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Abstract

Chronic inflammation is a non-traditional risk factor for car-
diovascular mortality in the chronic kidney disease (CKD)
population. In recent years, the gastrointestinal tract has
emerged as a major instigator of systemic inflammation in
CKD. Postmortem studies previously discovered gut wall in-
flammation throughout the digestive tract in chronic dialysis
patients. In CKD animals, colon wall inflammation is associ-
ated with breakdown of the epithelial tight junction barrier
(‘leaky gut’) and translocation of bacterial DNA and endo-
toxin into the bloodstream. Gut bacterial DNA and endotox-
in have also been detected in the serum from CKD and dialy-
sis patients, whereby endotoxin levels increase with the CKD
stage and correlate with the severity of systemic inflamma-
tion in the dialysis population. The CKD diet that is low in
plant fiber and symbiotic organisms (in adherence with low
potassium, low phosphorus intake) can alter the normal gut
microbiome, leading to overgrowth of bacteria that produce
uremic toxins such as cresyl and indoxyl molecules. The
translocation of these toxins from the ‘leaky gut’ into the
bloodstream further promotes systemic inflammation, ad-
verse cardiovascular outcomes and CKD progression. Data
are lacking on optimal fiber and yogurt consumption in CKD
that would favor growth of a more symbiotic microbiome

while avoiding potassium and phosphorus overload. Prebi-
otic and probiotic formulations have shown promise in small
clinical trials, in terms of lowering serum levels of uremic tox-
ins and improving quality of life. The evidence points to a
strong relationship between intestinal inflammation and ad-
verse outcomes in CKD, and more trials investigating gut-

targeted therapeutics are needed. ©2015 S. Karger AG, Basel

The Gut as a Source of Chronic Systemic
Inflammation in CKD

Chronic kidney disease (CKD) is a state of accelerated
cardiovascular disease, which remains the #1 cause of
death in this patient population [1]. Non-traditional risk
factors contributing to cardiovascular pathology in CKD
include chronic inflammation, oxidative stress, protein-
energy wasting, disordered mineral metabolism, and de-
ficiency of endogenous calcification inhibitors [2-4].
With respect to chronic inflammation, a multitude of di-
alysis- and non-dialysis-related factors including infec-
tion, intravenous iron administration, blood-dialyzer in-
terface, and preexisting heart failure [5, 6] likely play a
role. It is interesting to note that despite technical inno-
vations over recent decades such as biocompatible dialy-
sis membranes, non-toxic equipment sterilization, less
immunogenic iron preparations, and ultrapure dialy-
sate, the phenomenon of systemic inflammation with its
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resultant oxidative stress has persisted in CKD patients
[7].

Accumulating evidence over the recent years has spot-
lighted the gastrointestinal tract as a major source of
chronic inflammation in CKD. Gut bacterial DNA frag-
ments have been detected in the blood of both pre-dialy-
sis CKD and chronic hemodialysis patients [8]. Using 16s
ribosomal DNA amplification and pyrosequencing, Shi et
al. detected bacteria (majority of gut origin) in the plasma
of 12 of 52 chronic dialysis patients [9]. The presence of
bacteria correlated with increased plasma C-reactive pro-
tein, interleukin-6, and D-lactate, where the latter serves
as a marker of gut permeability [9]. Endotoxin, derived
from the cell wall of Gram-negative bacteria, is measur-
able in the blood of dialysis patients and correlates with
the severity of systemic inflammation in the absence of
clinically detectable infection [10]. Indeed, levels of circu-
lating endotoxin increase with the severity of CKD stage
and are most elevated in chronic hemodialysis and peri-
toneal dialysis patients [11, 12].

Microbiota Perturbation in CKD and Production of
Uremic Toxins

A symbiotic relationship with the gut microbiota is es-
sential for the regulation of local and systemic immunity
[13, 14], where the microbiota is an ‘outside-in’ modifier
that determines T-cell and natural killer cells subsets [15-
17]. In the healthy gut, anaerobic Bacteroidetes and Fir-
micutes contribute >90% of bacterial species [18]. In ac-
cordance with decreasing oxygen tension, bacterial con-
centrations increase from the stomach (10>-10* cells/ml)
to the colon (>10'? cells/ml) [13]. The bacterial cells that
make up the intestinal microbiota are also part of an im-
portant nutrient environment, providing energy-rich
metabolites and vitamins to enterocytes [13]. Plant-de-
rived polysaccharides or resistant starches transit intact
to the colon where they are degraded by Bacteroides and
fermented to release hydrogen, carbon dioxide, alcohol
and short-chain fatty acids (acetate, butyrate, propionate
and D-lactate) [13]. Colonic cells and bacterial compete
for energy-rich short-chain fatty acids, and regulatory
mechanisms are in place to ensure bacterial overgrowth
does not occur, which would deprive the intestinal cells
of this nutrient source [13].

Simenhoff and colleagues in the 1970s performed in-
testinal intubation (endoscopy) in CKD and non-CKD
individuals, and were the first to demonstrate markedly
altered gut flora in CKD patients [19]. Further, they found
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that antibiotic treatment to alter composition of the mi-
crobiome favorably decreased serum levels of amine tox-
ins and improved mentation [20]. The gut microbiome is
markedly altered in CKD [21], because of which there is
dominance of bacterial families that possess urease, uri-
case and indole and p-cresol-forming enzymes [22]. This
may be related to the influx of circulating urea and other
toxins into the gut lumen, favoring the growth of bacteria
that express urease. Further, CKD patients are often ad-
vised to adhere to diets that are low in fermentable plant
fiber (low potassium diet) and poor in symbiont-rich
cheese/yogurt (low phosphorus diet). This change in food
substrate could further alter the bacterial composition
while jeopardizing microbial nutrient production and
thus affecting enterocyte health. End-stage kidney disease
patients show decreased numbers of bacteria that are able
to produce the short-chain fatty acid butyrate [22]. Gas
chromatography studies have shown significantly altered
exhaled breath gases in CKD rats [23] and dialysis pa-
tients [24] compared to healthy controls, further testa-
ment to the altered gut microbe composition.

In the presence of this disordered bacterial coloniza-
tion, there is increased production of gut-derived uremic
toxins such as indoxyl sulfate and p-cresyl sulfate [25].
These toxins induce pro-inflammatory responses and
promote leukocyte stimulation [26, 27], and have been
associated with increased levels of inflammatory markers
in stage 3-4 CKD patients, such as interleukin-6 and glu-
tathione peroxidase [28, 29]. In the 1990s, Niwa’s group
demonstrated that indoxyl sulfate stimulated monocyte
infiltration in the remnant kidney of 5/6-nephrectomized
rats, thus stimulating the production of transforming
growth factor-beta 1 and progression of renal failure [30].
p-Cresyl sulfate has also correlated with increased pulse-
wave velocity indicative of vascular stiffening [28]. Re-
cently, Hazen’s group demonstrated that plasma levels of
gut microbial-derived trimethylamine-N-oxide (TMAO)
correlated with increased 5-year mortality risk in CKD
subjects after multivariate adjustment [31]. Dietary
TMAO supplementation in animal models resulted in in-
creased tubulointerstitial fibrosis and progressive renal
dysfunction [31].

Gut Epithelial Barrier Breakdown and Translocation
of Bacterial Toxins

Amazingly, the 10'? bacterial cells/ml in the colon lu-
men is separated from the host body by just a single-layer
absorptive epithelium. In the healthy state, there is a
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mucosal barrier consisting of a mucus layer, defensins
and lectins that shield the epithelium and immune system
from direct contact with the microbiota [15, 32].

Vaziri and colleagues discovered chronic inflamma-
tion throughout the gastrointestinal tract - extending
from esophagus to large bowel - of chronic hemodialysis
patients, on autopsy studies performed in the 1980s [33].
These inflammatory changes sometimes coexisted with
peptic ulcer disease and ischemic lesions [33]. Permea-
bility of the intestinal wall in CKD rats and in CKD pa-
tients was demonstrated in the early 1990s in studies uti-
lizing polyethylene glycols of various molecular weights
[34, 35]. Since the time of these reports, there has been
significant progress toward understanding the structure
of the gut epithelial barrier, where the apical junctional
complex is composed of transmembrane proteins in-
cluding claudins (a group of at least 20 tissue-specific
proteins), occludin, E-cadherin and cytoplasmic linker
proteins such as zonula occludens [36]. Subsequently,
rodent studies have confirmed that CKD is associated
with the depletion of gut epithelial tight junction pro-
teins including occludin and claudin-1 [37, 38]. This
leaky barrier allowing the translocation of gut bacterial
DNA and uremic toxins could well explain the appear-
ance of these noxious inflammatory stimuli in the blood
of CKD and chronic dialysis patients [8-12, 28]. As fur-
ther confirmatory evidence, Wang and colleagues re-
ported the detection of colon bacterial DNA in the
mesenteric lymph nodes, liver, spleen and blood of CKD
rats [39].

To date, two mechanisms have been elucidated by
which tight junction breakdown occurs (fig. 1). Urea dif-
fuses from the blood into the gut lumen and is metabo-
lized by gut bacterial urease to ammonia that is hydro-
lyzed into caustic ammonium hydroxide, which erodes
the epithelial barrier [40, 41]. This stimulates the influx of
inflammatory leukocytes, which triggers the second
mechanism, in which the local cytokine production in-
duces retraction and endocytosis of the transcellular tight
junction proteins (claudins and occludin) [42, 43]. It is
easy to see how these pathways can play into a vicious cir-
cuit that promotes chronic systemic inflammation.

Our recent work showed that the anti-inflammatory
transcription factor Nrf2 (nuclear factor erythroid 2-re-
lated factor 2) is suppressed in the gut of CKD rats, and
treatment with an Nrf2 agonist not only decreased gut
inflammation but also improved the expression of tight
junction proteins [44]. More research is needed to deter-
mine the clinical significance of the gut Nrf2 pathway as
a novel therapeutic target.
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Therapeutic Avenues: Prebiotics and Probiotics, and
Anti-Inflammatory Interventions

It is well recognized that the CKD diet low in potassi-
um and phosphorus affects gut microbial composition,
and the potassium restriction in particular goes against
the ‘heart healthy’ high vegetables/fruit diet that is associ-
ated with less cardiovascular events in the general popula-
tion [45]. However, there is clear data that higher serum
potassium and phosphorus levels in the CKD and dialysis
population correlate strongly with increased mortality
risk [45]. Theoretically, a judicious intake of vegetable fi-
ber and symbiont-rich yogurt/cheeses (perhaps with con-
comitant use of potassium binding resins and phosphate
binders) may result in a more balanced gut microbiome
and thus improve inflammatory parameters, but ran-
domized controlled trials are needed before new dietary
guidelines can be proposed.

The realization that intestinal inflammation and mi-
crobiome disturbances are major contributors to chronic
inflammation and adverse CKD outcomes has spurred
gut-directed therapeutic investigations. Oral activated
charcoal adsorbent was shown to partially restore the ex-
pression of colonic tight junction proteins and resulted in
lowering of plasma endotoxin and inflammatory markers
in CKD rats, presumably via adsorbing urea and other
luminal toxins [46]. However, randomized controlled tri-
als in Japan and the United States failed to show beneficial
effects in CKD patients in terms of slowing CKD progres-
sion [47, 48]. Our recent report highlighting Nrf2 defi-
ciency in the gut from CKD rodents demonstrated that
treatment with an Nrf2 activator may improve the ex-
pression of colon tight junction proteins, decrease colon-
ic inflammation and lower blood urea and creatinine lev-
els [44]. The potential benefit of modulating gut Nrf2 ac-
tivity in patients with CKD remains to be explored.

As noted above, how best to manipulate the natural
diet to engender a less pathogenic microbiome is unclear
at this time. Another area of potential therapeutics is the
use of refined prebiotics (nondigestible food ingredients
that can stimulate growth and/or activity of beneficial gut
bacteria) and probiotics (living organisms ingested via
food or supplements that can improve the health of the
host). Our group recently reported that feeding uremic
rats the prebiotic amylose maize resistant starch, which
reaches the colon undigested and is metabolized by bac-
teria to short-chain fatty acids, improved creatinine clear-
ance and reduced kidney inflammation and fibrosis [49].
In a small trial with hemodialysis patients in Belgium, it
was reported that oligofructose-inulin supplementation
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Fig. 1. Pathways by which altered microbiome and chronic gut in-
flammation lead to systemic inflammation in CKD. The low potas-
sium and low phosphorus CKD diet leads to inadequate intake of
plant fiber and symbiotic bacteria, and there is influx of urea from
the blood circulation in the gut lumen. These factors promote the
expansion of bacteria that express urease, as well as overgrowth of
bacteria that produce uremic toxins including p-cresyl and indox-
yl sulfates. Urea is degraded by urease-producing bacteria to form
ammonia that is hydrolyzed to caustic ammonium hydroxide
(NH,OH), which causes the degradation of tight junction proteins.
Concurrently, the changed microbiome alters the symbiotic bal-
ance and competes with gut epithelial cells for short-chain fatty
acids (SCFAs) for source of energy. This may impact the colono-

significantly reduced circulating p-cresyl sulfate levels
[50]. A meta-analysis of controlled feeding trials found
that fiber supplementation significantly decreased serum
urea levels in a pooled cohort of 143 participants; the au-
thors noted that trials examining harder end points are
needed [51]. Probiotics have also shown some promise
with the premise that correction of the intestinal micro-
flora make-up can reduce production of uremic toxins. In
two 1996 reports involving small cohorts of hemodialysis
patients, the treatment with Lactobacillus preparations
decreased blood levels of uremic toxins [52, 53] and im-
proved nutritional status [52]. More recently, a multina-
tional crossover trial in patients with CKD stages 3 and
4 noted significant decrease in blood urea nitrogen and
improved quality-of-life scores after treatment with a
proprietary formulation of S. thermophilus, L. acidophilus

Gut Inflammation in CKD

cyte integrity and impair the protective mucosal barrier, with the
influx of inflammatory leukocytes and cytokine production. Gut
inflammation further promotes epithelial barrier degradation via
the induction of endocytosis of tight junction proteins. Decreased
tissue levels of the anti-inflammatory transcription factor Nrf2
(nuclear factor erythroid 2-related factor 2) further contributes to
a tight junction breakdown. Ultimately, there is translocation of
bacteria, endotoxin and uremic toxins from the gut lumen into the
circulation which drives systemic inflammation, a known non-tra-
ditional risk factor for cardiovascular mortality and CKD progres-
sion. Progression of kidney disease feeds into further elevation of
blood urea levels, further propagating alterations in gut microbi-
ome and forming a vicious circuit.

and B. longum over 6 months [54]. It is not known how
the interventions described above may have impacted gut
tight junction barrier integrity, which would have re-
quired invasive testing.

Taking the next step given the promising effects of pre-
biotic and probiotic formulations, there are now efforts
being made to combine both therapies into ‘synbiotic’
preparations, and to examine whether this therapy results
in decreased systemic inflammation and slowing of CKD
progression. A small Japanese study reported that a syn-
biotic preparation reduced serum p-cresol levels and
ameliorated constipation [55]. In attempts to fill the gap
where high-quality intervention trials are lacking, Rossi
and colleagues recently described the study design for the
ongoing SYNERGY trial that is taking place in Australia
and New Zealand [56]. This trial is recruiting stage
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4-5 pre-dialysis CKD patients, and in placebo-controlled
randomized cross-over design each patient will be sub-
jected to a synbiotic therapy (a combination of Lactoba-
cillus, Bifidobacteria and Streptococcus bacteria, with
three complex fibers) or placebo x 6 weeks. While circu-
lating indoxyl sulfate levels will be the primary outcome,
the study will also examine systemic inflammation mark-
ers, proteinuria, kidney function and urinary kidney in-
jury molecule-1, quality of life and stool microbiota. We
note that the Streptococcus has high urease capacity, and
given the above-mentioned evidence pertaining to urea
breakdown as a mechanism leading to leaky gut epithe-
lial barrier [40, 41], the inclusion of this organism in the
probiotic formulation may be deleterious. Nonetheless,
we applaud the rigorous study design of the SYNERGY
trial and if promising data results, a longer intervention
period examining hard outcomes such as cardiovascular
events and mortality would be warranted.

Planning clinical trials around the gut microbiome
and interpreting the results is certainly not straightfor-
ward. Factors that may contribute to variability in re-
sponse to therapy across individuals include varying
density of intestinal flora, genetic differences affecting
host-microbe interactions, and different microbial com-
position. Indeed, it was reported in 2011 from analysis of
fecal metagenomes from four countries that there are
three discernable enterotypes of the human microbiome
[57]. The degree of change in measured serum inflamma-
tory markers that would translate into meaningful clini-
cal outcomes is also unclear at this time.

Summary

Chronic inflammation is present throughout the gas-
trointestinal tract of uremic patients. Recent animal stud-
ies highlight the breakdown of colon epithelial tight junc-
tions, via the activity of bacterial urease and local inflam-
mation with cytokine production. The microbiota is
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