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ABSTRACT

Researchers related to micobiota have claimed that intestinal microbiome exerts an effect on 
development of disease in many organ systems. Fat tissue, kidneys, heart and vasculature, intes-
tines and even brain tissue are affected by dysbiosis of gut flora. With the increasing number, and 
quality of the studies, the topics investigated have demonstrated variations from being focused 
solely on microbiome itself to metabolites of this flora penetrating into serum and immune res-
ponse of the body to these metabolites. Metabolites released by intestinal flora trigger chronic 
inflammation in the body and lead to the development of metabolic syndrome, chronic renal 
disease or cardiovascular diseases. With such a vast gamut of diseases and pathologic conditions 
related to intestinal microbiome, it should come as no surprise that there have been attempts at 
treatment of dysbiosis with methods including flora transfer from healthy individuals. This revi-
ew will focus on these disease states and how they are affected by dysbiosis of flora. The roles 
played by specific metabolites that increase during intestinal dysbiosis such as indoxyl sulfate, 
p-cresyl sulfate or trimethylamine N-oxide in chronic kidney disease and atherosclerosis will be 
discussed. Besides, increase in the permeability of intestinal barriers due to the evolvement of 
uremia as a result of chronic renal disease, ensuing development of dysbiosis, and the effects of 
these diseases on dysbiosis will be also dealt with.
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ÖZ

Mikrobiyota hakkındaki araştırmalar birçok sistemdeki hastalık gelişiminde bağırsak mikrobiyo-
munun etkisi olduğunu iddia ediyor. Bunlardan birkaçı; yağ doku, kalp, dolaşım sistemi, sindi-
rim sistemi ve hatta santral sinir sistemidir. Bu konudaki araştırmaların sayısının ve kalitesinin 
artmasıyla birlikte üzerinde araştırılan konular; bağırsak mikrobiyomunun saf oluşumundan, bu 
floranın kana geçiş yapan metabolitleri ve vucüdun buna verdiği tepkiye kadar çeşitlilik göster-
meye başladı. Bağırsak florasının salgıladığı metabolitler, vücutta kronik enflamasyonu tetikleye-
rek metabolik sendrom, kronik böbrek hastalığı ya da kardiyovasküler hastalıklar gibi hastalıklara 
yol açabilmektedir. Bunlar gibi geniş kapsamlı ve multi-sistemik hastalıkların bağırsak mikrobi-
yomuyla bağlantıları kurulması üzerine, bağırsak mikrobiyomunun bozulmasının flora aktarımı 
gibi yöntemlerle tedavi edilmeye çalışılması şaşırtıcı olmayan bir gelişme olmuştur. Bu makale, 
bazı hastalıkların flora disbiyozundan nasıl etkilendikleri üzerine yoğunlaşacaktır. Indoxil sülfat, 
p-krezil sülfat ya da trimetilamin N-oksit gibi bağırsak disbiyozu sırasında artan metabolitlerin 
kronik böbrek hastalığı ve ateroskleroz gibi hastalıklarda ne gibi roller oynadığı tartışılacaktır. 
Bağırsak bariyerlerinin permeabilitesinin kronik böbrek hastalığı sonucunda gelişen üremi nede-
niyle artması ve bunun sonucunda gelişen disbiyoz gibi bu hastalıkların da disbiyoz üzerindeki 
etkilerine de değinilecektir.
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INTRODUCTION

Human gut is populated with more than 100 trilli-
on cells, reaching densities of 1011-1012 cells/ml 
in densest regions of colon1. Although crowded, 
when compared to the genus density of biosphe-
re, gut population diversity is extremely limited, 
and can be tracked to two divisions of bacteria 
(Bacteriodites and Firmucites) and one of archea2. 
Numerous studies demonstrated that microbi-
ome is affected by lifestyle and nutrition3,4. Gut 
microbiome affects the body habitus and health 
status of the individual5 whereas change in gut 
microbiome diversity and species are also affec-
ted by age - as suggested by notable differen-
ces between old and very old patients6,7. In this 
article, the effect of gut microbiota on human 
health will be discussed, especially focusing on 
pro-inflammatory effect of microbiome due to 
immune dysregulation and how this affects the 
development and progression of chronic kidney 
(CKD) and cardiovascular disease (CVD).

Effects of microbiome dysbiosis and subsequ-
ent endotoxemia

Gut microbiome may be seen even in meconium8, 
and it is sensible to think that this flora affects the 
host’s life in ways not limited to the gastrointes-
tinal tract9. Such effects can be tracked to fat cells 
in the body and how they react to ingested lipids. 
Even isocaloric diets can exert significant differen-
ces on body fat composition and energy expen-
diture of the organismi because diet promotes 
different species of gut microbiota10. Experiments 
have found that white adipose tissue inflammation 
is the main outcome of the diet induced Toll-Like 
Receptor (TLR) signaling activation, which will be 
further discussed. Substances related to acce-
lerated atherosclerosis such as trimethylamine 
N-oxide (TMAO) have been found in the bloods-
tream of mice following fecal microbe implanta-
tion from mice which were prone to atheroscle-
rosis due to innate increase in the production of 
TMAO11. Fermentation of ingested protein by gut 

microbiota also increases toxic substances such 
as p-cresol sulfate and indoxyl sulfate which are 
thought to have an effect on CKD12. Clerance of 
these toxins are more difficult in CKD patients and 
therefore they can build up leading to uremia13. 
Gut microbiota has been shown to have a role in 
the conversion of free choline and phosphatidyl-
choline to TMAO, and even with the same dietary 
choline supplementation, an intact gut flora se-
ems to increase atherosclerotic rate up to three-
fold in healthy mice14.

Effects of microbiome dysregulation on the co-
urse of chronic kidney disease 

Gut microbiome is limited to the inside of intestinal 
lumen due to the barrier function of the intestinal 
epithelium. Antigens and pathogens have restricted 
passage through these tight junctions15. It is sugges-
ted that in uremic patients barrier function in intesti-
nal mucosa is impaired16,17 and prone to the inflam-
matory effects of circulating endotoxemia caused 
by the dysfunctional epithelial barrier and modified 
gut flora18. When intestinal barrier shows a normal 
physiologic behavior, circulating amounts of plasma 
endotoxins are quite small, while increased amo-
unts of endotoxins are associated with atheroscle-
rosis and cardiovascular disease19,20. Responses to 
microbiome and associated endotoxemia are quite 
diverse in origin and include immunologic response 
to toxins through TLRs that detect lipopolysacchari-
des (LPS) and other related molecules15,21. Synthesis 
of tryptophan and related serotonin22 is also affec-
ted, which exerts an effect on the cardiovascular 
system (see below for more details). 

However, endotoxemia resulting from dysfuncti-
onal epithelial barrier is not the only route of inte-
raction between gut microbiome and kidneys, as 
short chain fatty acids produced by gut microbi-
ome effect renin secretion by interacting with ol-
factory receptor 78 (Olfr 78), a G protein-coupled 
receptor expressed in juxtaglomerular apparatus 
with a consequent increase in RAAS activation23-

25. Propionate secreted by gut microbiome has 
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a positive effect on renin secretion through this 
Olfr78 g protein-coupled receptor23,24. In a recent 
research, gut microbiome was shown to have an 
effect on enterochromaffin cells. These cells are 
responsible for serotonin synthesis. Increased 
plasma levels of serotonin and related physiolo-
gical changes have been shown in mice with de-
ficient gut microbiome22,26. Long-term elevated 
serum serotonin levels decrease blood pressure27 
which might be related to its cardioprotective ef-
fects28. Yet another metabolite of gut microbiome 
from serotonin precursor tryptophane is indoxyl 
sulfate, which is excreted through proximal tubu-
les, but can build up in CKD patients13.

Pathogen and antigen transition and effect of 
dysbiosis on development and progression of 
proteinuria

It is possible to draw a cause and effect relations-
hip between gut dysbiosis and decreased renal 
functions. The main affector in this situation is the 
increased permeability of the intestinal epitheli-
al barrier32. With overt uremia, due to decreased 
excretion from proximal tubules, intestinal epit-
helial barrier loses its effectiveness through loss 
of protein mass and thus, luminal endotoxins and 
related antigens are released into circulation. This 
results in a vicious cycle which increases morbi-
dity in CKD patients. 

Proteinuria is the outcome of another pathologi-
cal association between microbiotal dysbiosis and 
kidney function. Dysbiosis is significantly related 
to obesity, and related metabolic syndromes29,30. 
Obesity in itself is a risk factor for CKD31, due to 
obesity-related glomerulopathy. Dysfunctional 
energy metabolism is not the only way renal 
functions are also affected by dysbiosis. In a study 
based on rats with 5/6 nephrectomy, increased 
number of Lactobacillus was correlated with dec-
reased systemic inflammation and proteinuria32. 
Levels of uremic toxins such as indoxyl sulfate 
and p-cresyl sulfate decrease in serum. Decreases 
in the levels of proteinuria, serum urea and related 

uremic toxins were suggestive of the nephropro-
tective function of Lactobacilli spp. The previously 
mentioned decrease in protein mass of intestinal 
tight junction barrier was more deeper in Lactoba-
cillus- supplemented nephrectomized mice. This 
so- called protective effect seems to stem from 
TLR-2 activation via stimulation with Lactobacil-
lus. TLR-2 expression was found to be lower in 
nephrectomized mice compared to control gro-
up, but increased with Lactobacillus supplemen-
tation. With this supplementation and subsequent 
rise in TLR-2 expression and intestinal epithelial 
barrier protein mass, serum indoxyl sulfate, LPS 
levels and urinary protein excretion decreased.

Another pattern recognition molecule is CD14, 
which functions in the pattern recognition cascade 
of endotoxin. High levels of CD14 are associated 
with increased proteinuria, and mortality in he-
modialysis patients and inversely associated with 
eGFR33. CD14 count greatly increases monocyte 
response to LPS and endotoxemia in general re-
sulting in both local and systemic inflammatory 
response. This was shown in a study focused on 
CD14 knockout mice that were grafted with two 
separate patches of fat, one from another CD14 
KO mouse and one from a wild type. The patch 
from the wild type showed excess macrophage 
proliferation when compared to the CD14 KO 
graft, in response to endotoxemia resulting from 
LPS infusions34. Activation of CD14 as a result of 
endotoxemia can be a possible candidate for a 
decreased renal function in dysbiotic CKD pati-
ents with failing intestinal epithelial barrier. 

Chronic Inflammation caused by microbiotal 
transition and subsequent effects on 
cardiovascular disease

Another potential morbidity related to gut mic-
robiome is the chronic low-grade inflammation. 
The aforementioned deterioration of the intes-
tinal barrier to endotoxins and related luminal 
pathogen-antigen transition into systemic circu-
lation (aptly named leaky gut phenomenon)35,36 
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is related to chronic inflammation of the whole 
gastrointestinal system37. This event usually co-
exists with CKD, both pathologies affecting the 
course of each other. It is being pointed out that 
altered immune response to the tight junctions 
of colonic mucosa in CKD leads to a marked dec-
rease in protein content of tight junctions38. The 
resulting endotoxemia leads to a vicious cycle of 
immune recruitment of pro-inflammatory subs-
tances; IL1,6 and TNF-a39. This cycle is started by 
endotoxins activating cellular signaling pathways 
involving CD-14, TLR-4, LPS Binding Protein and 
MD-235,40. With the activation of these pathways, 
significant low-grade inflammation ensues in the 
whole body. With atherosclerosis considered a 
chronic inflammatory disease41 the origin of the 
inflammation is being tracked to the TLRs in myo-
cardium. This was observed in a study that used 
TLR-4 knockout mice42. These TLR-4 knockout 
mice had decreased ischemia and reperfusion in-
jury and also significantly less risk for myocardial 
infarction, compared to wild types42. In addition, 
this study showed that endotoxemia is a strong 
risk factor for early atherogenesis19 and another 
pathway responsible for degenerative changes is 
thought to be related to activation of nuclear fac-
tor kappa-B40 which is considered to be an athero-
genic agent43,44. This nfk-B pathway is thought to 
be one of the triggering agents of specific TLR res-
ponses45. The subsequent endotoxemia and bac-
terial DNA translocation into body also increase 
insulin resistance and in this study bacterial DNA 
+ subjects were shown to be significantly more 
resistant to insulin when compared to DNA - pa-
tients45. The same study points out that resolution 
of chronic inflammation is delayed in the bacterial 
DNA- positive subgroup of obese patients. 

Effects of dysregulated gut microbiome on the 
development of type I and type II diabetes 
mellitus

Considering that microbiotal cell count outnum-
bers human cell count 10 to 1, it is no surprise 
that gut microbiome affects the energy harves-

ting efficiency of the host, and therefore the body 
habitus. This was shown in a study in which mic-
robiome from obese mice was transferred to ste-
rile mice, with a resultant consecutive increase in 
fat deposition46. It was found that a relative incre-
ase in Firmucites spp. and subsequent decrease 
in Bacteroides spp. resulted in a net increase in 
calorie intake47. It has also been pointed out that 
short chain fatty acids and their metabolites rele-
ased by microbiome can alter regulation of appe-
tite and adipogenesis in liver48. Considering body 
habitus and metabolic syndromes including dia-
betes, the effect of microbiome on development 
and progression of diabetes mellitus can hardly 
be underestimated. It was discovered that high fat 
consuming mice started to demonstrate signs of 
significant endotoxemia and strong intolerance to 
glucose and increased fasting insulinemia. During 
the same research, some of the high fat consu-
ming group of mice was also introduced to non-
digestible carbohydrates that showed prebiotic 
properties. Mice that received prebiotic treatment 
had lesser endotoxemia compared to high-fat 
consuming group49. Insulin sensitivity was shown 
to be increased in a metabolic syndrome-induced 
human patient group 6 weeks after they had an 
infusion of microbiome from lean donors50. This 
change in glycemic control has been addressed 
in another research using two genus of microbi-
ome, namely Proteobacteria spp and Enterobac-
teriaceae spp. that induced an increase in insulin 
resistance. One of the main perpetuators of poor 
glycemic control related to microbiota is mono-
saccharides and short- chain fatty acids functio-
ning both as signaling molecules and substrates 
for gluconeogenesis and lipogenesis in liver51. 
These molecules are derived from polysacchari-
ses which are fermentated by gut microbiota52. 
The mammalian digestive tract is inherently unab-
le to digest most of the complex polysaccharides, 
and these undigested complex molecules reach 
the distal gut and are hydrolyzed by the gut flo-
ra producing myriad of byproducts through fer-
mentation53. One of these products is acetate, 
which, in an experiment performed with high-fat 
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consuming mice and chow-fed mice, intra-arterial 
acetate infusion to chow-fed mice showed similar 
increase in insulin secretion compared to high-fat 
fed mice due to their glucose-stimulated insulin 
secretion pattern54. From this finding it can be as-
sumed that these short-chain fatty acids produced 
by microbiome can disrupt glucose metabolism 
via changes in both endocrine signaling and net 
energy balance of diet.

Another molecule that was under focus in a study 
was butyrate whose levels were shown to be 
increased in the presence of significant Rosebu-
ria intestinalis and Roseburia inulinivorans popu-
lations55. Infusion of these microbota was found 
to improve insulin sensitivity in a previous rese-
arch56. Also seven microbiota that were found to 
be decreased in a study which evaluated 39 sig-
nificant genuses in the microbiome of type 2 dia-
betes mellitus patients were found to be butyrate 
producing55.

Endotoxemia due to LPS infusion in this study also 
showed decreased glycemic response in mice 
that were on a high fat diet34. Epithelial barrier 
dysfunction, due to dysbiosis, can trigger endoto-
xemia which can result in glucose intolerance.

In type 1 diabetes mellitus patients, dysbiosis is 
evident57 with decreased numbers of phylum Fir-
mucites and increased numbers of Bacteroidetes 
colonization. Another study has found that the 
short-chain fatty acid producing phyla, Bifidobac-
terium adolescentis, Faecalibacterium prausnitzii 
etc. were much less populous in four antibody- po-
sitive children (antibodies to insulin, glutamic acid 
decarboxylase and protein tyrosine phosphatase 
(IA2 or ICA512), which are the hallmark antibodi-
es in type 1 diabetes mellitus)58 when compared 
to controls59. It is possible to find contradicting 
evidence however, as another large-scale study60 
did not find significant effect of change in bacteri-
al colonization diversity or dysbiosis in the prog-
ression of islet autoimmunity in type 1 diabetes 
mellitus patients. 

Future aspects to consider and treatment of the 
diseases associated with microbiotal 
dysregulation

In the light of these researches it is possible to 
state that gut microbiome is host to numerous 
species that co-exist in balance inside the human 
body and have a significant effect on multiple or-
gan and systems and on development of diffe-
rent disease states, through multiple pathways, 
including TLR signaling activation in myocardium, 
olfactory receptors in juxtaglomerular apparatus, 
and multiple other pro-inflammatory pathways. 
Through these pathways, microbiotal dysbiosis 
can worsen the course of chronic diseases like 
CKD or cardiovascular disease. Numerous studi-
es have shown that when the integrity of the gut 
epithelium is broken, subsequent endotoxemia 
adversely affects the course of CKD and hastens 
atherogenesis. Gut microbiome has also funda-
mental effect on our energy metabolism, and cer-
tain strains are more suitable to proliferate in high 
fat diets, further increasing the metabolic load of 
excess dietary fat on body by further increasing 
energy harvest potential. Metabolic diseases and 
related systemic injuries such as glucose intole-
rance, diabetes mellitus type 1, and 2 have micro-
biotal changes before the onset of the disease and 
this could further affect disease progression. Early 
detection of certain diseases via fecal examination 
of microbiotal biomarkers could narrow diagnos-
tic window after the onset of the aforementioned 
diseases and can decrease morbidity and morta-
lity. Further research is needed if we want to re-
veal additional ways in which the microbiome af-
fects the organ and systems and to control these 
effects. We may get to learn to cope with chronic 
diseases in a much more cost and time-efficient 
manner and also to keep the multisystemic adver-
se effects of diseases like CKD, diabetes mellitus 
and cardiovascular disease. Treatment of dysbio-
sis can decrease systemic effects related to these 
diseases and can be a part of a multisystemic app-
roach that is usually necessary in the treatment of 
these type of chronic diseases.
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CONCLUSION

There is a crosstalk between gastrointestinal 
system and kidneys of which has a decisive role in 
the development of kidney disease, inflammation 
and proteinuria. Management of gut microbiota 
will create novel opportunities in the prevention 
and treatment of many previously undertreated 
conditions such as CKD.

REFERENCES

1.	 Ley RE, Peterson DA, Gordon JI. Ecological and evolu-
tionary forces shaping microbial diversity in the human 
intestine. Cell. 2006;124:837-48. [CrossRef]

2.	 Bäckhed F, Ley RE, Sonnenburg JL, Peterson DA, Gordon 
JI. Host-bacterial mutualism in the human intestine. Sci-
ence. 2005;307:1915-20. [CrossRef]

3.	 Genton L, Cani PD, Schrenzel J. Alterations of gut barrier 
and gut microbiota in food restriction, food deprivation 
and protein-energy wasting. Clin Nutr. 2015;34:341-9. 
[CrossRef]

4.	 Videhult FK, West CE. Nutrition, gut microbiota and 
child health outcomes. Curr Opin Clin Nutr Metab Care. 
2016;19:208-13. [CrossRef]

5.	 Ussar S, Griffin NW, Bezy O, et al. Interactions betwe-
en Gut Microbiota, Host Genetics and Diet Modulate the 
Predisposition to Obesity and Metabolic Syndrome. Cell 
Metab. 2015;22:516-30. [CrossRef]

6.	 O’toole PW, Jeffery IB. Gut microbiota and aging. Scien-
ce. 2015;350:1214-5. [CrossRef]

7.	 Biagi E, Nylund L, Candela M, et al. Through ageing, and 
beyond: gut microbiota and inflammatory status in seni-
ors and centenarians. PLoS ONE. 2010;5:e10667. [Cross-
Ref]

8.	 Rodríguez JM, Murphy K, Stanton C, et al. The compositi-
on of the gut microbiota throughout life, with an empha-
sis on early life. Microb Ecol Health Dis. 2015;26:26050. 
[CrossRef]

9.	 Boulangé CL, Neves AL, Chilloux J, Nicholson JK, Dumas 
ME. Impact of the gut microbiota on inflammation, obe-
sity, and metabolic disease. Genome Med. 2016;8:42. 
[CrossRef]

10.	Caesar R, Tremaroli V, Kovatcheva-datchary P, Cani PD, 
Bäckhed F. Crosstalk between Gut Microbiota and Dietary 
Lipids Aggravates WAT Inflammation through TLR Signa-
ling. Cell Metab. 2015;22:658-68. [CrossRef]

11.	Gregory JC, Buffa JA, Org E, et al. Transmission of athe-
rosclerosis susceptibility with gut microbial transplantati-
on. J Biol Chem. 2015;290:5647-60. [CrossRef]

12.	Ramezani A, Massy ZA, Meijers B, Evenepoel P, Van-
holder R, Raj DS. Role of the Gut Microbiome in Ure-
mia: A Potential Therapeutic Target. Am J Kidney Dis. 
2016;67:483-98. [CrossRef]

13.	Wing MR, Patel SS, Ramezani A, Raj DS. Gut microbiome 
in chronic kidney disease. Exp Physiol. 2016;101:471-7. 
[CrossRef]

14.	Wang Z, Klipfell E, Bennett BJ, et al. Gut flora metabolism 
of phosphatidylcholine promotes cardiovascular disease. 
Nature. 2011;472:57-63. [CrossRef]

15.	Ramezani A, Raj DS. The gut microbiome, kidney di-
sease, and targeted interventions. J Am Soc Nephrol. 
2014;25:657-70. [CrossRef]

16.	Magnusson M, Magnusson KE, Sundqvist T, Denneberg 
T. Increased intestinal permeability to differently sized 
polyethylene glycols in uremic rats: effects of low- and 
high-protein diets. Nephron. 1990;56:306-11. [Cross-
Ref]

17.	Magnusson M, Magnusson KE, Sundqvist T, Denneberg 
T. Impaired intestinal barrier function measured by diffe-
rently sized polyethylene glycols in patients with chronic 
renal failure. Gut. 1991;32:754-9. [CrossRef]

18.	Mcintyre CW, Harrison LE, Eldehni MT, et al. Circulating 
endotoxemia: a novel factor in systemic inflammation 
and cardiovascular disease in chronic kidney disease. Clin 
J Am Soc Nephrol. 2011;6:133-41. [CrossRef]

19.	Wiedermann CJ, Kiechl S, Dunzendorfer S, et al. Associa-
tion of endotoxemia with carotid atherosclerosis and car-
diovascular disease: prospective results from the Bruneck 

Figure 1. The chain of events in the vicious cycle that leads 
to dysbiosis in chronic kidney disease (CKD) patients. The 
pathological metabolites such as trimethylamine N-oxide 
(TMAO) tend to reach much higher serum values in CKD 
patients compared to control.

Figure 2. Endotoxemia and subsequent immune recruit-
ment such as Toll-Like Receptor (TLR) signaling activa-
tion that leads to chronic low grade inflammation due 
to dysregulated pro-inflammatory pathways, affecting 
pathological course of multiple chronic diseases such as 
chronic kidney disease (CKD) and cardiovascular disease 
(CVD).

https://doi.org/10.1016/j.cell.2006.02.017
https://doi.org/10.1126/science.1104816
https://doi.org/10.1016/j.clnu.2014.10.003
https://doi.org/10.1097/MCO.0000000000000266
https://doi.org/10.1016/j.cmet.2015.07.007
https://doi.org/10.1126/science.aac8469
https://doi.org/10.1371/journal.pone.0010667
https://doi.org/10.1371/journal.pone.0010667
https://doi.org/10.3402/mehd.v26.26050
https://doi.org/10.1186/s13073-016-0303-2
https://doi.org/10.1016/j.cmet.2015.07.026
https://doi.org/10.1074/jbc.M114.618249
https://doi.org/10.1053/j.ajkd.2015.09.027
https://doi.org/10.1113/EP085283
https://doi.org/10.1038/nature09922
https://doi.org/10.1681/ASN.2013080905
https://doi.org/10.1159/000186158
https://doi.org/10.1159/000186158
https://doi.org/10.1136/gut.32.7.754
https://doi.org/10.2215/CJN.04610510


206

Medeniyet Med J. 2019;34:200-7

Study. J Am Coll Cardiol. 1999;34:1975-81. [CrossRef]
20.	Goto T, Edén S, Nordenstam G, Sundh V, Svanborg-edén 

C, Mattsby-baltzer I. Endotoxin levels in sera of elderly 
individuals. Clin Diagn Lab Immunol. 1994;1:684-8.

21.	Sekirov I, Russell SL, Antunes LC, Finlay BB. Gut microbi-
ota in health and disease. Physiol Rev. 2010;90:859-904. 
[CrossRef]

22.	O’mahony SM, Clarke G, Borre YE, Dinan TG, Cryan JF. 
Serotonin, tryptophan metabolism and the brain-gut-
microbiome axis. Behav Brain Res. 2015;277:32-48. 
[CrossRef]

23.	Noel S, Martina-lingua MN, Bandapalle S, et al. Intes-
tinal microbiota-kidney cross talk in acute kidney in-
jury and chronic kidney disease. Nephron Clin Pract. 
2014;127:139-43. [CrossRef]

24.	Pluznick JL, Protzko RJ, Gevorgyan H, et al. Olfactory 
receptor responding to gut microbiota-derived signals 
plays a role in renin secretion and blood pressure regula-
tion. Proc Natl Acad Sci USA. 2013;110:4410-5. [Cross-
Ref]

25.	Jose PA, Raj D. Gut microbiota in hypertension. Curr Opin 
Nephrol Hypertens. 2015;24:403-9. [CrossRef]

26.	Diaz heijtz R. Fetal, neonatal, and infant microbiome: Per-
turbations and subsequent effects on brain development 
and behavior. Semin Fetal Neonatal Med. 2016;21:410-7. 
[CrossRef]

27.	Watts SW, Morrison SF, Davis RP, Barman SM. Seroto-
nin and blood pressure regulation. Pharmacol Rev. 
2012;64:359-88. [CrossRef]

28.	Ayme-Dietrich E, Marzak H, Lawson R, et al. Contribu-
tion of serotonin to cardiac remodeling associated with 
hypertensive diastolic ventricular dysfunction in rats. J 
Hypertens. 2015;33:2310-21. [CrossRef]

29.	Harris K, Kassis A, Major G, Chou CJ. Is the gut microbio-
ta a new factor contributing to obesity and its metabolic 
disorders?. J Obes. 2012;2012:879151. [CrossRef]

30.	Tilg H, Kaser A. Gut microbiome, obesity, and metabolic 
dysfunction. J Clin Invest. 2011;121:2126-32. [CrossRef]

31.	Xu T, Sheng Z, Yao L. Obesity-related glomerulopathy: 
pathogenesis, pathologic, clinical characteristics and tre-
atment. Front Med. 2017;11:340-8. [CrossRef]

32.	Yoshifuji A, Wakino S, Irie J, et al. Gut Lactobacillus pro-
tects against the progression of renal damage by modu-
lating the gut environment in rats. Nephrol Dial Trans-
plant. 2016;31:401-12. [CrossRef]

33.	Poesen R, Ramezani A, Claes K, et al. Associations of So-
luble CD14 and Endotoxin with Mortality, Cardiovascular 
Disease, and Progression of Kidney Disease among Pati-
ents with CKD. Clin J Am Soc Nephrol. 2015;10:1525-33. 
[CrossRef]

34.	Luche E, Cousin B, Garidou L, et al. Metabolic endoto-
xemia directly increases the proliferation of adipocyte 
precursors at the onset of metabolic diseases through a 
CD14-dependent mechanism. Mol Metab. 2013;2:281-
91. [CrossRef]

35.	Anders HJ, Andersen K, Stecher B. The intestinal microbi-
ota, a leaky gut, and abnormal immunity in kidney disea-
se. Kidney Int. 2013;83:1010-6. [CrossRef]

36.	Lau WL, Kalantar-zadeh K, Vaziri ND. The Gut as a Sour-
ce of Inflammation in Chronic Kidney Disease. Nephron. 
2015;130:92-8. [CrossRef]

37.	Vaziri ND, Dure-smith B, Miller R, Mirahmadi MK. Patho-
logy of gastrointestinal tract in chronic hemodialysis pa-
tients: an autopsy study of 78 cases. Am J Gastroenterol. 

1985;80:608-11.
38.	Vaziri ND, Yuan J, Rahimi A, Ni Z, Said H, Subramanian 

VS. Disintegration of colonic epithelial tight junction in 
uremia: a likely cause of CKD-associated inflammation. 
Nephrol Dial Transplant. 2012;27:2686-93. [CrossRef]

39.	Tarantino G. Gut microbiome, obesity-related comorbidi-
ties, and low-grade chronic inflammation. J Clin Endocri-
nol Metab. 2014;99:2343-6. [CrossRef]

40.	Stoll LL, Denning GM, Weintraub NL. Potential role of 
endotoxin as a proinflammatory mediator of atheroscle-
rosis. Arterioscler Thromb Vasc Biol. 2004;24:2227-36. 
[CrossRef]

41.	Viola J, Soehnlein O. Atherosclerosis - A matter of unre-
solved inflammation. Semin Immunol. 2015;27:184-93. 
[CrossRef]

42.	Oyama J, Blais C, Liu X, et al. Reduced myocardial 
ischemia-reperfusion injury in toll-like receptor 4-deficient 
mice. Circulation. 2004;109:784-9. [CrossRef]

43.	Pamukcu B, Lip GY, Shantsila E. The nuclear factor--kappa 
B pathway in atherosclerosis: a potential therapeutic tar-
get for atherothrombotic vascular disease. Thromb Res. 
2011;128:117-23. [CrossRef]

44.	Yu XH, Zheng XL, Tang CK. Nuclear Factor-κB Activati-
on as a Pathological Mechanism of Lipid Metabolism and 
Atherosclerosis. Adv Clin Chem. 2015;70:1-30. [Cross-
Ref]

45.	Ortiz S, Zapater P, Estrada JL, et al. Bacterial DNA trans-
location holds increased insulin resistance and systemic 
inflammatory levels in morbid obese patients. J Clin En-
docrinol Metab. 2014;99:2575-83. [CrossRef]

46.	Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mar-
dis ER, Gordon JI. An obesity-associated gut microbio-
me with increased capacity for energy harvest. Nature. 
2006;444:1027-31. [CrossRef]

47.	Jumpertz R, Le DS, Turnbaugh PJ, et al. Energy-balance 
studies reveal associations between gut microbes, caloric 
load, and nutrient absorption in humans. Am J Clin Nutr. 
2011;94:58-65. [CrossRef]

48.	Koleva PT, Bridgman SL, Kozyrskyj AL. The infant gut 
microbiome: evidence for obesity risk and dietary inter-
vention. Nutrients. 2015;7:2237-60. [CrossRef]

49.	Cani PD, Neyrinck AM, Fava F, et al. Selective increases 
of bifidobacteria in gut microflora improve high-fat-diet-
induced diabetes in mice through a mechanism associa-
ted with endotoxaemia. Diabetologia. 2007;50:2374-83. 
[CrossRef]

50.	Vrieze A, Van nood E, Holleman F, et al. Transfer of intes-
tinal microbiota from lean donors increases insulin sensi-
tivity in individuals with metabolic syndrome. Gastroen-
terology. 2012;143:913-6.e7. [CrossRef]

51.	He C, Shan Y, Song W. Targeting gut microbiota as a 
possible therapy for diabetes. Nutr Res. 2015;35:361-7. 
[CrossRef]

52.	Van olden C, Groen AK, Nieuwdorp M. Role of Intestinal 
Microbiome in Lipid and Glucose Metabolism in Diabetes 
Mellitus. Clin Ther. 2015;37:1172-7. [CrossRef]

53.	Devaraj S, Hemarajata P, Versalovic J. The human gut mic-
robiome and body metabolism: implications for obesity 
and diabetes. Clin Chem. 2013;59:617-28. [CrossRef]

54.	Perry RJ, Peng L, Barry NA, et al. Acetate mediates a 
microbiome-brain-β-cell axis to promote metabolic 
syndrome. Nature. 2016;534:213-7. [CrossRef]

55.	Wang X, Xu X, Xia Y. Further analysis reveals new gut 
microbiome markers of type 2 diabetes mellitus. Antonie 

https://doi.org/10.1016/S0735-1097(99)00448-9
https://doi.org/10.1152/physrev.00045.2009
https://doi.org/10.1016/j.bbr.2014.07.027
https://doi.org/10.1159/000363209
https://doi.org/10.1073/pnas.1215927110
https://doi.org/10.1073/pnas.1215927110
https://doi.org/10.1097/MNH.0000000000000149
https://doi.org/10.1016/j.siny.2016.04.012
https://doi.org/10.1124/pr.111.004697
https://doi.org/10.1097/HJH.0000000000000695
https://doi.org/10.1155/2012/879151
https://doi.org/10.1172/JCI58109
https://doi.org/10.1007/s11684-017-0570-3
https://doi.org/10.1093/ndt/gfv353
https://doi.org/10.2215/CJN.03100315
https://doi.org/10.1016/j.molmet.2013.06.005
https://doi.org/10.1038/ki.2012.440
https://doi.org/10.1159/000381990
https://doi.org/10.1093/ndt/gfr624
https://doi.org/10.1210/jc.2014-2074
https://doi.org/10.1161/01.ATV.0000147534.69062.dc
https://doi.org/10.1016/j.smim.2015.03.013
https://doi.org/10.1161/01.CIR.0000112575.66565.84
https://doi.org/10.1016/j.thromres.2011.03.025
https://doi.org/10.1016/bs.acc.2015.03.004
https://doi.org/10.1016/bs.acc.2015.03.004
https://doi.org/10.1210/jc.2013-4483
https://doi.org/10.1038/nature05414
https://doi.org/10.3945/ajcn.110.010132
https://doi.org/10.3390/nu7042237
https://doi.org/10.1007/s00125-007-0791-0
https://doi.org/10.1053/j.gastro.2012.06.031
https://doi.org/10.1016/j.nutres.2015.03.002
https://doi.org/10.1016/j.clinthera.2015.03.008
https://doi.org/10.1373/clinchem.2012.187617
https://doi.org/10.1038/nature18309


207

S. Unlu et al. The Role of Microbiota in the Development and Progression of Chronic Kidney Disease

Van Leeuwenhoek. 2017;110:445-53. [CrossRef]
56.	Vrieze A, Van nood E, Holleman F, et al. Transfer of intes-

tinal microbiota from lean donors increases insulin sensi-
tivity in individuals with metabolic syndrome. Gastroen-
terology. 2012;143:913-6.e7. [CrossRef]

57.	Giongo A, Gano KA, Crabb DB, et al. Toward defining 
the autoimmune microbiome for type 1 diabetes. ISME J. 
2011;5:82-91. [CrossRef]

58.	Taplin CE, Barker JM. Autoantibodies in type 1 diabetes. 
Autoimmunity. 2008;41:11-8. [CrossRef]

59.	De goffau MC, Luopajärvi K, Knip M, et al. Fecal microbi-
ota composition differs between children with β-cell au-
toimmunity and those without. Diabetes. 2013;62:1238-
44. [CrossRef]

60.	Alkanani AK, Hara N, Gottlieb PA, et al. Alterations in In-
testinal Microbiota Correlate With Susceptibility to Type 
1 Diabetes. Diabetes. 2015;64:3510-20. [CrossRef]

https://doi.org/10.1007/s10482-016-0805-3
https://doi.org/10.1053/j.gastro.2012.06.031
https://doi.org/10.1038/ismej.2010.92
https://doi.org/10.1080/08916930701619169
https://doi.org/10.2337/db12-0526
https://doi.org/10.2337/db14-1847

