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Abstract: Synbiotics have emerged as a therapeutic strategy for modulating the gut microbiome and
targeting novel cardiovascular risk factors, including uremic toxins indoxyl sulfate (IS) and p-cresyl
sulfate (PCS). This study aims to evaluate the feasibility of a trial of long-term synbiotic supplemen-
tation in adults with stage 3–4 chronic kidney disease (CKD). Adult participants with CKD and
estimated glomerular filtration rate (eGFR) of 15–60 mL/min/1.73 m2) were recruited between April
2017 and August 2018 to a feasibility, double-blind, placebo-controlled, randomized trial of synbiotic
therapy or matched identical placebo for 12 months. The primary outcomes were recruitment and
retention rates as well as acceptability of the intervention. Secondary outcomes were treatment
adherence and dietary intake. Exploratory outcomes were evaluation of the cardiovascular structure
and function, serum IS and PCS, stool microbiota profile, kidney function, blood pressure, and lipid
profile. Of 166 potentially eligible patients, 68 (41%) were recruited into the trial (synbiotic n = 35,
placebo n = 33). Synbiotic and placebo groups had acceptable and comparable 12-month retention
rates (80% versus 85%, respectively, p = 0.60). Synbiotic supplementation altered the stool micro-
biome with an enrichment of Bifidobacterium and Blautia spp., resulting in a 3.14 mL/min/1.73 m2

(95% confidence interval (CI), −6.23 to −0.06 mL/min/1.73 m2, p < 0.01) reduction in eGFR and a
20.8 µmol/L (95% CI, 2.97 to 38.5 µmol/L, p < 0.01) increase in serum creatinine concentration. No
between-group differences were observed in any of the other secondary or exploratory outcomes.
Long-term synbiotic supplementation was feasible and acceptable to patients with CKD, and it
modified the gastrointestinal microbiome. However, the reduction in kidney function with synbiotics
warrants further investigation.

Keywords: synbiotic; gastrointestinal microbiome; kidney disease; randomized controlled trial;
p-cresyl sulphate; indoxyl sulfate
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1. Introduction

Individuals with chronic kidney disease (CKD) have a significantly increased risk
of cardiovascular disease (CVD) and are more likely to die from cardiovascular-related
complications than progress to kidney replacement therapy [1]. Framingham risk factors
only partially explain this elevated cardiovascular risk [2], leading many researchers to
explore novel risk factors such as uremic toxins. The uremic toxins, indoxyl sulfate (IS) and
p-cresyl sulfate (PCS), have increasingly been associated with accelerated kidney disease
progression and cardiovascular morbidity and mortality [3–5]. These toxins are produced
through the metabolism of the dietary amino acids, tryptophan (IS) and tyrosine (PCS),
respectively, by the gut microbiota [6]. Both IS and PCS are predominantly bound to
plasma proteins, such as albumin, and rely on kidney excretion. An altered gut microbiota
and reduced kidney clearance are both contributing factors to increased serum toxin
concentrations in CKD [7].

The altered gut microbiota seen in patients with CKD may be therapeutically mod-
ifiable. Synbiotic supplementation (the co-administration of prebiotics and probiotics)
has emerged over the last decade as a reportedly innocuous intervention targeting the
microbial generation of IS and PCS. The key hypothesis is that controlling toxin genera-
tion by competitively decreasing protein-fermenting intestinal microbiota can slow CKD
progression and reduce associated cardiovascular complications. The Synbiotics Easing
Renal Failure by Improving Gut Microbiology (SYNERGY) study [8], a proof-of-concept
study, determined that synbiotic supplementation reduced PCS and favorably altered the
gastrointestinal microbiome. However, to date, studies of synbiotic interventions in CKD
have been limited, hampered by uncertain or high risk of bias and conflicting findings [9].
Whilst these interventions report high levels of adherence and minimal side effects, the
duration of supplementation was short, ranging from 1 to 2 months [9]. Dietary inter-
ventions are exceptionally challenging with up to 60% of participants being unable to
adhere to recommended dietary changes long-term (1 year) [10]. Meanwhile, medication
non-adherence in chronic conditions is common, with rates averaging 50% and higher [11].
Further, adherence to nutrition supplementation in the chronic disease population remains
largely unexplored. Accordingly, this study aimed to evaluate the feasibility and accept-
ability of long-term synbiotic supplementation in people with stage 3–4 CKD. In addition,
this study explored the effect of synbiotic supplementation on markers of cardiovascular
risk, microbial-derived uremic toxins, and gastrointestinal (stool) microbiota.

2. Materials and Methods

The Synbiotics Easing Renal Failure by Improving Gut Microbiology II (SYNERGY
II) study was a double-blind, placebo-controlled, randomized controlled trial assessing
the feasibility and acceptability of 12-month synbiotic supplementation in patients with
moderate to severe CKD. Ethical approval was granted through the Metro South Human
Research Ethics Committee (HREC/16/QPAH/336) and the University of Queensland
Human Research Ethics committee, and the study adhered to the Declaration of Helsinki.
All patients provided written consent prior to enrolment and participation. The SYNERGY
II study was registered with the Australian and New Zealand Clinical Trials Registry
(ACTRN12617000324314).

2.1. Participants

Patients from two tertiary kidney care outpatient departments with an estimated
glomerular filtration rate (eGFR) between 15 and 60 mL/min/1.73 m2, aged ≥ 18 years
of age were eligible for inclusion. Exclusion criteria were as follows: anticipated dialysis
commencement within 12 months or anticipated death within 6 months; non-English
speaking or unable to give informed consent; a clinically significant change in immunosup-
pressant dose within 6 months; receiving or had received radiation to the bowel or had a
large bowel resection; consumed pre-, probiotic, or antibiotic therapy within 1 month of
study commencement; medically diagnosed and active irritable bowel syndrome, Crohn’s
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disease, or ulcerative colitis; cirrhotic liver disease; or severely malnourished (Subjective
Global Assessment: C).

A local site investigator or research nurse utilized daily outpatient appointment lists
and relevant hospital databases to screen potential participants for eligibility. Partici-
pants were approached and invited to participate following discussion with their treating
nephrologist.

2.2. Study Design

At the first study visit, participants were randomly assigned to either synbiotic sup-
plements or placebo for 12 months. The randomization was completed by a computer-
generated random number (1:1 ratio, blocks of 4, stratified by CKD stage and presence
of diabetes), which was carried out by an independent investigator not involved in the
recruitment or implementation of the study protocol. All participants received face-to-
face or telephone dietary education and counseling with a qualified dietitian in line with
evidence-based guidelines [12,13] at their commencement in the trial.

2.3. Intervention

The prebiotic component of the synbiotic therapy consisted of 20 g/day of high-
resistant starch fiber supplement (Hi-Maize 260, 50% resistant starch; Ingredion), and the
probiotic component provided 4.5 × 1011 colony-forming units (CFU)/day of nine different
strains from three different genera (Bifidobacteria, Lactobacillus, and Streptococcus; Swiss
Mendes). The placebo group received waxy maize powder (Ingredion) and maltodextrin
(Swiss Mendes) in lieu of the prebiotic and probiotic, respectively. Both prebiotics and
probiotics were packaged offsite and labeled by an independent investigator. The prebiotic
component in this present study differed from that used in the SYNERGY study [8], which
used 15 g/day across fructooligosaccharide (FOS), galactooligosaccharide (GOS), and
inulin. Short-chain carbohydrates, such as FOS and GOS, are rapidly fermented in the
proximal colon, while resistant starch is slowly fermented and can reach the distal parts of
the colon, yielding a greater production of short-chain fatty acids (SCFA) [14]. The probiotic
component in this present study had identical taxa to that used in the SYNERGY study [8];
however, it had a higher CFU. The probiotic contained strains from the Lactobacillus (L.
acidophilus, L. plantarum, L. paracasei, L. delbrueckii subsp. Bulgaricus), Bifidobacteria (B.
breve, B. longum, B. infantis) and Streptococcus (S. thermophilus) genera, which have limited
enzymatic capacity to produce uremic toxins and competitively decrease bacteria that
do [15,16].

The study design (Figure 1) included a dose escalation to avoid potential adverse gas-
trointestinal symptoms. In both arms, the prebiotic/placebo were commenced at a one-half
dose for the first 2 weeks, consisting of 10 g (one level scoop) of the prebiotic/placebo
powder and one probiotic/placebo sachet. This was taken in the morning with food. Fol-
lowing dose escalation, participants included an additional prebiotic/placebo dose (10 g
powder) with their evening meal. A qualified dietitian provided telephone consultations
fortnightly for the first 2 months and then monthly for the remainder of the intervention
to verify adherence and assess adverse events. If the participant experienced any adverse
gastrointestinal symptoms associated with the supplement, the supplement dose was mod-
ified. Throughout the intervention, participants were provided individualized and tailored
dietary advice in line with best practice guidelines and were encouraged to maintain a
stable dietary intake, focusing on not altering protein and fiber intake.
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Figure 1. The Synbiotics Easing Renal Failure by Improving Gut Microbiology II (SYNERGY II) study schema.

2.4. Outcome Measures
Primary Outcome

The primary outcome was the feasibility and acceptability of long-term synbiotic
supplementation. Feasibility was measured through recruitment and retention rate. Re-
cruitment rate was collected and stored in a password-protected Microsoft Excel database
throughout the trial. Retention rate was measured in both groups at 3, 6, 9, and 12 months.
Successful retention was defined as 80% at the 12-month study end. Acceptability was
measured through gastrointestinal symptoms, stool frequency, and stool consistency. Gas-
trointestinal symptoms, stool frequency, and stool consistency were measured at baseline, 3,
6, 9, and 12 months. Gastrointestinal symptoms were measured using the Gastrointestinal
Symptoms Rating Scale (GSRS) [17], which is a 15-item survey that combines symptoms
into 5 clusters: reflux, abdominal pain, indigestion, diarrhea, and constipation. The GSRS
has a 7-point Likert scale in which the intensity of each symptom is graded from 1 to 7,
with a higher score indicating more severe symptoms. Stool frequency was measured by a
single question asking the participant the number of times their bowels had opened in the
previous 24 h period. The Bristol Stool Score (BSS) [18], a 7-point scale, was used to classify
stool consistency.

2.5. Secondary Outcomes

Secondary outcomes were treatment adherence and dietary intake. Adherence was
measured by sachet count and powder weight, and it was defined as consuming 80% or
more of the prescribed pre- and probiotics. Participants’ dietary intakes were assessed using
a 7-day food record at baseline and at the final study visit by the same dietitian. Dietary
data were analyzed using Food Works 9 (Xyris Software; Version 9.0.3932). All adverse
and serious adverse events (SAE) were documented and reported to the ethics committee
for review. The validated ‘Assessment of Quality of Life’ questionnaire (AQoL-4D), a
12-item instrument, was used to assess health-related quality of life [19]. The AQoL-4D
instrument measures health-related quality of life across 4 measures: independent living,
social relationships, senses, and mental health. The AQoL-4D uses a 4-point Likert scale in
which each response is graded from 1 (a ‘good’ health state) to 4 (the ‘worst’ health state).

2.6. Exploratory Outcomes

Exploratory outcome measures included echocardiographic measurements of global
longitudinal strain (GLS), left ventricular mass index (LVMI) and ejection fraction, serum
creatinine, eGFR, free and protein-bound serum concentrations of serum IS and PCS,
and stool microbiota analysis (opt-in). Outcome measures were collected at baseline and
12 months and were analyzed using validated methods detailed in Appendix A. The DNA
extraction and sequencing methods are described in detail in Appendix A.

2.7. Sample Size

The sample size of 68 participants to be randomized was based on a recruitment rate
of 20% of eligible patients to within a 95% confidence interval of ±10%. The recruitment
rate of 20% is based on the previous SYNERGY trial [8].
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2.8. Statistical Analysis

Summary statistics for patients’ characteristics were expressed as means ± standard
deviations for normally distributed continuous data, medians (interquartile ranges) for
continuous non-normally distributed data, and frequencies (percentages) for categorical
data. Baseline differences between intervention and placebo groups were evaluated by chi-
square or Fisher’s exact tests for categorical variables and Student’s t-test or Mann–Whitney
test, for normal or skewed continuous variables, respectively.

Recruitment, retention, and adherence rates were estimated using simple descriptive
statistics (counts and percentages). To determine the difference in the GSRS and BSS be-
tween the two study groups, the chi-square test was used. The secondary outcome analyses
were undertaken using the analysis of covariance regression method, i.e., adjusted for
the baseline measure of the variable. The outcome values were transformed where not
normally distributed. All analyses followed an intention-to-treat principle; however, a sen-
sitivity analysis was performed to evaluate additional effects of eGFR, dietary protein/fiber
ratio, and antibiotics. The analysis was conducted in Stata (Version 15; StataCorp., College
Station, TX, USA) with the significance level set at 0.05.

The stool microbiota between the synbiotic and placebo groups were compared as
described by McFarlane et al. [20]. Briefly, the richness and Shannon index values were
compared using mixed effect linear models. Data/sample clustering was examined using
both unsupervised analysis (Principal Coordinates Analysis (PCoA) of Bray–Curtis dis-
similarity metrics) and supervised analyses (redundancy analysis (RDA)) constrained by
the synbiotic or placebo intervention. These data were also subjected to centered-log ratio
transformation to support multivariate analyses by sparse Partial Least Squares Discrim-
inant Analysis (sPLS-DA) [21]. The sPLS-DA function of the Mixomics micMC package
was used to identify discriminatory taxa [22]. Those bacterial taxa considered different
between the two treatment arms were further tested for significance and after adjustment
for multiplicity, as described by McFarlane et al. [20] and were considered statistically
significant if both the P and FDR values were less than 0.05.

3. Results

Participants were recruited from two kidney care outpatient departments from April
2017 to August 2018 and randomized to synbiotic or placebo group. Of the 68 partici-
pants who completed their baseline visit, 66% were men, had a median age of 70 years
(IQR 58–75 years), and had a median eGFR of 34.0 mL/min/1.73 m2 (IQR 27.0–
41.0 mL/min/1.73 m2) (Table 1). A total of 56 participants completed the 12-month in-
tervention with 40 participants completing the optional fecal sub-study. There were no
statistically significant differences in the demographic, clinical, dietary, and biochemical
parameters between groups at baseline.

3.1. Feasibility
3.1.1. Recruitment

The flow of participants through the SYNERGY II study is described in the CONSORT
diagram (Figure 2). A total of 686 individuals were screened, of whom 520 (76%) were not
eligible, 98 (14%) declined to participate, and 68 (10%) were recruited into the study. Of the
eligible participants, 41% (68/166) consented to participate in the SYNERGY II trial. Of the
98 individuals who declined to participate, ‘not interested’ was the most common reason
for not participating (82, 84%), which was followed by travel burden (8, 9%) and family
commitments (6, 7%).
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Table 1. Baseline characteristics of participants in the SYNERGY II study.

Placebo (n = 33) Synbiotics (n = 35) Total (n = 68)

Sex (male) 22 (67%) 23 (66%) 45 (66%)
Age (years) 69 (56–73) 72 (66–76) 70 (58–75)
Weight (kg) 95.4 (78.6–119) 87.2 (7.7–95.2) 87.9 (74.0–102)
BMI (n = 67) 30.3 (11.3) 28.0 (8.9) 29.2 (25.2–36.3)

Cause of chronic kidney disease:
diabetes 5 (15%) 10 (29%) 15 (22%)

hypertension/vascular 9 (27%) 5 (14%) 14 (21%)
glomerulonephritis 5 (15%) 8 (23%) 13 (19%)

other 14 (42%) 12 (34%) 26 (38%)
Comorbidities (treated):

hypertension 27 (82%) 25 (71%) 52 (76%)
diabetes 14 (42%) 16 (46%) 30 (44%)

hyperlipidemia 11 (33%) 8 (23%) 19 (28%)
cardiovascular disease 10 (30%) 16 (46%) 26 (28%)

Medications:
ACE inhibitor 14 (42%) 14 (40%) 28 (41%)

angiotensin II receptor blocker 15 (45%) 14 (40%) 29 (43%)
diuretic medication 13(39%) 15 (43%) 28 (41%)

Number of antihypertensive medications 2.4 ± 1.3 2.4 ± 1.7 2.4 ± 1.5
Antibiotics 1 (3%) 2 (6%) 3 (4%)

Echocardiographic characteristics
Global longitudinal strain (%) (n = 66) −18.0 ± 2.7 −17.2 ± 3.4 −17.6 ± 3.1

Left ventricular mass index (g/m2) (n = 67) 82.9 (72.5–96.0) 84.6 (64.0–105) 83.1 (65.0–99.0)
Ejection fraction (%) (n = 66) 61.0 (56.0–65.0) 63.0 (58.0–68.0) 61.5 (57.0–66.0)

eGFR (mL/min/1.73 m2) 36.0 (29.0–44.0) 31.5 (26.0–37.0) 34.0 (27.0–41.0)
CKD stage 3 (n = 41) 42.7 (36.0–47.0) 38.5 (34.0–43.0) 40.7 (35.0–44.0)
CKD stage 4 (n = 27) 24.4 (19.0–29.0) 23.6 (20.0–27.0) 23.9 (19.5–28.5)
Creatinine (µmol/L) 163 (131–191) 168 (135–217) 168 (133–198)

Cholesterol (mmol/L) 4.20 (3.60–5.20) 4.30 (3.70–4.80) 4.30 (3.60–5.00)
HDL cholesterol (mmol/L) 1.10 (0.90–1.20) 1.10 (0.90–1.30) 1.10 (0.90–1.30)
LDL cholesterol (mmol/L) 2.40 (2.00–2.95) 2.35 (1.85–2.75) 2.40 (1.90–2.80)

Triglycerides (mmol/L) 1.80 (1.50–2.40) 1.70 (1.05–2.35) 1.80 (1.10–2.40)
Uremic toxins (n = 65)

Total indoxyl sulfate (µmol/L) 16.0 (9.0–26.0) 16.5 (9.0–26.0) 16.0 (9.0–26.0)
Total p-cresyl sulfate (µmol/L) 76.0 (30.0–153) 83.0 (37.5–115) 82.0 (31.0–129)
Free indoxyl sulfate (µmol/L) 0.80 (0.50–1.10) 0.65 (0.50–1.15) 0.80 (0.50–1.10)
Free p-cresyl sulfate (µmol/L) 2.80 (0.80–4.70) 2.25 (0.85–4.30) 2.30 (0.80–4.70)

Blood pressure
Systolic BP (mmHg) 137 ± 21 141 ± 24 139 ± 23
Diastolic BP (mmHg) 79 ± 9 77 ± 8 78 ± 8
Dietary intake (n = 66)

Energy (kJ/day) 7868 ± 1894 7281 ± 2125 7566 ± 2023
Energy (kJ/kg) 81 ± 26 90± 31 85 ± 29
Protein (g/day) 97 ± 27 85 ± 27 90 ± 28
Protein (g/kg) 1.0 ± 0.3 1.1 ± 0.5 1.0 ± 0.4
Fiber (g/day) 22 ± 7 21 ± 8 22 ± 8

Protein/fiber ratio 4.6 ± 1.5 4.4 ± 1.7 4.5 ± 1.6
GSRS score
Mean score 1.5 ± 0.5 1.5 ± 0.5 1.5 ± 0.5

Score > 3 0 (0%) 1 (3%) 1 (1%)
Reflux 1.3 ± 0.5 1.4 ± 0.9 1.3 ± 0.7

Abdominal pain 1.4 ± 0.5 1.6 ± 0.8 1.5 ± 0.7
Indigestion 1.6 ± 0.6 1.6 ± 0.6 1.6 ± 0.6

Constipation 1.7 ± 1.2 1.4 ± 0.8 1.6 ± 1.0
Diarrhea 1.2 ± 0.4 1.3 ± 0.6 1.3 ± 0.5

Bristol stool score (1 to 7) 3.6 ± 1.3 3.7 ± 1.2 3.6 ± 1.2
No. of bowel motions in previous 24 h 1.3 ± 0.6 1.4 ± 0.7 1.3 ± 0.6

Patient-reported health score (AQoL-4D) 15.0 (13.0–17.0) 16.0 (13.0–18.0) 16.0 (13.0–17.5)

Data are presented as means ± SD, median (25th–75th percentiles), or frequency (%). ACE inhibitor, angiotensin-converting enzyme
inhibitor; BMI, body mass index; BP, blood pressure; eGFR, estimated glomerular filtration rate; GSRS, Gastrointestinal Symptom Rating
Scale; score > 3 indicates moderate discomfort.
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Figure 2. CONSORT flow diagram.

3.1.2. Retention

The retention rate was 82%, with 56 of the randomly allocated participants completing
the 12-month intervention. Twelve (18%) participants withdrew from the study with no
difference in withdrawals between groups (synbiotic: 7, placebo: 5; p = 0.60). Work or
university commitments were the main reason for withdrawal (5, 42%) followed by family
commitments or caregiver responsibilities (4, 33%). One participant from each group
withdrew at week 2 and cited the palatability of the study products as the reason for
withdrawal. The majority of withdrawals occurred at ≥6 months (8, 67%).

3.2. Acceptability

Table 2 shows changes in the acceptability outcomes between the two groups. There
were no significant changes in gastrointestinal symptoms or stool consistency between the
two groups.
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Table 2. Dietary intake and gastrointestinal symptoms at the end of intervention and changes from baseline.

Placebo
(n = 28) Change (95% CI) Placebo Synbiotics

(n = 28)
Change (95% CI)

Synbiotics p-Value a

Dietary intake
Energy (kJ/day) 8476 ± 2443 415 (−457–1287) 7316 ± 2086 −51.7 (−852–749) 0.21
Protein (g/day) 106 ± 37 9.11 (−4.98–23.2) 90 ± 31 2.64 (−10.7–16.0) 0.18
Fiber (g/day) 25 ± 8 1.14 (−1.59–3.88) 21 ± 8 −0.86 (−4.58–2.87) 0.06

Protein/fiber ratio 4.4 ± 1.5 0.08 (−0.51–0.68) 4.7 ± 1.7 0.27 (−0.60–1.15) 0.64
GSRS score
Mean score 1.4 ± 0.4 −0.13 (−0.32–0.07) 1.4 ± 0.6 0.01 (−0.15–0.17) 0.93

Score > 3 0 (0%) 1 (4%)
Reflux 1.3 ± 0.4 −0.09 (−0.31–0.13) 1.4 ± 0.8 0.11 (−0.24–0.45) 0.96

Abdominal 1.3 ± 0.4 −0.17 (−0.40–0.07) 1.2 ± 0.4 −0.23 (−0.45–0.00) 0.56
Indigestion 1.6 ± 0.5 −0.08 (−0.32–0.16) 1.7 ± 0.9 0.08 (−0.16–0.32) 0.58

Constipation 1.5 ± 0.8 −0.27 (−0.67–0.12) 1.4 ± 1.0 0.06 (−0.26–0.37) 0.75
Diarrhea 1.2 ± 0.4 −0.04 (−0.22–0.15) 1.3 ± 0.5 0.02 (−0.20–0.24) 0.50

Bristol stool score (1 to 7) 3.6 ± 1.4 0.04 (−0.57–0.64) 4.1 ± 1.2 0.50 (−0.03–1.03) 0.13
Number of bowel motions in previous 24 h 1.6 ± 0.9 0.29 (−0.05–0.62) 1.8 ± 1.0 0.46 (0.08–0.85) 0.70
Patient-reported health score (AQoL-4D) 16.0 (13.0–18.0) 0.25 (−0.65–1.15) 15.0 (13.0–18.5) 0.54 (−0.63–1.70) 0.83

Data are presented as means ± SD, median (25th–75th percentiles), or numbers (%); CI = confidence interval. GSRS, Gastrointestinal Symptom Rating Scale; score > 3 indicates moderate discomfort. a p-values
calculated for the group effect using analysis of covariance.
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3.3. Secondary Outcomes

Overall, adherence was excellent in both placebo and synbiotic groups (median intake
92% (86–95%) versus 90% (84–95%); p = 0.40, respectively). There was no difference in
adherence to prebiotics (median intake 92% (83–98) placebo versus 89% (83–92) synbiotic
group; p = 0.40) or probiotics (median intake 91% (88–98) placebo versus 90% (84–95)
synbiotic group; p = 0.60) between the groups. There were no significant changes in dietary
intakes of energy, protein, fiber, and protein/fiber ratio between the groups (Table 2). There
were 18 serious adverse events (SAE) in total: seven occurred in the placebo group, and
11 occurred in the synbiotic group. Initial hospitalization accounted for 17 SAEs. One
participant died during the study period for reasons unrelated to the study (Table 3).

Table 3. Serious adverse events by treatment group.

Placebo
(n = 28)

Synbiotics
(n = 28)

Total SAE (n = 18) 7 (39%) 11 (61%)
Initial hospitalization 7 (39%) 10 (56%)
Infection, unrelated 2 (11%) 3 (17%)

Cardiovascular event, unrelated 4 (22%) 2 (11%)
Fall, unrelated 1 (6%) 1 (6%)

Surgery, unrelated 4 (22%)
Death, unrelated 1 (6%)

Data are presented as frequency (%). SAE, serious adverse event.

3.4. Exploratory Outcomes

Table 4 shows changes in exploratory outcomes between groups. No differences in
cardiac measures of GLS, LVMI, or ejection fraction were observed between groups. Further-
more, no differences were observed between free and total uremic toxins between placebo
and synbiotic groups. Synbiotic supplementation resulted in a 3.14 mL/min/1.73 m2

(95% CI, −6.23 to −0.06 mL/min/1.73 m2, p < 0.01) reduction in eGFR and a 20.8 µmol/L
(95% CI, 2.97 to 38.5 µmol/L, p < 0.01) increase in serum creatinine concentration. Two (6%)
participants in the synbiotic group had a >40% decline in eGFR over 12 months. Additional
adjustments for baseline eGFR, dietary protein/fiber ratio, and antibiotics did not change
the results (data not shown).

3.5. Gastrointestinal (Stool) Microbiota

The coverage of the microbiota diversity for all samples was high with a rarefied se-
quencing depth of 4 million reads with 298 species identified. No differences were observed
in Richness and Shannon’s index between synbiotic or placebo groups (Supplemental Fig-
ure S1A,B). While an unsupervised analysis (PCoA) revealed no discernible clustering,
a supervised analysis (sPLS-DA) at the species level identified differential taxa between
groups (Figure 3a). Specifically, unclassified members of Oscillospiraceae and Coprobacter-
aceae families, Lachnospira genus, Bifidobacterium animalis, and Ruminococcus B gnavus were
discriminatory taxa for the synbiotic group (Figure 3b), while unclassified members of
Ruminococcus A, Bacteroides clarus, and Escherichia coli were taxa that were discriminatory
for the placebo group. The most noticeable effect of synbiotic therapy was a 2.4-fold in-
creased relative abundance of Bifidobacterium animalis (p < 0.001, FDR = 0.04, Supplemental
Table S1) and unclassified Blautia spp. (p = 0.004, FDR = 0.47). There were concordant
1.7-fold decreases in Bacteroides cellulosilyticus and an unclassified Ruminiclostridium spp.
(both p < 0.05, FDR = 0.47), although significance did not hold once adjusted for multiple
comparisons. The RDA demonstrated that 17% of the variance in gastrointestinal micro-
bial composition could be explained by synbiotic supplementation (F = 1.43, p = 0.001,
Supplemental Figure S2).
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Table 4. Exploratory outcomes at end of intervention and changes from baseline.

Placebo
(n = 28)

Change (95% CI)
Placebo

Synbiotics
(n = 28)

Change (95% CI)
Synbiotics p-Value a

Echocardiographic characteristics
Global longitudinal strain (%)

(n = 52) −17.2 ± 3.5 0.40 (−0.96–1.77) −17.6 ± 3.2 0.01 (−1.28–1.31) 0.98

Left ventricular mass index (g/m2)
(n = 55)

72.6 (63.2–88.0) −5.00 (−11.9–1.93) 81.0 (69.0–94.4) −6.40 (−15.9–3.11) 0.29

Ejection fraction (%) (n = 54) 58.0 (53.5–63.0) −2.86 (−5.82–0.11) 60.5 (57.0–64.0) −1.23 (−4.61–2.08) 0.25
Uremic toxins (n = 55)

Total indoxyl sulfate (µmol/L) 13.0 (8.0–18.5) −3.07 (−9.14–2.99) 12.0 (6.7–28.0) 1.50 (−3.25–6.26) 0.96
Total p-cresyl sulfate (µmol/L) 64.5 (24.0–135.0) −17.2 (−49.8–15.3) 69.0 (30.0–179.0) 28.8 (−6.32–64.0) 0.15
Free indoxyl sulfate (µmol/L) 0.8 (0.4–1.2) −0.09 (−0.34–0.17) 0.8 (0.5–1.2) 0.10 (−0.14–0.34) 0.25
Free p-cresyl sulfate (µmol/L) 2.6 (0.9–5.1) −0.17 (−1.18–0.84) 2.7 (1.4–5.8) 0.98 (0.17–1.79) 0.08

Blood pressure
Systolic BP (mmHg) 142 ± 17 4.11 (−3.21–11.4) 142 ± 19 1.79 (−6.95–10.5) 0.89
Diastolic BP (mmHg) 81 ± 9 2.39 (−0.81–5.59) 77 ± 8 1.18 (−2.36–4.72) 0.16

eGFR (mL/min/1.73 m2) 38.5 (29.5–49.0) 2.61 (−0.41–5.63) 29.0 (20.0–36.0) −3.14 (−6.23–−0.06) <0.01
Creatinine (µmol/L) 149 (126–182) −9.79 (−21.7–2.09) 177 (156–249) 20.8 (2.97–38.5) <0.01

Cholesterol (mmol/L) 4.6 (3.6–5.0) −0.07 (−0.37–0.23) 4.1 (3.4–5.0) −0.07 (−0.34–0.20) 0.59
HDL cholesterol (mmol/L) (n = 55) 1.1 (0.9–1.2) −0.02 (−0.07–0.04) 1.1 (0.9–1.5) 0.05 (−0.23–0.32) 0.57
LDL cholesterol (mmol/L) (n = 55) 2.4 (1.7–2.7) −0.26 (−0.51–−0.01) 2.0 (1.7–2.7) −0.09 (−0.25–0.08) 0.84

Triglycerides (mmol/L) 1.9 (1.4–2.6) 0.18 (−0.11–0.47) 1.3 (0.9–2.1) −0.03 (−0.31–0.25) 0.14

Data are presented as means ± SD, median (25th–75th percentiles), or numbers (%); CI = confidence interval. a p-values calculated for the
group effect using analysis of covariance.

Functional Assessment of the Gastrointestinal Microbiome

Supervised analysis (sPLS-DA) showed that the tricarboxylic acid (TCA) cycle, car-
boxylate degradation, acetyl coenzyme A (CoA) biosynthesis, and amino acid degrada-
tion were the most discriminating microbial function after synbiotic supplementation,
while protein modification was the most discriminating microbial function after placebo
(Supplemental Figure S3). The most pronounced effect observed with synbiotic therapy
was a 1.8-fold increase (p < 0.001, FDR = 0.043) in the microbial function methane oxidation
to methanol I pathway.
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4. Discussion

This study is the first to examine the feasibility of long-term synbiotic supplementation
in patients with CKD. There was a high rate of recruitment and retention, with 41% of
eligible people consenting to be involved in the study and 82% of participants completing
the study. Furthermore, synbiotic therapy achieved excellent compliance and did not result
in altered gastrointestinal symptoms or stool consistency. Together, these findings indicate
a good uptake and acceptance of synbiotic supplementation in people with CKD.

Overall, there has been limited evidence on the feasibility and acceptability of syn-
biotic supplementation in CKD or other chronic conditions. The rate of attrition (18%) in
SYNERGY II was comparable to that in other synbiotic interventions [8,23] with durations
of 1–3 months, which further strengthens feasibility given that the duration of SYNERGY
II was 12 months. In this present study, synbiotic therapy was deemed acceptable by study
participants with a high level of adherence and tolerance to treatment. Similar findings
have been reported in other synbiotic interventions with adherence ranging from 82 to
94% [8,24,25], with minimal gastrointestinal side effects reported [26].

The present study observed no effect on echocardiographic parameters, blood pres-
sure, and lipid profile. This is in agreement with recent meta-analyses that highlighted
that supplementation had no effect on serum lipids [9,27]. To our knowledge, no prior
intervention study has reported data on GLS, LVMI, and blood pressure after synbiotic
supplementation.

A novel and unexpected finding of the SYNERGY II trial was that participants in
the synbiotic group experienced a significant decrease in our exploratory outcomes eGFR
and increase in serum creatinine compared with the placebo group. It is prudent to note
that this was an underpowered exploratory outcome, and the observed difference may
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have been due to chance with the numeric increase in eGFR in the placebo group. How-
ever, this finding is in contrast to the findings of previous short-term studies that have
shown synbiotic supplementation to have no effect on eGFR [8,23] or serum creatinine
concentration [23]. In the SYNERGY trial [8], a proof-of-concept study, the daily use of
prebiotics (15 g/day across fructooligosaccharide, galactooligosaccharide, inulin) and pro-
biotics (4.5 × 1010 CFU/day (nine strains across Lactobacillus, Bifidobacteria, Streptococcus))
for 6 weeks did not change eGFR. However, a significant increase in albuminuria, a marker
of kidney damage, was reported. SYNERGY II, a pragmatically designed feasibility study,
did not routinely collect 24 h urine samples, precluding measurement of albuminuria
and proteinuria. Similarly, Dehghani et al. [23] reported no change in eGFR or serum
creatinine after 6 weeks of supplementation with prebiotic (fructooligosaccharide) and pro-
biotic (seven strains across Lactobacillus, Bifidobacteria, Streptococcus). A systematic review
and meta-analysis of 16 studies of pre-, pro-, and synbiotic supplementation involving
645 adult participants [9] found that nutritional supplementation probably made little or
no difference to kidney function, as measured by eGFR (three studies, 132 participants,
mean difference (MD) 0.34 mL/min/1.73 m2, p = 0.79, I2 = 0%), although the certainty
of the evidence was limited by imprecision and risk of bias. Conversely, a meta-analysis
of 13 studies involving 721 participants [28] reported that the consumption of prebiotics,
probiotics, and synbiotics resulted in a non-significant reduction in eGFR (six studies,
376 participants, MD −2.00 mL/min/1.73 m2, 95% CI −5.15 to 1.16, p = 0.22, I2 = 89%).
These findings were again limited by risk of bias, imprecision, and high heterogeneity.
Therefore, the effects of pre-, pro-, and synbiotics on kidney function remain uncertain.
Whether pre-, pro-, and synbiotics (or at least certain types of these agents) may have a
deleterious effect on kidney function requires further and more rigorous investigation.

Our study also provides new insights into the effect of synbiotic therapy on gas-
trointestinal microbiota in CKD. Increases were observed in bacterial taxa that are well-
recognized for their specialized capabilities in terms of acetate (e.g., Bifidobacterium spp.) [29]
and butyrate formation (e.g., Blautia spp.) [30]. This is also reflected in the functional cate-
gories, which showed that the TCA cycle and acetyl CoA biosynthesis were discriminant
after synbiotic supplementation. Acetyl CoA biosynthesis is a key enzymatic step in the
formation of butyrate and acetate [31,32]. Both acetate and butyrate are a desirable outcome
of gut fermentation, as they have been associated with improved integrity of the intestinal
epithelium and enhanced anti-inflammatory effects [33]. The shift in microbial compo-
sition after synbiotic supplementation in this present study is consistent with two other
synbiotic studies that used combinations of Lactobacillus, Bifidobacterium, and Streptococcus
spp. with inulin, fructo-oligosaccharides (FOS), and galacto-oligosaccharides (GOS) [8],
and Lactobacillus and Bifidobacterium spp. and inulin [34]. More detailed metabolomic and
microbiome studies are required to further understand the effect of symbiotic therapy.

In this study, 12 months of synbiotic supplementation was found to have no effect
on serum concentrations of the uremic toxins, IS and PCS. This is supported by a recent
meta-analysis that reported no effect on IS and PCS after supplementation [9]. However,
this meta-analysis was limited by suboptimal study quality and heterogeneity inclusive of
study duration and pre- and probiotic formulations. To date, there have been five other
synbiotic intervention studies: three controlled trials in stage 3 and 4 CKD [8,23,35] and
two controlled trials in patients on hemodialysis [26,34]. The duration of supplementation
ranged from four to eight weeks. Of these, two measured uremic toxins [8,35]. In contrast
to our findings, the SYNERGY trial [8] reported a mean 14 µmol/L reduction in serum PCS
after six weeks of prebiotics (15 g/day across fructooligosaccharide, galactooligosaccharide,
inulin) and probiotics (4.5 × 1010 CFU/day (nine strains across Lactobacillus, Bifidobacteria,
Streptococcus)) supplementation. Similarly, Guida et al. [35] determined that four weeks
of prebiotic (6.6 g/day of inulin) and probiotic (5.7 × 1010 CFU/day (nine strains across
Lactobacillus, Bifidobacteria, Streptococcus)) supplementation reduced plasma p-cresol, which
is a precursor of PCS. Therefore, it is plausible that the prebiotic and probiotic formu-
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lation, dose, and duration of treatment are critical to inducing changes in uremic toxin
concentrations.

The major strengths of the SYNERGY II study include its robust design (randomized,
double-blind, placebo-controlled) and the provision of both taxonomic and functional
understanding of the gastrointestinal microbiome after synbiotic supplementation. To
our knowledge, the SYNERGY II study is the longest synbiotic intervention and the first
to explore the feasibility of synbiotic supplementation in the CKD population. Potential
dietary confounders were controlled for by using validated dietary assessment methods
by a qualified dietitian who was blinded along with participants to the intervention.
However, balanced against these strengths, the SYNERGY II feasibility study was limited
by a small sample size that has limited statistical power to detect significant changes in
secondary clinical outcomes (cardiovascular risk markers and uremic toxins) and use of
surrogate outcome measures (uremic toxins and stool microbiome). Furthermore, our study
population was limited to participants with an eGFR between 15 and 60 mL/min/1.73 m2,
which may have limited the generalizability of our findings to other CKD patients. Finally,
metabolomic analysis would be useful in future studies to provide further insight into the
metabolite performance of the microbiome.

In summary, this study indicates that long-term synbiotic supplementation is feasible
and acceptable for adults with stage 3 to 4 CKD. There were notable alterations in the
gastrointestinal microbiome and some functional groups involved in the gastrointestinal
microbiota after synbiotic supplementation. However, the reduction in kidney function
observed with synbiotic supplementation warrants further investigation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nu13124481/s1, Figure S1: (A) Richness of the gastrointestinal microbiota, by species.
(B) Diversity of gastrointestinal microbiota, by species, Figure S2: Redundancy analysis (RDA) of gut
microbiome composition by condition, Figure S3: Functional groups of the gastrointestinal microbiota
differentiating between participants after placebo or synbiotic supplementation as identified by
sparse Partial Least Squares Discriminant Analysis (sPLS-DA), Table S1: Bacterial taxa, by relative
abundance at end of intervention.
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Appendix A. Materials and Methods

Appendix A.1. Evaluation Cardiovascular Structure and Function

Left ventricular systolic function was measured by global longitudinal strain (GLS)
using two-dimensional speckle strain. GLS measurements were performed off-line us-
ing commercially available dedicated automated software (EchoPAC PC, Version 11, GE
Healthcare, Horten, Norway) by experienced observers blinded to clinical and outcome
data. Speckles were tracked frame-by-frame throughout the LV wall during the cardiac
cycle, and basal, mid, and apical regions of interest were created. GLS was calculated as
the mean strain of all 18 segments.

Conventional two-dimensional echocardiography was performed at rest using stan-
dard equipment (Vicid & General Electric Medical Systems, Milwaukee, WI, USA) to
assess left ventricular measurements as per the guidelines from the American Society of
Echocardiography [36]. Left ventricular mass (LVM) was calculated using a standardized
formula. Left ventricular mass index was assessed as LVM divided by body surface area or
by height. Echocardiography was used to determine E/e’ using a standard formula.

Appendix A.2. Biochemical Measurement

Following an overnight fast, venous blood samples were collected from all participants.
Samples were separated in a refrigerated centrifuge to provide plasma and serum, stored
at −80 ◦C, and analyzed in a single batch. Standard automated laboratory techniques were
used to measure serum creatinine. The chronic kidney disease epidemiology calculation
(CKD-EPI) calculation in accordance with the Kidney Disease: Improving Global Outcomes
(KDIGO) clinical recommendation was used to calculate glomerular filtration rate [37].

Appendix A.3. Uremic Toxins

Free and protein-bound concentrations of serum IS and PCS were analyzed by Ultra
Performance Liquid Chromatography (UPLC) using a fluorescence detection method [38].

Appendix A.4. Stool Microbiota Analysis

The detailed protocols used for stool collection, DNA extraction, library construction
and sequencing, raw data quality checks, filtering to remove host-derived and low-quality
microbial reads, and the ensuing data analyses for microbial diversity and functional
characterization are all described by McFarlane et al. [20]. All these protocols follow
standardized protocols and workflows developed by Microba [39] as part of their standard
fee-for-service data generation and analysis.
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