.ncbi.nlm.nih.gov/pubmed/11138441
https://doi.org/10.1056/NEJMoa025039
https://doi.org/10.1111/micc.12046
https://doi.org/10.1007/s00018-013-1550-7
https://doi.org/10.1016/S0140-6736(18)31818-X
https://doi.org/10.3945/ajcn.116.148171
https://www.ncbi.nlm.nih.gov/pubmed/28615253
https://doi.org/10.1111/nyas.14758
https://www.ncbi.nlm.nih.gov/pubmed/35247225
https://doi.org/10.3390/nu12072129
https://www.ncbi.nlm.nih.gov/pubmed/32708991
https://doi.org/10.1016/j.copbio.2012.08.005
https://doi.org/10.1093/ajcn/nqy207
https://doi.org/10.3390/nu9020145
https://doi.org/10.1080/1028415X.2018.1543148
https://doi.org/10.1017/S1368980013003169
https://doi.org/10.1016/j.nutres.2020.11.005
https://doi.org/10.1038/srep16350
https://doi.org/10.1038/s41587-019-0209-9
https://www.ncbi.nlm.nih.gov/pubmed/31341288
https://doi.org/10.1128/aac.02246-21
https://www.ncbi.nlm.nih.gov/pubmed/35293783


Nutrients 2023, 15, 3645 15 of 16

38. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, D590–D596. [CrossRef] [PubMed]

39. Hsieh, F.Y.; Lavori, P.W.; Cohen, H.J.; Feussner, J.R. An overview of variance inflation factors for sample-size calculation. Eval.
Health Prof. 2003, 26, 239–257. [CrossRef] [PubMed]

40. Davis, C.; Hodgson, J.; Bryan, J.; Garg, M.; Woodman, R.; Murphy, K. Older Australians Can Achieve High Adherence to the
Mediterranean Diet during a 6 Month Randomised Intervention; Results from the Medley Study. Nutrients 2017, 9, 534. [CrossRef]
[PubMed]

41. Wade, A.T.; Davis, C.R.; Dyer, K.A.; Hodgson, J.M.; Woodman, R.J.; Keage, H.A.D.; Murphy, K.J. A Mediterranean Diet with
Fresh, Lean Pork Improves Processing Speed and Mood: Cognitive Findings from the MedPork Randomised Controlled Trial.
Nutrients 2019, 11, 1521. [CrossRef]

42. Crichton, G.E.; Bryan, J.; Hodgson, J.M.; Murphy, K.J. Mediterranean diet adherence and self-reported psychological functioning
in an Australian sample. Appetite 2013, 70, 53–59. [CrossRef] [PubMed]

43. Wang, D.D.; Nguyen, L.H.; Li, Y.; Yan, Y.; Ma, W.; Rinott, E.; Ivey, K.L.; Shai, I.; Willett, W.C.; Hu, F.B.; et al. The gut microbiome
modulates the protective association between a Mediterranean diet and cardiometabolic disease risk. Nat. Med. 2021, 27, 333–343.
[CrossRef] [PubMed]

44. Gallè, F.; Valeriani, F.; Cattaruzza, M.S.; Gianfranceschi, G.; Liguori, R.; Antinozzi, M.; Mederer, B.; Liguori, G.; Spica, V.R.
Mediterranean Diet, Physical Activity and Gut Microbiome Composition: A Cross-Sectional Study among Healthy Young Italian
Adults. Nutrients 2020, 12, 2164. [CrossRef] [PubMed]

45. Bourdeau-Julien, I.; Castonguay-Paradis, S.; Rochefort, G.; Perron, J.; Lamarche, B.; Flamand, N.; Di Marzo, V.; Veilleux, A.;
Raymond, F. The diet rapidly and differentially affects the gut microbiota and host lipid mediators in a healthy population.
Microbiome 2023, 11, 26. [CrossRef]

46. Zhu, C.; Sawrey-Kubicek, L.; Beals, E.; Rhodes, C.H.; Houts, H.E.; Sacchi, R.; Zivkovic, A.M. Human gut microbiome composition
and tryptophan metabolites were changed differently by fast food and Mediterranean diet in 4 days: A pilot study. Nutr. Res.
2020, 77, 62–72. [CrossRef]

47. Diamanti, A.P.; Panebianco, C.; Salerno, G.; Di Rosa, R.; Salemi, S.; Sorgi, M.L.; Meneguzzi, G.; Mariani, M.B.; Rai, A.; Iacono,
D.; et al. Impact of Mediterranean Diet on Disease Activity and Gut Microbiota Composition of Rheumatoid Arthritis Patients.
Microorganisms 2020, 8, 1989. [CrossRef]

48. Gomez-Arango, L.F.; Barrett, H.L.; Wilkinson, S.A.; Wilkinson, S.A.; Callaway, L.K.; McIntyre, H.D.; Morrison, M.; Nitert,
M.D. Low dietary fiber intake increases Collinsella abundance in the gut microbiota of overweight and obese pregnant women.
Gut Microbes 2018, 9, 189–201. [CrossRef]

49. Chen, J.; Wright, K.; Davis, J.M.; Jeraldo, P.; Marietta, E.V.; Murray, J.; Nelson, H.; Matteson, E.L.; Taneja, V. An expansion of rare
lineage intestinal microbes characterizes rheumatoid arthritis. Genome Med. 2016, 8, 43. [CrossRef]

50. Karlsson, F.H.; Fåk, F.; Nookaew, I.; Tremaroli, V.; Fagerberg, B.; Petranovic, D.; Bäckhed, F.; Nielsen, J. Symptomatic atherosclerosis
is associated with an altered gut metagenome. Nat. Commun. 2012, 3, 1245. [CrossRef]

51. Lambeth, S.M.; Carson, T.; Lowe, J.; Ramaraj, T.; Leff, J.W.; Luo, L.; Bell, C.J.; Shah, V.O. Composition, Diversity and Abundance
of Gut Microbiome in Prediabetes and Type 2 Diabetes. J. Diabetes Obes. 2015, 2, 1–7.

52. Zhang, S.M.; Huang, S.L. The Commensal Anaerobe Veillonella dispar Reprograms Its Lactate Metabolism and Short-Chain Fatty
Acid Production during the Stationary Phase. Microbiol. Spectr. 2023, 11, e0355822. [CrossRef]

53. Dargahi, N.; Johnson, J.; Apostolopoulos, V. Streptococcus thermophilus alters the expression of genes associated with innate and
adaptive immunity in human peripheral blood mononuclear cells. PLoS ONE 2020, 15, e0228531. [CrossRef] [PubMed]

54. Han, F.; Wu, G.; Zhang, Y.; Zheng, H.; Han, S.; Li, X.; Cai, W.; Liu, J.; Zhang, W.; Zhang, X.; et al. Streptococcus thermophilus
Attenuates Inflammation in Septic Mice Mediated by Gut Microbiota. Front. Microbiol. 2020, 11, 598010. [CrossRef] [PubMed]

55. Boer, C.G.; Radjabzadeh, D.; Medina-Gomez, C.; Garmaeva, S.; Schiphof, D.; Arp, P.; Koet, T.; Kurilshikov, A.; Fu, J.; Ikram, M.A.
Intestinal microbiome composition and its relation to joint pain and inflammation. Nat. Commun. 2019, 10, 4881. [CrossRef]
[PubMed]

56. Boleij, A.; Schaeps, R.M.; Tjalsma, H. Association between Streptococcus bovis and colon cancer. J. Clin. Microbiol. 2009, 47, 516.
[CrossRef] [PubMed]

57. Rinott, E.; Meir, A.Y.; Tsaban, G.; Zelicha, H.; Kaplan, A.; Knights, D.; Tuohy, K.; Scholz, M.U.; Koren, O.; Stampfer, M.J.; et al. The
effects of the Green-Mediterranean diet on cardiometabolic health are linked to gut microbiome modifications: A randomized
controlled trial. Genome Med. 2022, 14, 29. [CrossRef]

58. Santisteban, M.M.; Qi, Y.; Zubcevic, J.; Kim, S.; Yang, T.; Shenoy, V.; Cole-Jeffrey, C.T.; Lobaton, G.O.; Stewart, D.C.; Rubiano,
A.; et al. Hypertension-Linked Pathophysiological Alterations in the Gut. Circ. Res. 2017, 120, 312–323. [CrossRef]

59. Katsimichas, T.; Theofilis, P.; Tsioufis, K.; Tousoulis, D. Gut Microbiota and Coronary Artery Disease: Current Therapeutic
Perspectives. Metabolites 2023, 13, 256. [CrossRef]

60. Gryp, T.; Faust, K.; Van Biesen, W.; Huys, G.R.B.; Verbeke, F.; Speeckaert, M.; Raes, J.; Vaneechoutte, M.; Joossens, M.; Glorieux,
G. Gut Microbiome Profiling Uncovers a Lower Abundance of Butyricicoccus in Advanced Stages of Chronic Kidney Disease.
J. Pers. Med. 2021, 11, 1118. [CrossRef]

61. Eeckhaut, V.; Machiels, K.; Perrier, C.; Romero, C.; Maes, S.; Flahou, B.; Steppe, M.; Haesebrouch, F.; Sas, B.; Ducatelle, R.
Butyricicoccus pullicaecorum in inflammatory bowel disease. Gut 2013, 62, 1745. [CrossRef]

https://doi.org/10.1093/nar/gks1219
https://www.ncbi.nlm.nih.gov/pubmed/23193283
https://doi.org/10.1177/0163278703255230
https://www.ncbi.nlm.nih.gov/pubmed/12971199
https://doi.org/10.3390/nu9060534
https://www.ncbi.nlm.nih.gov/pubmed/28538676
https://doi.org/10.3390/nu11071521
https://doi.org/10.1016/j.appet.2013.06.088
https://www.ncbi.nlm.nih.gov/pubmed/23831151
https://doi.org/10.1038/s41591-020-01223-3
https://www.ncbi.nlm.nih.gov/pubmed/33574608
https://doi.org/10.3390/nu12072164
https://www.ncbi.nlm.nih.gov/pubmed/32708278
https://doi.org/10.1186/s40168-023-01469-2
https://doi.org/10.1016/j.nutres.2020.03.005
https://doi.org/10.3390/microorganisms8121989
https://doi.org/10.1080/19490976.2017.1406584
https://doi.org/10.1186/s13073-016-0299-7
https://doi.org/10.1038/ncomms2266
https://doi.org/10.1128/spectrum.03558-22
https://doi.org/10.1371/journal.pone.0228531
https://www.ncbi.nlm.nih.gov/pubmed/32045425
https://doi.org/10.3389/fmicb.2020.598010
https://www.ncbi.nlm.nih.gov/pubmed/33384671
https://doi.org/10.1038/s41467-019-12873-4
https://www.ncbi.nlm.nih.gov/pubmed/31653850
https://doi.org/10.1128/JCM.01755-08
https://www.ncbi.nlm.nih.gov/pubmed/19189926
https://doi.org/10.1186/s13073-022-01015-z
https://doi.org/10.1161/CIRCRESAHA.116.309006
https://doi.org/10.3390/metabo13020256
https://doi.org/10.3390/jpm11111118
https://doi.org/10.1136/gutjnl-2012-303611


Nutrients 2023, 15, 3645 16 of 16

62. Devriese, S.; Eeckhaut, V.; Geirnaert, A.; Van den Bossche, L.; Hindryckx, P.; Van de Wiele, T.; Van Immerseel, F.; Ducatelle, R.;
De Vos, M.; Laukens, D. Reduced Mucosa-associated Butyricicoccus Activity in Patients with Ulcerative Colitis Correlates with
Aberrant Claudin-1 Expression. J. Crohns Colitis 2017, 11, 229–236. [CrossRef] [PubMed]

63. Filipovsky, J.; Ducimetiere, P.; Eschwege, E.; Richard, J.L.; Rosselin, G.; Claude, J.R. The relationship of blood pressure with
glucose, insulin, heart rate, free fatty acids and plasma cortisol levels according to degree of obesity in middle-aged men.
J. Hypertens. 1996, 14, 229–235. [CrossRef] [PubMed]

64. Ghosh, T.S.; Shanahan, F.; O’toole, P.W. The gut microbiome as a modulator of healthy ageing. Nat. Rev. Gastroenterol. Hepatol.
2022, 19, 565–584. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/ecco-jcc/jjw142
https://www.ncbi.nlm.nih.gov/pubmed/27484096
https://doi.org/10.1097/00004872-199602000-00012
https://www.ncbi.nlm.nih.gov/pubmed/8728301
https://doi.org/10.1038/s41575-022-00605-x
https://www.ncbi.nlm.nih.gov/pubmed/35468952

	Interactions between Mediterranean diet supplemented with dairy foods and the gut microbiota influence cardiovascular health in an Australian population
	Authors

	Background 
	Materials and Methods 
	Study Overview 
	Participants 
	Study Intervention 
	Study Assessment and Outcomes 
	Dietary Adherence 
	Faecal Microbiome Analysis 
	Statistical Analyses 
	Power Calculation 

	Results 
	Effects of Diet Intervention on the Overall Faecal Microbiota Structure and Composition 
	Differential Effects between MedDairy and Low-Fat Diets on Specific Gut Bacteria 
	Gut Bacteria Changes Were Associated with Diet and Clinical Outcomes 

	Discussion 
	References

