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Colonic dialysis can influence gut
flora to protect renal function

in patients with pre-dialysis chronic
kidney disease

Yueming Li%*%7, Minhui Dai®?, Jianqin Yan*, Fang Liu®, Xi Wang?, Lizhen Lin®, Mei Huang®,
Cuifang Li', Rui Wen?, Jiao Qin? & Hui Xu!**

Chronic kidney disease (CKD) is a major public health burden around the world. The gut microbiome
may contribute to CKD progression and serve as a promising therapeutic target. Colonic dialysis

has long been used in China to help remove gut-derived toxins to delay CKD progression. Since
disturbances in the gut biome may influence disease progression, we wondered whether colonic
dialysis may mitigate the condition by influencing the biome. We compared the gut microbiota,
based on 16S rRNA gene sequencing, in fecal samples of 25 patients with CKD (stages 3-5) who were
receiving colonic dialysis(group CD), 25 outpatients with CKD not receiving colonic dialysis(group
OP), and 34 healthy subjects(group HS). Richness of gut microbiota was similar between patients on
colonic dialysis and healthy subjects, and richness in these two groups was significantly higher than
that in patients not on colonic dialysis. Colonic dialysis also altered the profile of microbes in the gut
of CKD patients, bringing it closer to the profile in healthy subjects. Colonic dialysis may protect renal
function in pre-dialysis CKD by mitigating dysbiosis of gut microbiota.

Chronic kidney disease (CKD) involves chronic structural and functional disorder in the kidney, and it affects
an estimated 10.8% of the Chinese population’. CKD progresses gradually from stage 1 to stage 5, with stages
1-2 involving the mildest impairment. To manage CKD in mild stages, patients consume a low-protein diet to
reduce urinary protein excretion and they take medications to control blood glucose, blood pressure, blood lipids
and uric acid?. Since clinical manifestations in early CKD stage may not be obvious, patients are often diagnosed
when they are already in later stages’.

In China, colonic dialysis has long been applied to patients with pre-dialysis CKD (stages 3-5) as a simple,
inexpensive procedure to remove uremic toxins. Even when patients are in later stages, the technique is often per-
formed at the patient’s home by nephrologists. During colonic dialysis, osmotically balanced solution is injected
into the colon to flush out gut-derived toxins and persistent stool. Several case studies and our own retrospective
analysis suggest that colonic dialysis can improve symptoms of CKD** and even delay progression of disease’.
The technique may also improve renal function in patients with CKD in stages 3-57, but how it does so is unclear.

CKD has been associated with dysbiosis of gut microbiota®®, which has also been linked to other chronic
diseases such as inflammatory bowel disease, colorectal cancer, diabetes, obesity and multiple system atrophy'®-'4.
Such dysbiosis can also affect the pharmacokinetics of some drugs'. This dysbiosis may help explain several
features of CKD, such as increased gastrointestinal secretion of urea, congestion and edema of the gut wall, slow
bowel movement, metabolic acidosis. Dysbiosis may be exacerbated by CKD patients’ frequent use of antibiotics
and lower dietary fiber consumption'®. Moreover, gut microbiota dysbiosis impairs the gut barrier and generates
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toxins in the gut, which may exacerbate kidney disease!”. This vicious circle is often called the “gut-kidney” axis,
highlighting the gut microbiome as a potential cause of CKD progression and therefore a therapeutic target's.

We wondered whether colonic dialysis might mitigate CKD symptoms and delay its progression by altering
the gut microbiome. Therefore we compared the gut microbiome between patients with CKD in stages 3-5 who
were receiving dialysis or not, and we also compared these two patient groups with healthy controls.

Methods
Participants. This cross-sectional, prospective study was approved by the Medical Ethics Committee of the
Xiangya Hospital of Central South University, Changsha, Hunan, China (approval 201806953). All subjects gave
written informed consent for inclusion in the study, which was conducted in accordance with the Declaration
of Helsinki.

Twenty-five patients with CKD in stages 3-5 receiving colonic dialysis(group CD) were matched accord-
ing to age, sex and estimated glomerular filtration rate (eGFR) with 25 patients with CKD in stages 3-5 who
were not receiving dialysis(group OP). The two groups of patients were matched in a 1:1 ratio. Patients were
then matched to 34 healthy controls(group HS) according to age and sex in a 1:1.4 ratio. The three groups were
recruited, respectively, from the Colonic Dialysis Unit, Outpatient Renal Clinic and Physical Examination Center
of Xiangya Hospital of Central South University between October 2018 and June 2019.

The patients in the CD group had to satisfy the following inclusion criteria: (1) CKD was diagnosed by
a nephrologist at our hospital based on the “Kidney Disease: Improving Global Outcomes” standards'’; (2)
patients were determined to have stage 3-5 disease, based on the eGFR formula (CKD-EPI)*; (3) patients had
not undergone peritoneal dialysis, hemodialysis, or kidney transplantation; and (4) patients had already been
receiving colonic dialysis for more than 1 month. The patients in the OP group who were not on colonic dialysis
had to satisfy criteria (1)-(3). Healthy subjects(HS) had to have no history of kidney injury.

Subjects were excluded from the study if they were pregnant or lactating; if they had taken immunosuppres-
sants, antibiotics, prebiotics, probiotics or adsorbents of intestinal toxins within 4 weeks before the study; or if
they had tumors or inflammatory bowel disease.

Data and sample collection. Each participant provided a fresh stool sample in a sterile 5-ml tube (LangFu
Biological, Shanghai, China), which was transported to the laboratory within 10 min and stored at—80 °C until
fecal DNA extraction and sequencing (see below). Clinical information including baseline characteristics, labo-
ratory values and medical history were obtained from medical records.

Colonic dialysis. Colonic dialysate was prepared from concentrated Dialysate A (catalog no. 6ATA06, pre-
pared by Xiangya Hospital, Central South University), dialysate B (catalog no. 6ATB02, prepared by Xiangya
Hospital) and reverse osmosis water (prepared by Xiangya Hospital) in a ratio of 1:1.225:32.775. The dialysate
temperature was warmed to 34-38 °C and delivered using a Zhili Colonic Therapy System (Model BT600-02,
Sunny Medical, Beijing, China). Patients were asked to empty their bladder before dialysis in order to reduce dis-
comfort. During dialysis, patients were asked to remain in a left recambent position with their two knees bent.
A single-use double lumen rectal catheter (Huaxia Medical Equipment, Jiangsu China) was inserted through the
anus into the colon to an intubation depth of 65-75 cm, reaching the ascending colon. Colonic dialysate was
irrigated into the colon through the inner cavity for 10 s. After allowing the dialysate to remain in the patient for
8-10 min, the solution and wastes were drained out of the colon through the external cavity for 18-20 s. Both
cavities had sided-holes to prevent blockage. During the procedure, the dialysate was changed repeatedly until
the end of dialysis, and the pressure in the lumen was 50-65 kPA during irrigation and 3-8 kPA during drainage.
Each colonic dialysis session usually lasted 1 h, and the total volume of dialysate was 15-16 L.

Fecal DNA extraction and 16S rRNA sequencing. Microbial DNA was extracted using the QlAamp®
DNA Stool Mini Kit (Qiagen, Hilden, Germany). The V3-V4 hypervariable region of the 16S rRNA gene was
amplified from genomic DNA using primers 341F (CCTACGGGNGGCWGCAG) and 805R (GACTACHVGGG
TATCTAATCC). The amplification products were purified using Agencourt AMPure XP Beads (Beckman Coul-
ter Genomics, MA, USA) according to the manufacturer’s instructions and quantified using the Qubit quan-
tification system (Thermo Scientific, Wilmington, DE, US). Amplicons were sequenced on the MiSeq system
(Illumina, CA, USA) using the Version 2 Reagent Kit (Illumina). Automated cluster generation and 2 x 250 bp
paired-end sequencing with dual-index reads were performed.

Fastq files were de-multiplexed using MiSeq Controller Software (Illumina). Sequences were trimmed to
remove amplification primers, diversity spacers, and sequencing adapters, then the resulting sequences were
merge-paired and quality-filtered using USEARCH. UPARSE was used to cluster operational taxonomic units
(OTUs) . Taxonomy of the OTUs was assigned and sequences were aligned using an RDP classifier. Phylogeny
and other aspects of OTUs were analyzed using QIIME version 1.9.0(http://qiime.org/). Each OTU sequence was
compared to the Greenenes (13-5) database, and microbiota were classified to the level of phylum, class, order,
family, genus and/or species. The most abundant four species in each phylum were used to generate column
accumulation diagrams showing the relative abundance of different species. The 50 top OTUs across all species
were clustered and used to generate a heat map.

Statistical analysis. Differences in clinicodemographic data across the three groups were assessed for sig-
nificance in SPSS 22.0 (IBM, Chicago, IL, USA) using one-way ANOVA if the data showed a normal distribution
and homogeneous variance; otherwise, a non-parametric test was used. We used the Shannon and Simpson
indices to compare the diversity of gut flora among the three groups. Linear discriminant analysis effect size
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(LEfSe) was calculated using the Galaxy web-based interface (http://huttenhower.sph.harvard.edu/galaxy) in
order to identify bacterial biomarkers of the three groups. The effect size cutoff was set to 2.0. Gut flora genera
differing across the groups were identified based on the T test because of the small sample. Differences associated
with p <0.05 were considered significant.

Ethical approval. This cross-sectional, prospective study was approved by the Medical Ethics Committee of
the Xiangya Hospital of Central South University, Changsha, Hunan, China (approval 201806953). All subjects
gave written informed consent for inclusion in the study, which was conducted in accordance with the Declara-
tion of Helsinki.

Results
Participant characteristics. The study involved 34 healthy subjects (16 men, mean age 52.62 +6.68 year),
25 CKD patients on colonic dialysis (12 men, mean age 56.24+11.7 year), and 25 CKD patients not on colonic
dialysis (13 men, mean age 51.08 + 8.58 year). Both groups of patients showed significantly higher systolic blood
pressure and levels of urea, uric acid and triglycerides than healthy subjects, but significantly lower levels of
hemoglobin and albumin (Table 1). The two patient groups were similar in medication history.

A total of 84 stool samples were collected from the 84 study subjects and analyzed by high-throughput 16S
rRNA sequencing.

Gut microbiome profiling. We compared the relative taxon abundances for the phyla Firmicutes, Bacte-
roidetes, Proteobacteria, and Actinobacteria across all three groups. Firmicutes dominated the gut microbiome
at the phylum level in all three groups. Patients not on dialysis showed a significantly higher proportion of Pro-
teobacteria and significantly lower proportion of Bacteroidetes than the patients on dialysis or healthy subjects
(Fig. 1A). A heat map showing the abundance of the top 50 OTUs indicated that the gut microbiota of patients
not on dialysis differed from that of healthy controls (Fig. 1B). LEfSe analysis confirmed that the abundances of
Proteobacteria and Enterococcus were significantly different from those in the other two groups (Fig. 1C,D). The
abundances of Firmicutes and Ruminocaccae differed significantly between healthy subjects and the two patient
groups, while the abundances of Bacteroidetes, Bacteroidia and Actinobacteria differed significantly between
patients on dialysis and the other two groups. Altogether, the gut microbiome of patients on dialysis was more
similar to that of healthy subjects than to that of patients not on dialysis.

Influence of colonic dialysis on richness of the gut microbiome in CKD patients. Colonic dialy-
sis was associated with greater richness of microbiota, similar to the richness in healthy individuals (Fig. 2).
Colonic dialysis was associated with lower abundance of bacteria that possess uricase (e.g. Citrobacter of Entero-
bacteriaceae, Rothia of Micrococcaceae) and urease, or that produce indoxyl sulfate or p-cresyl sulfate (Table 2);
it was also associated with higher abundance of bacteria that produce short-chain fatty acids (e.g. Dorea, Dial-
ister, Phascolarctobacterium, Lachnospira). Colonic dialysis was associated with lower abundances of aerobes
and facultative anaerobes, including Enterococcus, Granulicatella, Neisseria, Citrobacter and Rothia; but higher
abundances of some anaerobes, including Anaerotruncus, Dorea, Dialister and Sutteralla.

Colonic dialysis was associated with higher abundance of microbiota that produce short-chain fatty acids
or that are anaerobes, including Dialister, Phascolarctobacterium, Bacteroides, Collinsella and Bifidobacterium
(Table 3). It was associated with lower abundance of microbes that possess urease and that produce indoxyl
sulfate or p-cresyl sulfate, including unclassified genera of Enterobacteriaceae.

Colonic dialysis was associated with significantly lower abundance of Enterococcus and Coprobacillus, and
significantly higher abundance of Dialister and Phascolarctobacterium (Fig. 3).

Discussion

Summary. In this study, we investigated differences in gut microbiota between patients with CKD in stage
3-5 who were on colonic dialysis or not, as well as differences between both groups of patients and healthy sub-
jects. Our results indicate that CKD is associated with lower richness of gut microbiota, consistent with previous
work?!. Greater diversity of gut microbiota may be associated with better health?>. We provide here the first evi-
dence that colonic dialysis may increase the diversity of the gut microbiome in patients with pre-dialysis CKD,
even up to the levels observed in healthy individuals. Thus, colonic dialysis may mitigate CKD-associated dys-
biosis of the gut microbiome. It may exert these effects by promoting defecation, reducing toxin accumulation
due to slow transit time through the colon, and making the colon more hospitable for healthy intestinal flora.

Comparison with existing literature. We found that CKD patients not receiving colonic dialysis had
significantly higher abundances of Proteobacteria as well as aerobic and facultative anaerobic bacteria than
healthy subjects, consistent with previous work®*. An increase in the proportion of Proteobacteria is consid-
ered a sign of imbalance in gut flora and may be associated with inflammation®. Indeed, aerobic or facultative
anaerobic bacteria may be less desirable inhabitants of the gut than certain anaerobic bacteria?.

We also found that CKD patients not receiving colonic dialysis had significantly higher abundances of Mic-
rococcacea, Enterobacteriaceae Aerococcaceae and Enterococcus than healthy subjects, consistent with previous
studies®?®. These bacteria contain enzymes related to the production of uremic toxins, such as urea, Indole sulfate,
p-Cresol sulfate and phenyl sulfate, which can promote inflammation and CKD progression®-*>.

Our study provides the first evidence that CKD is associated with significant decreases in the abundances of
Anaerotruncus and Phascolarctobacterium, which produce short-chain fatty acids. These fatty acids are nutrients
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Patients with chronic kidney disease

Characteristic Healthy subjects | Colonic dialysis No dialysis
N 34 25 25

Age (year) 52.62+6.68 56.24+11.7 51.08+8.58
Male 16 (47.1) 12 (48) 13(52)

SBP (mmHg) 119.63+18.69 138.72+17.37* 136.04+17.92#
DBP (mmHg) 77.50£12.00 81.96+9.01 79.32£10.08
CKD stage

3-4 (eGFR 15-59) 0 10 13

5 (eGFR< 15) 0 15 12

Primary disease

CGN 0 9 16

DM 0 5 6

HT 0 7 0

SLE 0 1 0

AP 0 1 0

DPKD 0 0 1

Other 0 2 2

Colonic dialysis duration (year)

3.26+2.52(0.6-8.5)

Colonic dialysis frequency (times per week)

3.33+1.39(1-7)

Laboratory parameters

Hb (g/L) 141.97 £14.35 107.75+20.87* 96.92+25.50"
ALB(g/L) 46.06£2.50 39.67+5.59* 38.94+8.00°
LDL (mmol/L) 3.29+0.69 3.00+0.76 3.16+0.77
TG (mmol/L) 1.57+0.90 2.30+1.38* 2.19+1.45°
TC (mmol/L) 5.27+0.90 4.74+1.18 5.06+1.03
Glu (mmol/L) 5.98+1.86 5.46+1.29 6.36£3.61
Urea (mmol/L) 5.29+1.32 17.11£6.93 16.37+6.74
UA (mmol/L) 334.01+£80.22 431.18£104.95* 443.14+103.85*
K (mmol/L) = 4.52+0.60 4.64+0.71
Ca (mmol/L) - 2.21£0.15 2.20£0.19
P (mmol/L) - 1.41£0.30 1.46+0.50
Mg (mmol/L) - 0.86+0.15 0.84+0.10
Qualitative determination of urinary protein

Negative 30 1 1

Microscale 3 3 0

Positive 1 21 24
Medications at baseline

Calcium channel-blockers - 17 11

ACE inhibitors/ARBs - 8 9
Beta-blockers - 10 7

Diuretics - 2 2

Iron agents - 3 5

Phosphate binders - 0 0

EPO - 5 7
Anticoagulants - 7 6
Lipid-lowering drugs - 6 5
Antidiabetic drugs - 4 4

Other BP-lowering drugs - 6 1

Table 1. Baseline characteristics of study participants. Values are n, n (%), or mean + SD, unless otherwise
noted. SBP systolic blood pressure, DPB diastolic blood pressure, CKD chronic kidney disease, CGN chronic
glomerulonephritis, DM diabetic mellitus, HT hypertension, SLE systemic lupus erythematosus, AP allergic
purpura, PKD polycystic kidney disease, Hb hemoglobin, ALB albumin, LDL low density lipop-rotein,

TG triglyceride, TC cholesterol, Glu glucose, UA uric acid, K potassium, Ca calcium, P phosphorus, Mg
magnesium, EPO Erythropoietin. *p <0.05 versus healthy subjects, *p < 0.05 versus healthy subjects.
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Figure 1. Differences in gut microbiome biodiversity across the two patient groups and one group of healthy
controls. The three populations were CKD patients on colonic dialysis (CD, red) or not (OP, blue), as well

as healthy controls (HS, green). (A) Gut microbiome profiles at phylum level. (B) The top 50 operational
taxonomic units (OTUs) of all samples were used to generate a heat map. The x-axis represents the sample; the
y-axis, OT'Us. Color shading reflects OTU abundance. (C) Analysis of linear discriminant analysis effect size
(LEfSe) was performed on the three groups. The x-axis indicates the linear discriminant analysis (LDA) score;
the y-axis, the taxa that help distinguish the three groups from one another. The larger the value is, the greater is
the difference. Different colors represent different groups. (D) Cladogram, in which the small circles radiating
from the inside to the outside represent the classification level of the species at the level of phylum, class,
order, family, and genus. The diameter of the small circle represents relative abundance. The nodes of different
colors in the phylogenetic tree are the microbial groups that distinguish the given group from the two others.
The closeness and partial overlap of green and red areas in the phylogenetic tree suggest that the intestinal
microbiome of CKD patients on colonic dialysis was more similar to that of healthy subjects than to that of
patients not on dialysis.
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Figure 2. Richness of the gut microbiome in the three groups.The three populations were CKD patients on
colonic dialysis (CD) or not (OP), as well as healthy controls (HS). (A) Shannon index of the gut microbiome.
(B) Simpson index of the gut microbiome. *p <0.05 in comparison to HS group or CD group.

Phylum Family Genus Change in abundance, relative to controls
Enterococcus 1
Enterococcaceae
Other 1
Anaerotruncus 1
Ruminococcaceae
Other l
Dorea 1
Firmicutes Lachnospiraceae Other l
Lachnospira l
Aerococcaceae Other T
Carnobacteriaceae | Granulicatella 1
Dialister l
Veillonellaceae
Phascolarctobacterium | |
Alcaligenaceae Sutteralla 1
Neisseriaceae Neisseria 1
Proteobacteria
Phyllobacteriaceae | Other 1
Enterobacteriaceae | Citrobacter 1
Actinobacteria Micrococcaceae Rothia 1

Table 2. Taxa in the gut microbiome differing significantly between CKD patients not on colonic dialysis and
healthy controls.

for intestinal epithelial cells, so their decline may cause intestinal epithelial dysfunction, reduce the number of
intestinal epithelial cells, promote the passage of potentially harmful intestinal contents or metabolites into the
circulatory system, trigger systemic inflammation and aggravate CKD?*. Short-chain fatty acids also regulate
blood pressure by activating G protein-coupled receptors such as GPR41 and GPR4%, and they may exert anti-
inflammatory effects that protect kidneys from injury®®. We found that colonic dialysis increased the richness of
the anaerobe Coprobacillus in CKD patients, and this bacterium produces short-chain fatty acids from glucose®.
It is tempting to speculate that Coprobacillus may slow CKD progression by regulating blood pressure and/or
by exerting anti-inflammatory effects that protect the kidneys. Further studies should explore these possibilities.

Some of the bacteria whose abundances were elevated in our patients have not previously been reported as
elevated in CKD, such as Citrobacter and Phyllobactriaceae. These differences from previous studies may reflect
that our patients were Chinese, whereas previous studies examined other ethnic groups®. Another potential
explanation is that patients in other studies had undergone hemodialysis or peritoneal dialysis*’, while our
patients had not. Another explanation is that much of the current data on gut microbiome and CKD have come
from animal studies®**!, which may not always accurately reflect the situation in humans.

Our results suggest that colonic dialysis may be able to reverse the CKD-associated decrease in abundance
of Parabacteroides, Bifidobacteria, Phascolarctobacteria and Dialister. Bifidobacteria are recognized probiot-
ics, and increases in the abundance of Bifidobacteria and Lactobacilli in feces correlate with improvement in
inflammatory indices, iron status and stabilization of iPTH?*. Conversely, colonic dialysis appears to reduce the
abundance of Enterococcus and an unclassified genus in Enterobacteriaceae. Whether these reductions help
explain the therapeutic effects of dialysis in CKD should be explored.
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Phylum Family Genus Change in abundance, relative to patients not on colonic dialysis
Dialister 1
Veillonellaceae
Phascolarctobacterium | 1
Enterococcaceae Enterococcus 1
Firmicutes
Carnobacteriaceae Granulicatella |
Gemellaceae Other l
Erysipelotrichaceae Bulleidia l
Sutteralla 1
Alcaligenaceae
Achromobacter l
Enterobacteriaceae Other !
Proteobacteria
Desulfovibrionaceae Bilophila i
Rhizobiales (Order)
Other |
Other (Family)
Coriobateriaceae Collinsella 1
Actinobacteria
Bifidobacteriaceae Bifidobacterium 1
Porphyromonadaceae | Parabacteroides 1
Bacteroidetes
Bacteroidaceae Bacteroides 1
Table 3. Taxa in the gut microbiome differing significantly between CKD patients receiving colonic dialysis or
not.
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Figure 3. Effects of colonic dialysis on CKD-induced imbalance of the gut microbiome. OTU operational
taxonomic unit.
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Our CKD patients not on dialysis showed significantly lower abundance of Parabacteroides than healthy sub-
jects, which is the opposite of what another study reported*. This difference might be related to diet, geographic
region, disease stage or other factors.

Strengths and limitations. Our study provides evidence that colonic dialysis can mitigate the symptoms
of CKD in stages 3-5 by partially restoring healthy gut microbiota. Our results are likely to be reliable because
we matched patients and healthy subjects on variables that can affect gut flora, including age, sex and use of
gut-detoxifying drugs. Nevertheless, our results should be interpreted with caution given several limitations of
the study. First, the patients’ diet was not taken into account, so we cannot exclude dietary effects on gut flora
composition. Second, we did not assay levels of gut microbiome metabolites in plasma, so we had to rely on the
literature to predict whether observed changes in abundance of certain bacteria is likely to be helpful or harm-
ful. Third, studies are needed to examine whether colonic dialysis causes excessive discomfort to patients, or
whether it damages the intestinal mucosa enough to cause malnutrition or inflammatory reactions, which can
be the case with peritoneal dialysis*’. Fourth, our sample came from a single medical center, and intestinal flora
can differ across individuals of the same ethnic group living in different geographic areas**. Our results should
be verified and extended in studies spanning different ethnicities and geographic regions.

Conclusion

Our results suggest that colonic dialysis may preserve renal function in pre-dialysis CKD by mitigating dysbio-
sis of gut microbiota. As an effective treatment to improve gut flora imbalance, colonic dialysis may be useful
against other diseases related to dysbiosis of gut microbiota. Future studies should also explore whether there
are differences in the level of gut microbiome-related metabolites and the state of inflammation between CKD
patients on colonic dialysis and CKD patients not on colonic dialysis.

Received: 7 March 2021; Accepted: 12 May 2021
Published online: 17 June 2021

References

1. Zhang, L. et al. Prevalence of chronic kidney disease in China: A cross-sectional survey [published correction appears in Lancet.
2012 Aug 18;380(9842):650]. Lancet 379(9818), 815-822 (2012).

2. Stevens, P. E,, Levin, A. & Kidney Disease: Improving Global Outcomes Chronic Kidney Disease Guideline Development Work
Group Members. Evaluation and management of chronic kidney disease: synopsis of the kidney disease: Improving global outcomes
2012 clinical practice guideline. Ann. Intern. Med. 158(11), 825-830 (2013).

3. Gilbertson, D. T. et al. Projecting the number of patients with end-stage renal disease in the United States to the year 2015 [pub-
lished correction appears in ] Am Soc Nephrol. 2006 Feb;17(2):591]. J. Am. Soc. Nephrol. 16(12), 3736-3741 (2005).

4. Friedman, E. A. Bowel as a kidney substitute in renal failure. Am. J. Kidney Dis. 28(6), 943-950 (1996).

5. Kolff, W. J. New ways of treating uraemia. Br. Med. J. 2(4538), 1041-1041 (1947).

6. Kajbafzadeh, A. M., Zeinoddini, A., Heidari, R., NaserHodjjati, H. & Tourchi, A. A novel alternative for renal replacement therapy:
2-year successful colonic dialysis via a Malone antegrade continent enema stoma. J. Pediatr. Urol. 10(3), 511-514 (2014).

7. Dai, S., Dai, Y, Peng, ., Xie, X. & Ning, J. Simplified colonic dialysis with hemodialysis solutions delays the progression of chronic
kidney disease. QJM 112(3), 189-196 (2019).

8. Simenhoff, M. L. et al. Bacterial populations of the small intestine in uremia. Nephron 22(1-3), 63-68 (1978).

9. Yang, T, Richards, E. M., Pepine, C. ]. & Raizada, M. K. The gut microbiota and the brain-gut-kidney axis in hypertension and
chronic kidney disease. Nat. Rev. Nephrol. 14(7), 442-456 (2018).

10. Frank, D. N. et al. Molecular-phylogenetic characterization of microbial community imbalances in human inflammatory bowel
diseases. Proc. Natl. Acad. Sci. USA 104(34), 13780-13785 (2007).

11. Wang, J.,, Shao, L., Rao, T., Zhang, W. & Huang, W. H. Chemo-preventive potential of falcarindiol-enriched fraction from Oplopanax
elatus on colorectal cancer interfered by human gut microbiota. Am. J. Chin. Med. 47(6), 1381-1404 (2019).

12. Qiu, D. et al. Glucorticoid-induced obesity individuals have distinct signatures of the gut microbiome. BioFactors 45(6), 892-901
(2019).

13. Wan, L. et al. Alterations of the gut microbiota in multiple system atrophy patients [published correction appears in Front Neurosci.
2020 Jan 31;14:19]. Front. Neurosci. 13, 1102 (2019).

14. Zhao, L. et al. Gut bacteria selectively promoted by dietary fibers alleviate type 2 diabetes. Science 359(6380), 1151-1156 (2018).

15. Wu, B. et al. In vivo pharmacodynamic and pharmacokinetic effects of metformin mediated by the gut microbiota in rats. Life Sci.
226, 185-192 (2019).

16. Castillo-Rodriguez, E. et al. Impact of altered intestinal microbiota on chronic kidney disease progression. Toxins (Basel) 10(7),
300 (2018).

17. Fernandez-Prado, R. et al. Nutrients turned into toxins: Microbiota modulation of nutrient properties in chronic kidney disease.
Nutrients 9(5), 489 (2017).

18. Wang, X. et al. Aberrant gut microbiota alters host metabolome and impacts renal failure in humans and rodents. Gut 69(12),
2131-2142 (2020).

19. Stevens, P. E., Levin, A. & Kidney Disease: Improving Global Outcomes Chronic Kidney Disease Guideline Development Work
Group Members. Evaluation and management of chronic kidney disease: Synopsis of the kidney disease: Improving global out-
comes 2012 clinical practice guideline. Ann. Intern. Med. 158, 825-830 (2013).

20. Jalalonmubhali, M. et al. MDRD vs. CKD-EPI in comparison to Chromium EDTA: A cross sectional study of Malaysian CKD
cohort. BMC Nephrol. 18, 363 (2017).

21. Li, Y. et al. Dysbiosis of the gut microbiome is associated with CKD5 and correlated with clinical indices of the disease: A case-
controlled study. J. Transl. Med. 17(1), 228 (2019).

22. Le Chatelier, E. et al. Richness of human gut microbiome correlates with metabolic markers. Nature 500(7464), 541-546 (2013).

23. Ranganathan, N. et al. Probiotic dietary supplementation in patients with stage 3 and 4 chronic kidney disease: A 6-month pilot
scale trial in Canada. Curr. Med. Res. Opin. 25(8), 1919-1930 (2009).

24. Fukuuchi, E ef al. Intestinal bacteria-derived putrefactants in chronic renal failure. Clin. Exp. Nephrol. 6(2), 99-104 (2002).

25. Vaziri, N. D. et al. Chronic kidney disease alters intestinal microbial flora. Kidney Int. 83(2), 308-315 (2013).

26. Shin, N. R., Whon, T. W. & Bae, J. W. Proteobacteria: Microbial signature of dysbiosis in gut microbiota. Trends Biotechnol. 33(9),
496-503 (2015).

Scientific Reports |

(2021) 11:12773 | https://doi.org/10.1038/s41598-021-91722-1 nature portfolio



www.nature.com/scientificreports/

27. van der Waaij, D. & Berghuis-de Vries, J. M. Lekkerkerk Lekkerkerk-v. Colonization resistance of the digestive tract in conventional
and antibiotic-treated mice. J. Hyg. (Lond) 69(3), 405-411 (1971).

28. Lau, W. L., Savoj, J., Nakata, M. B. & Vaziri, N. D. Altered microbiome in chronic kidney disease: Systemic effects of gut-derived
uremic toxins. Clin. Sci. (Lond) 132(5), 509-522 (2018).

29. Ramezani, A. & Raj, D. S. The gut microbiome, kidney disease, and targeted interventions. J. Am. Soc. Nephrol. 25(4), 657-670
(2014).

30. Bu,J. & Wang, Z. Cross-talk between gut microbiota and heart via the routes of metabolite and immunity. Gastroenterol. Res. Pract.
2018, 6458094 (2018).

31. Wu, I. W. et al. p-Cresyl sulphate and indoxyl sulphate predict progression of chronic kidney disease. Nephrol. Dial. Transplant.
26(3), 938-947 (2011).

32. Motojima, M., Hosokawa, A., Yamato, H., Muraki, T. & Yoshioka, T. Uremic toxins of organic anions up-regulate PAI-1 expression
by induction of NF-kappaB and free radical in proximal tubular cells. Kidney Int. 63(5), 1671-1680 (2003).

33. Kikuchi, K. et al. Gut microbiome-derived phenyl sulfate contributes to albuminuria in diabetic kidney disease. Nat. Commun.
10(1), 1835 (2019).

34. Stackebrandt, E. The Family Aerococcaceae. In The Prokaryotes: Firmicutes and Tenericutes (eds Rosenberg, E. et al.) 3-6 (Springer,
2014).

35. Murray, B. E. The life and times of the Enterococcus. Clin. Microbiol. Rev. 3(1), 46-65 (1990).

36. Evenepoel, P, Poesen, R. & Meijers, B. The gut-kidney axis. Pediatr. Nephrol. 32(11), 2005-2014 (2017).

37. Layden, B. T., Angueira, A. R., Brodsky, M., Durai, V. & Lowe, W. L. Jr. Short chain fatty acids and their receptors: New metabolic
targets [published correction appears in Transl Res. 2013 Oct;162(4):269]. Transl. Res. 161(3), 131-140 (2013).

38. Andrade-Oliveira, V. et al. Gut bacteria products prevent AKI induced by ischemia-reperfusion. J. Am. Soc. Nephrol. 26(8),
18771888 (2015).

39. Whitman, W. B. Bergey’s manual of systematics of archaea and bacteria[M]. (Wiley, Hoboken, New Jersey, 2015).

40. Wong, J. et al. Expansion of urease- and uricase-containing, indole- and p-cresol-forming and contraction of short-chain fatty
acid-producing intestinal microbiota in ESRD. Am. J. Nephrol. 39(3), 230-237 (2014).

41. Kieffer, D. A. et al. Resistant starch alters gut microbiome and metabolomic profiles concurrent with amelioration of chronic kidney
disease in rats. Am. J. Physiol. Renal Physiol. 310(9), F857-F871 (2016).

42. Xu, K. Y. et al. Impaired renal function and dysbiosis of gut microbiota contribute to increased trimethylamine-N-oxide in chronic
kidney disease patients. Sci. Rep. 7(1), 1445 (2017).

43. Tinroongroj, N., Jittikanont, S. & Lumlertgul, D. Relationship between malnutrition-inflammation syndrome and ultrafiltration
volume in continuous ambulatory peritoneal dialysis patients. J. Med. Assoc. Thai. 94, $94-100 (2011).

44. Kaplan, R. C. et al. Gut microbiome composition in the Hispanic Community Health Study/Study of Latinos is shaped by geo-
graphic relocation, environmental factors, and obesity. Genome Biol. 20, 219 (2019).

Acknowledgements
The authors thank Mr. Lingyuan Meng and Mr. Long Fang for technical assistance. The authors would also like
to thank all study participants from Xiangya Hospital of Central South University.

Author contributions

H.X. conceived the study. Y.L, M.D., EL., X.W,, L.L. and C.L. collected samples. Y.L. and M.D. analyzed the data
and prepared the first draft of the manuscript. M.H., J.Y., J.Q. and R.W. helped analyze data and edit the manu-
script. All authors made significant intellectual contributions to the manuscript and approved the final version.

Funding
This work was supported by the Hunan Provincial Natural Science Foundation - Youth Foundation (2019]]50962,
2020]]5611) and the Hunan Provincial Health Commission (B2019143).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.X.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:12773 | https://doi.org/10.1038/s41598-021-91722-1 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Colonic dialysis can influence gut flora to protect renal function in patients with pre-dialysis chronic kidney disease
	Methods
	Participants. 
	Data and sample collection. 
	Colonic dialysis. 
	Fecal DNA extraction and 16S rRNA sequencing. 
	Statistical analysis. 
	Ethical approval. 

	Results
	Participant characteristics. 
	Gut microbiome profiling. 
	Influence of colonic dialysis on richness of the gut microbiome in CKD patients. 

	Discussion
	Summary. 
	Comparison with existing literature. 
	Strengths and limitations. 

	Conclusion
	References
	Acknowledgements


