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ABSTRACT

Patients with chronic kidney disease ( CKD) suffer from marked cardiovascular morbidity and mortality, so lowering the 
cardiovascular risk is paramount to improve quality of life and survival in CKD. Manifold mechanisms are hold 
accountable for the development of cardiovascular disease ( CVD) , and recently inflammation arose as novel risk factor 
significantly contributing to progression of CVD. While the gut microbiome was identified as key regulator of immunity 
and inflammation in several disease, CKD-related microbiome-immune interaction gains increasing importance. Here, 
we summarize the latest knowledge on microbiome dysbiosis in CKD, subsequent changes in bacterial and host 
metabolism and how this drives inflammation and CVD in CKD. Moreover, we outline potential therapeutic targets along 
the gut-immune-cardiovascular axis that could aid the combat of CVD development and high mortality in CKD. 
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CKD, who are lacking traditional cardiovascular risk factors, are 
affected by CVD [5 , 6 ] similarly composing the leading cause of 
death in children on dialysis [7 –10 ]. 

Patients with CKD exhibit a distinct cardiovascular pheno- 
type and frequently suffer from left ventricular hypertrophy 
with myocardial fibrosis and impaired contractility, capillary 
rarefication, endothelial dysfunction, arterial media thickening 
and calcification and consequently increased arterial stiff- 
ness and atherosclerosis ( Fig. 1 ) [2 , 11 ]. Alterations in calcium 

and phosphate metabolism, sodium and volume overload, 
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ARDIOVASCULAR DISEASE IN CHRONIC
IDNEY DISEASE

atients with CKD suffer from markedly decreased life ex- 
ectancy, mainly driven by cardiovascular events, with 10–
0-fold higher cardiovascular mortality than in the general
opulation [1 , 2 ]. Underlying causes of CKD, i.e. hypertension
nd diabetes, may contribute to the marked cardiovascular
henotype in CKD, but recent meta-analyses indicated CKD
s an independent risk factor for cardiovascular disease ( CVD)

2 –4 ]. In line with these findings, children and adolescents with

eceived: 2.8.2023; Editorial decision: 11.12.2023

The Author(s) 2023. Published by Oxford University Press on behalf of the ERA. This is an Open Access article distributed under the terms of the
reative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/) , which permits unrestricted reuse, distribution, and reproduction 
n any medium, provided the original work is properly cited. 

1 

https://academic.oup.com/
https:/doi.org/10.1093/ckj/sfad303
https://orcid.org/0000-0002-6841-4192
https://orcid.org/0000-0003-4288-3828
https://orcid.org/0000-0003-3189-5364
https://orcid.org/0000-0001-8032-4096
mailto:johannes-benjamin.holle@charite.de
https://creativecommons.org/licenses/by/4.0/


2 F. Behrens et al.

uremia
inflammation

Ca2+/PO4
3- metabolism

comorbidities

volume overload
acidosis
anemia

arterial media thickening

endothelial dysfunction

myocardial hypertrophy

capillary rarefication

myocardial fibrosis

CKD factors disease processes CVD manifestations

hypertension
RAAS activation

stroke

peripheral
artery disease

coronary
heart disease
heart failure
atrial fibrillation

arterial calcification

Figure 1: Cardiovascular disease in chronic kidney disease ( CKD) . Flowchart depicting CKD-related factors driving cardiovascular disease ( CVD) processes that lead to
a high frequency of CVD manifestations in CKD. Comorbidities refer to common conditions that coincide with CKD and also drive CVD, i.e. diabetes and hypertension.
RAAS, renin–angiotensin–aldosterone system.

Table 1: Inflammation in chronic kidney disease ( CKD) . 

Immune compartment CKD-associated inflammatory changes 

Soluble ↑ IL-1 β, IL-6, TNF- α, TGF- β [19 –21 ] 
↑ hsCRP [19 ] 

Cellular ↑ total, non-classical and intermediate monocytes, ↓ classical monocytes [20 , 22 ] 
↓ T cells, reduced egression from the thymus ( ↓ CD31+ T cells) , increased apoptosis [23 –25 ] 
↓ Tregs, lower anti-inflammatory properties [20 , 24 , 26 ] 
↑ T cell memory differentiation and senescence [24 , 27 –29 ] 
↑ Th 17 cells [26 ] 
↑ IFN- γ and TNF- α production in T cells [24 ] 

Inflammatory changes found in patients with CKD are summarized and grouped by alterations in soluble molecules and immune cell abundance and function. hsCRP,

high-sensitivity C-reactive protein; IFN, interferon; IL, interleukin; TGF, transforming growth factor; Th 17, T helper 17 cells; TNF, tumor necrosis factor; Tregs, regulatory 
T cells.
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nflammation, anemia, uremia, sympathetic and renin–
ngiotensin–aldosterone system ( RAAS) overactivation, chronic 
cidosis and hemostatic abnormalities are all thought to be 
nvolved in CVD development [12 ]. Nonetheless, therapeutic 
trategies improving cardiovascular outcome in CKD were of 
imited success so far: RAAS and SGLT2 inhibitors showed grad- 
al success, but could not resolve the matter on their own [12 ].
ence, achieving an in-depth understanding of CVD pathology 
nd identifying new therapeutical targets remain important 
esearch areas. 

In this review, we summarize the growing body of knowl- 
dge on the interaction of gut microbiome dysbiosis with the 
nnate and adaptive immunity, promoting a chronic state of 
nflammation as a major risk factor for progression of CVD.
oreover, we outline novel therapeutic avenues fighting CVD 

ith interventions targeting the microbiome and inflammation.

NFLAMMATION IN CHRONIC KIDNEY
ISEASE AND ITS CONTRIBUTION TO
ARDIOVASCULAR MORBIDITY

he importance of inflammation in CVD progression was re- 
ently demonstrated by the CANTOS trial that showed marked 
eduction of cardiovascular events in patients with CKD that 
ad had myocardial infarction beforehand when treated with 
nterleukin ( IL) -1 β antibody canakinumab. The biggest reduc- 
ion in cardiovascular events was observed when inflammation 
as successfully reduced by canakinumab [high-sensitivity C- 
eactive protein ( hsCRP) < 2 mg/L] highlighting the potential of 
educing inflammation as a promising therapeutic strategy [13 ].
IL-1 β composes one of the key cytokines released by 
ro-inflammatory macrophages [14 ] and while its concentra- 
ions increase in CKD, this is merely the only systemic pro- 
nflammatory change in CKD [15 ]. Patients with CKD frequently 
xhibit a phenotype of microinflammation as illustrated by up- 
egulation of multiple pro-inflammatory cytokines and markers 
f inflammation in CKD, including IL-1 β, IL-6, tumor necrosis 
actor ( TNF) - α, transforming growth factor ( TGF) - β, and hsCRP 
 Table 1 ) [15 –17 ]. The cellular immune system is characterized 
y an association of monocyte counts with CKD development 
nd progression, and monocyte subpopulations are skewed to- 
ards more non-classical and intermediate monocytes in CKD 

16 , 18 ]. T cells occur in lower numbers in CKD most likely due
o decreased production and increased apoptosis [19 –21 ] and 
how a pro-inflammatory pattern with decreased regulatory T 
ells ( Tregs) with lower anti-inflammatory properties [16 , 20 , 22 ] 
nd increased T-cell memory differentiation and senescence 
20 , 23 –25 ]. Pro-inflammatory T helper 17 ( Th 17) cells were 
ncreased in CKD, and CD4+ and CD8+ T cells produced more 
ro-inflammatory cytokines, i.e. TNF- α and interferon ( IFN) - γ
20 , 22 ]. Pro-inflammatory changes in the T-cell phenotype 
orrelated with markers of inflammation in CKD, specifically,
regs correlated inversely and T h 17 cells positively with hsCRP 
nd IL-6 levels [22 ]. 

While CANTOS undoubtedly showed the relevance of 
L-1 β in CVD pathology in CKD IL-6, monocytes, monocyte-to- 
ymphocyte ratio, differentiated pro-inflammatory CD4+ CD28−

 cells, T h 17 cells and inversely Tregs also correlate with car- 
iovascular events and mortality in CKD pinpointing towards a 
lobal role of the many facets of CKD-induced inflammation in 
VD pathophysiology [17 , 22 , 26 , 27 ]. 
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Reasons for inflammation in CKD are still not fully eluci-
ated, but an increasing body of research indicates premature 
ging, modification of lipoproteins, oxidative stress, RAAS 
ctivation, dysregulated calcium phosphate–metabolism and,
astly, microbiome dysbiosis as driving factors [28 ]. Notwith- 
tanding, the relevance of inflammation not only for CVD but
lso CKD progression was illustrated in the CRIC study where
L-1 β, IL-6, and TNF- α associated with CKD progression [29 ]
inpointing towards a vicious cycle of inflammation and CKD 

ropelling each other. In recent years, significant technical 
nd methodological advances have especially promoted our 
nowledge on the impact of the microbiome on inflammation,
ielding the conclusion that the microbiome is a key regulator
f host immunity enabled by interaction between microbiota,
icrobiota-derived metabolites, and molecules on the one 
and and the host mucosa, mucosa-associated, and systemic 
mmune cells on the other hand [30 , 31 ]. Here, we summarize
he current state of knowledge on microbiome dysbiosis in CKD
nd subsequent alterations in microbial metabolism and its 
ystemic relevance for inflammation and CVD that remains the 
ain cause of death in patients with CKD. 

ICROBIOME DYSBIOSIS IN CHRONIC KIDNEY
ISEASE

nder physiological conditions, microbiota contribute to 
omeostasis in many body functions, including immune 
omeostasis, which led to the established term ‘symbiosis’ 
31 ]. In contrast, detrimental microbiota composition and 
icrobiome effects on the host were lately termed ‘dysbiosis’

32 ]. Gut microbiome dysbiosis in patients with CKD was first
escribed by Vaziri et al. in 2013 [33 ] and ever since a growing
ody of work using 16S rDNA sequencing and shotgun metage- 
omic sequencing supplemented these first data. These studies 
ighlighted marked changes in the taxonomic composition of 
he microbiome of patients with CKD [16 , 34 , 35 ]. Expansion
f pathobionts ( commensal bacteria usually present at low 

bundance but with detrimental effects when outgrowing other 
ommensals) , loss of commensal bacteria ( and their beneficial 
etabolites and protective effects against infection) and as a 
onsequence loss of microbiota diversity are key features of 
ysbiosis in several diseases [36 ]. When looking at the CKD
icrobiome, all of these key features can be observed: changes

n microbiota composition with ( i) reduced α-diversity; ( ii) 
utgrowth of Enterobacteriaceae as paradigmatic example of 
athobiont expansion; and ( iii) loss of commensals illustrated 
y reduced Firmicutes abundance on phylum level [16 , 33 –35 ,
7 –40 ]. The reasons for dysbiosis in CKD are not entirely un-
overed, yet multiple factors are anticipated to contribute to 
ysbiosis and proteolytic fermentation in CKD including low 

ber diet, muscle wasting, drug intake, uremia and constipation 
41 ]. However, drawing conclusions from these data remains 
hallenging due to the many bacterial phyla affected and 
onflicting findings that are most likely explained by the high
nter-personal variability of the microbiome, especially when 
onsidering study populations from different regions. Hence,
t is questionable if discoveries on differential abundance of a
ingle bacterial species actually confer sufficient applicability to 
atients with CKD in other regions as the one studied. Whether
hanges in microbiota composition are harmful is largely 
ependent on their compound effect on the host, including 
eatures like fermentation pattern and metabolic capacity. 
OW NUTRITION, MICROBIOME DYSBIOSIS
ND LEAKY GUT CONTRIBUTE TO UREMIC
OXIN ACCUMULATION

 drastic change from saccharolytic to proteolytic fermentation
as illustrated by differential abundance of typical bacterial
enera: increases of proteolytic bacteria such as Fusobacterium
nd Citrobacter [16 , 34 , 38 ] and decreases of saccharolytic bacte-
ia like Bifidobacterium and Roseburia [16 , 35 , 38 , 40 ]. Regardless
f cause, a shift from saccharolytic to proteolytic fermenta-
ion entails higher concentrations of proteolytic metabolites,
.e. branched-chain fatty acids, ammonia, amines, phenols
nd indoles, most of which are considered detrimental, and
ower concentrations of saccharolytic end products, mainly
CFAs [42 ]. Metabolomic analyses identified multiple path-
ays of microbially derived metabolites to be changed in
KD, including an accumulation of indoles [prototype: indoxyl
ulfate ( IS) ], kynurenines ( both tryptophan-derived) , cresols 
mainly tyrosine-derived, prototype: p-cresyl sulfate ( PCS) ] and 
rimethylamine N-oxide ( TMAO; choline-/carnitine-derived) 
nd decreased SCFA concentrations [16 , 43 –45 ]. In a landmark
tudy, Wang et al. could show clear associations of altered micro-
ial metabolic functions with the fecal and serum metabolome:
he microbial abundance of processes of aromatic amino acid
egradation, bile acid metabolism, and SCFA synthesis were
learly associated with fecal and serum concentrations of
he respective metabolites [38 ]. This could be mechanistically
onfirmed by fecal microbiota transfer ( FMT) from patients 
ith CKD to subtotally nephrectomized rodents which caused
levated IS and PCS levels when compared with rodents with
KD receiving healthy microbiome [38 ]. In CKD, multiple fac-
ors subsequently aggravate the metabolite imbalance and its
ystemic consequences in CKD. 

utrition 

nitially, saccharolytic and proteolytic fermentation were 
iscovered as a consequence of different dietary regimens:
lant-based diet induces saccharolytic fermentation and an- 
mal products proteolytic fermentation [46 ]. Low-fiber diet
as traditionally used to limit potassium intake in CKD but is

ncreasingly recognized as a risk factor for dysbiosis, promot-
ng a shift from saccharolytic to proteolytic fermentation by
irect induction of proteolytic bacteria via increased substrate
vailability [41 , 47 ]. Moreover, indirect mechanisms includ-
ng posttranslational modification of bacterial enzymes can 
ggravate the metabolic imbalance, like modification of trypto-
hanase by sulfur-containing amino acids increasing microbial 
ndole production and subsequently worsening kidney function 
48 ]. Due to the association of CKD with lifestyle-associated
iseases it is also conceivable that other effects observed in
he classic western diet can be applied to CKD, i.e. detrimental
ffects of high salt intake that was shown to drive dysbiosis
nd lower production of the anti-inflammatory tryptophan 
etabolite indole-3-lactic acid ( ILA) by decreasing Lactobacillus 
bundance [49 ]. Albeit diet is still considered the most impor-
ant influence on the microbial fermentation and subsequent
etabolite concentrations, a growing body of evidence indi-
ates that baseline microbiome composition, host metabolism 

nd other host factors like sex may largely influence the
icrobiome’s compositional and metabolomic response to 
utrition [50 ]. 
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eaky gut 

ith regard to systemic effects of microbial metabolites, close 
ttention should be paid to the local homeostasis of the in- 
estinal mucosa and concomitant changes to intestinal barrier 
unction. SCFAs were shown to be one of the key players in 
aintaining intact epithelial barrier, hence proposing that low 

CFA levels could induce impaired intestinal barrier function 
 leaky gut) in CKD [42 , 51 ] which is likely aggravated by high 
rea concentrations that were also shown to induce leaky 
ut [52 ]. Subsequently, more metabolites cross the normally 
ightly regulated intestinal epithelial barrier, contributing to 
igher systemic concentrations. Moreover, larger molecules 
hat are physiologically not able to pass the intestinal barrier,
.e. bacterial endotoxins like lipopolysaccharide ( LPS) , are now
ble to enter the systemic circulation [42 ]. Indeed, plasma
iomarkers markers of leaky gut were shown to be elevated in
KD, in particular zonulin [53 ] and soluble CD14 [16 ]. Circulating
onulin is a common biomarker of leaky gut and locally induces
oss of epithelial tight junctions, hence actively contributing
o epithelial permeability [54 ]. Soluble CD14 is a marker of
onocyte activation, frequently released upon LPS stimulus

55 ] that correlates with LPS concentrations in vivo [56 ]; thus, its
igher concentrations in patients with CKD indicate leaky gut .

ecreased urinary excretion 

oreover, for the effects of microbial metabolites, CKD’s main 
haracteristic, decreased kidney function, also plays a decisive 
ole and systemic concentrations of specific microbial metabo- 
ites are further elevated due to limited excretion by the kidneys 
s depicted by Gryp et al. who reported that plasma levels of in- 
oles and cresols are primarily dependent on kidney function 
57 ]. Indeed, multiple substances that are now considered mi- 
robial metabolites were first discovered in CKD as uremic toxins 
nd their high concentrations were expected to be caused sim- 
ly by reduced excretion through the kidneys, prominently IS 
nd PCS as prototypic uremic toxins [58 , 59 ]. However, Wang et al.
emonstrated a mechanistic link between microbial production 
nd the increased concentrations of proteolytic fermentation 
roducts in patients with CKD. Transferring fecal microbiota 
rom patients with CKD into rodents led to increased systemic 
etabolite levels compared to transfers from healthy controls 

37 ]. These findings lead to the conclusion that microbial produc- 
ion plays a significant role for the accumulation of metabolites 
n CKD. Lastly, the reduction of saccharolytic bacterial metabo- 
ites ( SCFAs) in CKD cannot be attributed to kidney function 
nd supports the important role of the altered gut microbial 
etabolism for bacterial metabolite concentrations in CKD. 

LTERED MICROBIAL METABOLISM DRIVES
NFLAMMATION IN CHRONIC KIDNEY
ISEASE

ith regard to the impact of altered microbial metabolism on 
ost immunity in CKD, direct effects on immune cells must be 
eparated from indirect effects that mainly include effects on 
he local homeostasis of the intestinal mucosa. Considering 
he latter, the aforementioned leaky gut phenotype may drive 
onocyte activation via elevated systemic LPS concentrations 

42 ]. Such effects may also be aggravated by increased microbial 
PS production due to the shift towards more Proteobacteria 
nd higher immunogenicity of Proteobacteria-derived LPS 
hen compared to other subforms [60 ]. Direct effects of the 
icrobiome on immune cells are mainly driven by systemic 
ccumulation of microbial metabolites as depicted in the 
ollowing paragraphs. 

mino acid-derived metabolites 

ultiple circulating microbial metabolites with altered abun- 
ance in CKD have a profound impact on immunity and inflam- 
ation. Of tryptophan metabolites altered in CKD, the broadest 
nowledge on metabolite-immune interaction is present for IS 
hat triggered pro-inflammatory cytokine release from mono- 
ytes/macrophages [TNF- α, IL-1 β, IL-6, monocyte chemotactic 
rotein 1 ( MCP1) ] and induced reactive oxygen species ( ROS) for 
hich different mechanisms were described, including activa- 
ion of the aryl hydrocarbon receptor ( AhR) , induction of Notch 
nd yes-associated protein ( YAP) signalling, and β-catenin 
nhibition [61 –63 ]. In endothelial and vascular smooth muscle 
ells ( VSMCs) IS increased IL-6 release in via AhR and NF- κB 
 nuclear factor kappa-light-chain-enhancer of activated B cells) 
ctivation [64 ] which could be confirmed on tissue level in aortas 
f CKD rats exposed to additional high IS concentrations that 
howed an activation of inflammatory pathways as compared 
o CKD rats without additional IS [65 ]. In tubular epithelial cells
S induced a signal transducer and activator of transcription 
( STAT3) -mediated pro-inflammatory ( MCP1) and pro-fibrotic 

esponse [TGF- β, alpha smooth muscle actin ( α-SMA) ] [66 ] while 
dipocytes produced more ROS upon IS stimulus, leading to 
ncreased TNF- α and IL-6 [67 ]. In addition, IS has deleterious 
ffects on CD4+ T cells, namely apoptosis induction and re- 
uced proliferation, a phenotype that matches observations of 
educed total T-cell and Treg counts in patients with CKD [68 ]. 

Uremic toxin PCS, being a tyrosine-/phenylalanine-derived 
icrobial metabolite rather than tryptophan-derived, seems to 
onfer similar pro-inflammatory effects like IS according to a 
maller number of studies: PCS also induced aortic inflamma- 
ion [65 ] and CD4+ T-cell apoptosis and reduced proliferation 
aired with mitochondrial dysfunction in these cells [68 ]. 
Apart from IS, tryptophan metabolite ILA also showed sig- 

ificant interaction with inflammatory processes, and despite 
eing increased in CKD [16 ] had anti-inflammatory effects,
ndicating that products of accelerated indole pathway do not 
nly have harmful effects but may in part actually be beneficial 
s already reviewed by Vanholder et al . previously [69 ]. In partic-
lar, ILA was shown to block Th 17 differentiation [49 ] and inhibit
nflammatory responses in macrophages ( NF- κB inhibition) and 
ntestinal epithelial cells/intestinal organoids upon LPS/IL-1 β
xposure ( decreased IL-8 release) [70 , 71 ]. The latter effects were 
ediated by AhR induction, highlighting that AhR signalling 
ay have pleiotropic effects in CKD depending on cell type,

igand or tissue/experimental conditions with precise mecha- 
istics of contradictory AhR effects still undiscovered [72 ]. 

rimethylamine N-oxide 

holine-/carnitine-derived TMAO, that gained considerable 
ttention as a CVD biomarker in recent years, seems to have 
elatively specific pro-inflammatory effects limited to the vascu- 
ature. TMAO induced endothelial activation and inflammation 
ia endoplasmic reticulum ( ER) and mitochondrial stress as de- 
icted by transcriptomic profiles [73 ]. Moreover, TMAO elicited 
LRP3 inflammasome and NF- κB activation with subsequent IL- 
 β release in endothelial cells, VSMCs and mouse aortas [74 , 75 ].
n VSMCs, TMAO upregulated vascular cell adhesion molecule 



Gut-immune axis and cardiovascular risk in chronic kidney disease 5

1
v

S

L  

a
c
a
[  

i  

a
p  

u  

t  

a
G
w  

i
s  

m
t
t
a
t  

c
[
C
t
t
t
c
A
m
a
k
t
c  

y  

a  

c  

I  

c  

r
l  

t  

t

G
C

T
b  

s  

S
i
q
w
a
a
o
d
o

low fiber,
high protein

cresols

TMA(O)

indoles

leaky gut
barrier

homeos-
tasis

symbiosis,
saccharolytic
fermentation

high fiber,
low protein

health

meta-
bolism

micro-
biome

intestinal
function

diet

CKD

dysbiosis,
proteolytic

fermentation

SCFAs

immunity
immune
homeos-

tasisTreg TEM

monocytes
cytokines

inflammation

vascular
function

vascular health
plaque

macrophage CVD

Figure 2: Gut-immune-cardiovascular axis in chronic kidney disease ( CKD) .

Changes in diet, gut microbiome and metabolism drive cardiovascular disease
( CVD) in CKD via dysregulation of intestinal function and inflammation. TEM , ef- 
fector memory T cell; TMA( O) , trimethylamine ( N-oxide) ; Treg , regulatory T cell.
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( VCAM-1) and thereby increased macrophage recruitment to 
ascular lesions [76 ]. 

hort-chain fatty acids 

astly, SCFAs, most relevantly acetate ( C2) , propionate ( C3) ,
nd butyrate ( C4) , have well-described effects on immune 
ells and inflammation. Most commonly known, SCFAs confer 
nti-inflammatory, homeostatic effects by induction of Tregs 
77 , 78 ]. This is supplemented by reduced production of pro-
nflammatory IL-17 in γ δ T cells [79 ] and increased release of
nti-inflammatory IL-22 from CD4+ T cells and innate lym- 
hoid cells [80 ]. More recent studies also highlighted that reg-
latory B cells are similarly promoted by SCFAs [81 , 82 ], yet,
he effects on B cells were mediated by different mechanisms:
nti-inflammatory effects on T cells are likely mediated by 
PR41/43 activation and histone deacetylase inhibition [77 –80 ] 
hile B cells were influenced via metabolic changes and SCFA-

nduced increased microbial indole acetate production and sub- 
equent AhR activation in B cells [81 , 82 ]. While all of the above-
entioned SCFAs ( acetate, butyrate, propionate) contribute to 

hese anti-inflammatory effects, butyrate was recently proven 
o also promote immune surveillance via CD8+ cytotoxic T cells 
nd macrophages. Butyrate boosted CD8+ T-cell anti-tumor ac- 
ivity by promoting IL-12 signalling in mice and correlated with
hemotherapy response in patients with gastrointestinal cancer 
83 ]. Furthermore, butyrate increased the memory potential of 
D8+ T cells by changing their metabolic profile allowing long- 
erm survival via fatty acid-skewed metabolism [84 ]. Monocyte- 
o-macrophage differentiation in the presence of butyrate led 
o higher macrophage antimicrobial activity mediated by a cas- 
ade of altered metabolism with decreased glycolysis, increased 
MP levels, inhibited mTOR signalling and finally decreased 
acrophage autophagy and increased ROS production. Butyrate 
lso induced histone deacetylase inhibition in macrophages—as 
nown from T cells—increasing release of anti-microbial pro- 
eins like calprotectin. In mice, butyrate supplementation de- 
reased susceptibility to oral Salmonella and Citrobacter infection,
et, it remains unclear if this protective effect was solely medi-
ted via macrophages or whether beneficial effects on the mi-
robiome and T cells also contributed to alleviated infection [85 ].
n aggregate, lower SCFA levels in CKD likely dampen the benefi-
ial effects of SCFAs on the immune system, leading to reduced
egulatory immune function and impaired immune surveil- 
ance. Both features were indeed observed in CKD, as depicted by
he several aforementioned studies on Treg function in CKD and
he markedly increased susceptibility to infection in CKD [86 ]. 

UT–IMMUNE–CARDIOVASCULAR AXIS IN
HRONIC KIDNEY DISEASE

he previous chapters highlighted that inflammation, promoted 
y microbiome dysbiosis, is a common feature in CKD that as-
ociates with cardiovascular morbidity ( summarized in Fig. 2 ) .
upported by phenotypical overlaps in microbiome-immune 
nteractions ( e.g. dysbiosis leading to lower SCFAs and subse- 
uently decreased Treg induction) and associations of immunity 
ith CVD ( e.g. decreased Tregs associated with CVD) a mech- 
nistic link between the microbiome, immunity/inflammation 
nd CVD seems probable in CKD. The homeostatic importance 
f the microbiome-immune axis for cardiovascular health was 
emonstrated in mice lacking gut microbiome ( germ-free mice 
r antibiotic depletion) for chronic and acute cardiovascular 
onditions. Hypertensive organ damage in both heart and
idney was aggravated in germ-free mice associated with low
bundance of SCFAs leading to pro-inflammatory changes, i.e.
ncreased Th 17 differentiation [87 ]. After experimental my-
cardial infarction ( MI) , the microbiome was indispensable for 
esponse to injury and post-MI recovery via myeloid immune
esponse. Microbiome depletion led to a lack of SCFAs result-
ng in insufficient myeloid immune response, consequently 
ncreasing post-MI mortality [88 ]. 

In CKD, high fiber intake ( generally facilitating symbiosis 
nd consequently anti-inflammatory effects) associated with 
avorable cardiovascular outcome in cohort studies. Dietary 
rotein-to-fiber ratio correlated with cardiovascular morbidity 
89 ], and all-cause and cardiovascular mortality in CKD were
40% lower in the highest quintile of dietary fiber intake as
ompared to the lowest quintile [90 ]. In a recent preprint, high-
ber ( inulin) diet altered the microbiota in CKD rats increasing
ifidobacterium and Lactobacillus while decreasing Clostridiaceae 
nd Ruminococcaceae. This was accompanied by decreased 
evels of IS, PCS, and TMAO and attenuated aortic calcification,
eft ventricular hypertrophy and cardiac fibrosis markers ( TGF- 
) [91 ]. High fiber also induced increased SCFA levels alleviating
ypertension, cardiac hypertrophy and perivascular fibrosis via 
PR41, GPR43, and GPR109A activation in hypertensive mice [92 ].
On metabolite level, CKD-associated changes, namely in- 

reases in IS, TMAO, and PCS and decreases in SCFAs, markedly
romote CVD. IS correlated with carotid intima-media thick-
ess, left ventricular mass and worsening of pulse wave velocity
n children with CKD [93 ]. IS and PCS promoted vascular calci-
cation in mice via activation of inflammation and coagulation
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Figure 3: Microbiome-targeted therapy of cardiovascular disease ( CVD) . Dietary modifications, prebiotics and probiotics beneficially influence the microbiome and may
form promising candidates to tackle dysbiosis-driven inflammation and subsequent CVD in CKD. Postbiotics, such as short-chain fatty acids, supplement beneficial
microbial metabolites, likewise with positive effects on intestinal barrier function ( leaky gut) and inflammation. All microbiome-targeted therapeutic strategies aim
to improve inflammatory status and cardiovascular health, which is displayed schematically on the right.
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athways in vascular tissue [65 ]. IS-induced Notch signalling in 
acrophages was shown to be functionally involved in driving 
therosclerosis as Notch inhibition lowered IS-induced vascular 
henotype and IL-1 β expression in mice, which was translat- 
ble to CKD mice without additional IS supplementation where 
otch inhibition lowered aortic plaque size and brachiocephalic 
rtery stenosis [61 ]. 

TMAO clearly associated with CVD in cohort studies with 
MAO levels highly dependent on choline intake and pres- 
nce of choline-metabolizing bacteria in the microbiome 
94 ]. High-choline diet induced atherosclerosis in mice in a 
icrobiome-dependent manner via TMAO-dependent inhibi- 

ion of reverse cholesterol transport in macrophages [95 , 96 ] 
nd monocyte/macrophage-derived osteopontin [97 ]. In the 
asculature, TMAO directly promoted vascular cell adhesion 
olecule 1 ( VCAM-1) upregulation in VSMCs, thereby increasing 
acrophage recruitment to vascular lesions [76 ]. TMAO also 

ed to osteogenic response in aortic valve interstitial cells via 
R and mitochondrial stress and subsequent NF- κB activation 
ausing increased aortic valve thickness in mice [98 ]. While 
one of these TMAO studies were performed specifically in 
atients with CKD/animal models, high TMAO levels and car- 
iovascular burden in CKD lend credence to the applicability of 
hese mechanisms to CKD. 

SCFAs exhibited considerable potential in ameliorating CVD 

n animal models of hypertension and atherosclerosis. Propi- 
nate had beneficial effects on all levels of the gut-immune- 
ardiovascular axis, including reduced dysbiosis ( increased 
-diversity and decreased proteobacteria) , leaky gut ( decreased 
lasma LPS) , systemic, vascular, and cardiac inflammation 
 decreased systemic TNF- α, IL-1 β, IL-6, and vascular and cardiac 
 cell and macrophage infiltration) , vascular calcification and 
ardiac remodeling ( LV hypertrophy and fibrosis) [99 , 100 ]. One 
f the studies could confirm that these effects are mediated 
o a large portion by promotion of Tregs through propionate 
100 ]. Low SCFA levels in CKD paired with associations of a pro- 
nflammatory T-cell phenotype with CVD in CKD and evidence 
hat ablation of T cells in CKD mice improves cardiac phenotype 
b
24 ] give rise to the idea that a cascade of dysbiosis, reduced
CFAs and, subsequently, a pro-inflammatory T-cell phenotype 
ould play a pivotal role in CKD-CVD. 

ARGETING MICROBIOME-DRIVEN
NFLAMMATION FOR CARDIOVASCULAR
ISEASE PREVENTION IN CHRONIC KIDNEY
ISEASE

esearch on microbiome-targeted and anti-inflammatory ther- 
peutic approaches in CVD gained traction in recent years.
he microbiome can be targeted by dietary interventions like 
igh-fiber diet and different -biotics designed to have bene- 
cial effects on the host, which include prebiotics ( nonviable 
limentary substances modulating the microbiome) [101 ],
robiotics ( live microorganisms) [102 ], postbiotics ( bacterial 
etabolic products) [103 ], and synbiotics ( combination of pre- 
nd probiotics) ( Fig. 3 ) [104 ]. As outlined above, high-fiber diet is 
eneficial for cardiovascular health, yet, its efficacy as a thera- 
eutical option in CKD remains to be tested, but a randomized 
ontrolled trial is under way analysing the influence of high- 
ber diet on microbiome, inflammation, and uremic solutes in 
KD [105 ]. Notwithstanding, in case of favorable results further 
rials with bigger cohorts, longer duration and cardiovascular 
ndpoints are needed. Probiotics also seem a promising ap- 
roach to lower CVD burden in CKD as probiotic intake was 
ssociated with lower inflammation in patients with CKD [106 ].
actobacillus improved kidney function and fibrosis in CKD mice 
107 ], and, even though its cardiovascular effects have not been 
hown in CKD yet, it improved post-MI cardiac function in mice,
ikely via increases in SCFAs [88 ]. Akkermansia might be another 
romising candidate to test in CKD after being shown to alleviate 
nflammation and vascular calcification via increases in SCFAs 
n atherosclerotic rats [99 ]. The mediating effect of SCFAs and 
he aforementioned beneficial effects on cardiovascular health 
ead to the assumption that SCFA postbiotic supplementation 
ould also form a promising approach in CKD that remains to 
e tested. While all these approaches try to improve dysbiosis or 
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imic features of beneficial microbiota, they remain relatively 
ircumscribed. FMT may form a more holistic approach but de-
pite successful use for treatment of antibiotic-resistant Clostrid- 
oides difficile infection, guidelines for safe and effective proce- 
ure, donor selection, and recipient requirements are still lack- 
ng [108 ]. Patients with high susceptibility to infection and leaky
ut —both applicable to advanced CKD—may particularly be at 
isk after FMT. Of note, FMT induced tolerance in patients with
raft-versus-host disease after allogenic stem cell transplanta- 
ion most likely via increased Treg levels, highlighting the great
otential of FMT, but the low number of patients studied war-
ants the evaluation of potential risks at a larger scale [109 , 110 ].

The efficacy of anti-inflammatory therapy to lower CVD bur- 
en in CKD was demonstrated by the CANTOS trial. However,
anakinumab could not reduce CVD to the general popu- 
ation level, and hence, studies on other anti-inflammatory 
reatment approaches may result in more effective strategies.
urrent studies in patients with CVD, but not specifically 
KD, include treatment with anti-inflammatory low-dose IL-2 
n patients with coronary artery disease analysing vascular 
nflammation and immune phenotype ( IVORY trial) [111 , 112 ].
nti-inflammatory treatment with either cytokine or antibody 
dministration imply a high cost at the current state and the
ubcutaneous administration route may limit patient adher- 
nce in comparison to oral administration of -biotics. While 
he latter may be addressed by use of small molecules instead
f cytokines/antibodies, the high cost of currently tested anti- 
nflammatory drugs is unquestionable and application to a large 
ortion of CVD patients would imply major costs for the health-
are system. Hence, economical aspects may favor -biotics 
nstead of anti-inflammatory treatment and one may also 
peculate if broader effects of -biotics might be more effective 
han one single cytokine; however, this will have to be clarified
n clinical trials. Moreover, it should be taken into account that
oth microbiome and inflammatory status are highly individual 
ven in diseased patients. Consequently, precise microbiota,
etabolomic, immune and inflammation profiling may confer 
otential to design therapeutic approaches in a more individual 
ashion—often referred to as personalized medicine—instead of 
one-fits-all’ concepts, ultimately increasing treatment efficacy 
hilst reducing potential side effects. 

ONCLUSIONS

 growing body of research examined the role of microbiome-
riven inflammation in CKD and led to the discovery of
ey features of microbiome dysbiosis, metabolic alterations 
nd subsequent inflammatory mechanisms driving CVD. It 
s becoming more and more clear that changes in the gut
icrobiome—culminating in dysbiosis—are an important 
river of inflammation in CKD. The present findings already 
ive rise to potential microbiome- and inflammation-related 
herapeutic targets that show high potential to actually lower 
nflammatory and subsequently CVD burden. Notwithstanding,
rom pharmaceutical development and subsequent clinical 
rials—with relevant cardiovascular readouts only achievable in 
ultiple years—to actual widespread use of such additive ther- 
py for patients with CKD, there is still a rocky road lying ahead.
eyond that, knowledge gaps on how dysbiosis actually devel- 
ps in CKD and how CKD affects the microbiome will have to
e filled in future studies. Such host effects on the microbiome
ay be mediated, amongst others, by the immune system as
epicted by Fatkhullina el al. showing a profound impact of
nti-inflammatory cytokines on the microbiome [97 ] while Tang 
t al. could demonstrate the significance of host disease for mi-
robiota composition in CVD models, specifically experimental 
I [88 ]. A limitation of current studies also lies in the potential

mpact of high volume yet heterogeneous drug intake on the
icrobiome in CKD as drug intake was shown to have a major

nfluence on the microbiome that might even exceed the effect
f the disease itself [113 ]. While microbiome effects on the host
n CKD are becoming increasingly clear, mechanisms of host-
o-microbiome communication and implications of drug intake 
emain largely elusive in CKD and will have to be considered in
uture research to pave the way towards specific microbiome-
nd inflammation-targeted therapeutics, combatting the high 
ardiovascular burden from which patients with CKD suffer. 

UNDING
ot applicable. 

UTHORS’ CONTRIBUTIONS
.B., H.B. and J.H. conceived the review. F.B. wrote the original
raft. F.B. and J.H. designed the figures. All authors reviewed and
dited the manuscript and approved its submission.

ONFLICT OF INTEREST STATEMENT
one declared. 

ATA AVAILABILITY STATEMENT
o new data were generated or analysed in support of this re-
earch. 

EFERENCES

. Jha V, Garcia-Garcia G, Iseki K et al. Chronic kidney disease:
global dimension and perspectives. Lancet 2013; 382 :260–72.
https://doi.org/10.1016/S0140-6736(13)60687-X

. Gansevoort RT, Correa-Rotter R, Hemmelgarn BR et al.
Chronic kidney disease and cardiovascular risk: epidemiol- 
ogy, mechanisms, and prevention. Lancet 2013; 382 :339–52.
https://doi.org/10.1016/S0140-6736(13)60595-4

. van der Velde M, Matsushita K, Coresh J et al. Lower esti-
mated glomerular filtration rate and higher albuminuria
are associated with all-cause and cardiovascular mortal- 
ity. A collaborative meta-analysis of high-risk population
cohorts. Kidney Int 2011; 79 :1341–52. https://doi.org/10.1038/
ki.2010.536

. Chronic Kidney Disease Prognosis Consortium, Matsushita
K, van der Velde M et al. Association of estimated glomeru-
lar filtration rate and albuminuria with all-cause and car-
diovascular mortality in general population cohorts: a col-
laborative meta-analysis. Lancet 2010; 375 :2073–81. https:
//doi.org/10.1016/S0140-6736(10)60674-5

. Goodman WG, Goldin J, Kuizon BD et al. Coronary-artery
calcification in young adults with end-stage renal disease
who are undergoing dialysis. N Engl J Med 2000; 342 :1478–83.
https://doi.org/10.1056/NEJM200005183422003

. Schaefer F, Doyon A, Azukaitis K et al. Cardiovascular
phenotypes in children with CKD: the 4C study. Clin J
Am Soc Nephrol 2017; 12 :19–28. https://doi.org/10.2215/CJN.
01090216

https://doi.org/10.1016/S0140-6736(13)60687-X
https://doi.org/10.1016/S0140-6736(13)60595-4
https://doi.org/10.1038/ki.2010.536
https://doi.org/10.1016/S0140-6736(10)60674-5
https://doi.org/10.1056/NEJM200005183422003
https://doi.org/10.2215/CJN.01090216


8 F. Behrens et al.

7

8

9

1

1

1

1

1

1

1

1

1

1

2

2

2

2  

2

2

2

2

2

2

3

3

3

3

3

3

3

3

3

. Oh J, Wunsch R, Turzer M et al. Advanced coronary and
carotid arteriopathy in young adults with childhood-onset
chronic renal failure. Circulation 2002; 106 :100–5. https://doi.
org/10.1161/01.cir.0000020222.63035.c0

. Groothoff JW, Gruppen MP, Offringa M et al. Mor- 
tality and causes of death of end-stage renal dis- 
ease in children: a Dutch cohort study. Kidney Int
2002; 61 :621–9. https://doi.org/10.1046/j.1523-1755.2002.
00156.x

. McDonald SP, Craig JC, Australian and New Zealand
Paediatric Nephrology Association. Long-term survival
of children with end-stage renal disease. N Engl J Med
2004; 350 :2654–62. https://doi.org/10.1056/NEJMoa031643

0. Mitsnefes MM. Cardiovascular disease in children with
chronic kidney disease. J Am Soc Nephrol 2012; 23 :578–85.
https://doi.org/10.1681/ASN.2011111115

1. Dusing P, Zietzer A, Goody PR et al. Vascular patholo- 
gies in chronic kidney disease: pathophysiological
mechanisms and novel therapeutic approaches. J
Mol Med ( Berl) 2021; 99 :335–48. https://doi.org/10.1007/
s00109-021-02037-7

2. Matsushita K, Ballew SH, Wang AY et al. Epidemiology and
risk of cardiovascular disease in populations with chronic
kidney disease. Nat Rev Nephrol 2022; 18 :696–707. https://
doi.org/10.1038/s41581-022-00616-6

3. Ridker PM, MacFadyen JG, Glynn RJ et al. Inhibition of
interleukin-1beta by Canakinumab and cardiovascular
outcomes in patients with chronic kidney disease. J Am Coll
Cardiol 2018; 71 :2405–14. https://doi.org/10.1016/j.jacc.2018.
03.490

4. Galozzi P, Bindoli S, Doria A et al. The revisited role
of interleukin-1 alpha and beta in autoimmune and in- 
flammatory disorders and in comorbidities. Autoimmun
Rev 2021; 20 :102785. https://doi.org/10.1016/j.autrev.2021.
102785

5. Gupta J, Mitra N, Kanetsky PA et al. Association between al- 
buminuria, kidney function, and inflammatory biomarker
profile in CKD in CRIC. Clin J Am Soc Nephrol 2012; 7 :1938–46.
https://doi.org/10.2215/CJN.03500412

6. Holle J, Bartolomaeus H, Lober U et al. Inflammation in chil- 
dren with CKD linked to gut dysbiosis and metabolite im- 
balance. J Am Soc Nephrol 2022; 33 :2259–75. https://doi.org/
10.1681/ASN.2022030378

7. Batra G, Ghukasyan Lakic T, Lindback J et al. Interleukin
6 and cardiovascular outcomes in patients with chronic
kidney disease and chronic coronary syndrome. JAMA
Cardiol 2021; 6 :1440–5. https://doi.org/10.1001/jamacardio.
2021.3079

8. Bowe B, Xie Y, Xian H et al. Association between mono- 
cyte count and risk of incident CKD and progression to
ESRD. Clin J Am Soc Nephrol 2017; 12 :603–13. https://doi.org/
10.2215/CJN.09710916

9. Xiong J, Qiao Y, Yu Z et al. T-lymphocyte subsets alteration,
infection and renal outcome in advanced chronic kidney
disease. Front Med ( Lausanne) 2021; 8 :742419. https://doi.org/
10.3389/fmed.2021.742419

0. Hartzell S, Bin S, Cantarelli C et al. Kidney failure associates
with T cell exhaustion and imbalanced follicular helper T
cells. Front Immunol 2020; 11 :583702. https://doi.org/10.3389/
fimmu.2020.583702

1. Betjes MG, Langerak AW, van der Spek A et al. Premature
aging of circulating T cells in patients with end-stage renal
disease. Kidney Int 2011; 80 :208–17. https://doi.org/10.1038/
ki.2011.110
2. Zhang J, Hua G, Zhang X et al. Regulatory T cells/T-helper
cell 17 functional imbalance in uraemic patients on main- 
tenance haemodialysis: a pivotal link between microin- 
flammation and adverse cardiovascular events. Nephrology
( Carlton) 2010; 15 :33–41. https://doi.org/10.1111/j.1440-1797.
2009.01172.x

3. George RP, Mehta AK, Perez SD et al. Premature T cell senes-
cence in pediatric CKD. J Am Soc Nephrol 2017; 28 :359–67.
https://doi.org/10.1681/ASN.2016010053

4. Winterberg PD, Robertson JM, Kelleman MS et al. T cells
play a causal role in diastolic dysfunction during uremic
cardiomyopathy. J Am Soc Nephrol 2019; 30 :407–20. https:
//doi.org/10.1681/ASN.2017101138

5. Yadav AK, Jha V. CD4 + CD28null cells are expanded and ex- 
hibit a cytolytic profile in end-stage renal disease patients
on peritoneal dialysis. Nephrol Dial Transplant 2011; 26 :1689–
94. https://doi.org/10.1093/ndt/gfr010

6. Oh ES, You Z, Nowak KL et al. Association of monocyte
count and monocyte/lymphocyte ratio with the risk of
cardiovascular outcomes in patients with CKD. Kidney360
2022; 3 :657–65. https://doi.org/10.34067/KID.0007922021

7. Betjes MG, de Wit EE, Weimar W et al. Circulating pro- 
inflammatory CD4posCD28null T cells are independently
associated with cardiovascular disease in ESRD patients.
Nephrol Dial Transplant 2010; 25 :3640–6. https://doi.org/10.
1093/ndt/gfq203

8. Speer T, Dimmeler S, Schunk SJ et al. Targeting innate
immunity-driven inflammation in CKD and cardiovascu- 
lar disease. Nat Rev Nephrol 2022; 18 :762–78. https://doi.org/
10.1038/s41581-022-00621-9

9. Amdur RL, Feldman HI, Gupta J et al. Inflammation and
progression of CKD: the CRIC study. Clin J Am Soc Nephrol
2016; 11 :1546–56. https://doi.org/10.2215/CJN.13121215

0. Zheng D, Liwinski T, Elinav E. Interaction between
microbiota and immunity in health and disease.
Cell Res 2020; 30 :492–506. https://doi.org/10.1038/
s41422-020-0332-7

1. Belkaid Y, Harrison OJ. Homeostatic immunity and the mi- 
crobiota. Immunity 2017; 46 :562–76. https://doi.org/10.1016/
j.immuni.2017.04.008

2. Weiss GA, Hennet T. Mechanisms and consequences of in- 
testinal dysbiosis. Cell Mol Life Sci 2017; 74 :2959–77. https:
//doi.org/10.1007/s00018-017-2509-x

3. Vaziri ND, Wong J, Pahl M et al. Chronic kidney disease
alters intestinal microbial flora. Kidney Int 2013; 83 :308–15.
https://doi.org/10.1038/ki.2012.345

4. Ren Z, Fan Y, Li A et al. Alterations of the Human gut
microbiome in chronic kidney disease. Adv Sci ( Weinh)
2020; 7 :2001936. https://doi.org/10.1002/advs.202001936

5. Wang H, Ainiwaer A, Song Y et al. Perturbed gut micro- 
biome and fecal and serum metabolomes are associated
with chronic kidney disease severity. Microbiome 2023; 11 :3.
https://doi.org/10.1186/s40168-022-01443-4

6. Levy M, Kolodziejczyk AA, Thaiss CA et al. Dysbiosis and the
immune system. Nat Rev Immunol 2017; 17 :219–32. https://
doi.org/10.1038/nri.2017.7

7. Li HB, Xu ML, Xu XD et al. Faecalibacterium prausnitzii
attenuates CKD via Butyrate-Renal GPR43 axis. Circ Res
2022; 131 :e120–34. https://doi.org/10.1161/CIRCRESAHA.
122.320184

8. Wang X, Yang S, Li S et al. Aberrant gut microbiota al- 
ters host metabolome and impacts renal failure in humans
and rodents. Gut 2020; 69 :2131–42. https://doi.org/10.1136/
gutjnl-2019-319766

https://doi.org/10.1161/01.cir.0000020222.63035.c0
https://doi.org/10.1046/j.1523-1755.2002.00156.x
https://doi.org/10.1056/NEJMoa031643
https://doi.org/10.1681/ASN.2011111115
https://doi.org/10.1007/s00109-021-02037-7
https://doi.org/10.1038/s41581-022-00616-6
https://doi.org/10.1016/j.jacc.2018.03.490
https://doi.org/10.1016/j.autrev.2021.102785
https://doi.org/10.2215/CJN.03500412
https://doi.org/10.1681/ASN.2022030378
https://doi.org/10.1001/jamacardio.2021.3079
https://doi.org/10.2215/CJN.09710916
https://doi.org/10.3389/fmed.2021.742419
https://doi.org/10.3389/fimmu.2020.583702
https://doi.org/10.1038/ki.2011.110
https://doi.org/10.1111/j.1440-1797.2009.01172.x
https://doi.org/10.1681/ASN.2016010053
https://doi.org/10.1681/ASN.2017101138
https://doi.org/10.1093/ndt/gfr010
https://doi.org/10.34067/KID.0007922021
https://doi.org/10.1093/ndt/gfq203
https://doi.org/10.1038/s41581-022-00621-9
https://doi.org/10.2215/CJN.13121215
https://doi.org/10.1038/s41422-020-0332-7
https://doi.org/10.1016/j.immuni.2017.04.008
https://doi.org/10.1007/s00018-017-2509-x
https://doi.org/10.1038/ki.2012.345
https://doi.org/10.1002/advs.202001936
https://doi.org/10.1186/s40168-022-01443-4
https://doi.org/10.1038/nri.2017.7
https://doi.org/10.1161/CIRCRESAHA.122.320184
https://doi.org/10.1136/gutjnl-2019-319766


Gut-immune axis and cardiovascular risk in chronic kidney disease 9

3  

4  

4

4

4

4  

4

4

4
 

4  

4

5

5

5

5  

5

5

5

5  

 

 

5

5  

6  

6  

 

6  

6  

6  

6  

6  

6

6

6

9. Zhou W, Wu WH, Si ZL et al. The gut microbe Bac-
teroides fragilis ameliorates renal fibrosis in mice. Nat
Commun 2022; 13 :6081. https://doi.org/10.1038/s41467-022-
33824-6

0. Sato N, Kakuta M, Hasegawa T et al. Metagenomic pro-
filing of gut microbiome in early chronic kidney disease.
Nephrol Dial Transplant 2021; 36 :1675–84. https://doi.org/10.
1093/ndt/gfaa122

1. Schlender J, Behrens F, McParland V et al. Bacterial metabo- 
lites and cardiovascular risk in children with chronic kid- 
ney disease. Mol Cell Pediatr 2021; 8 :17. https://doi.org/10.
1186/s40348-021-00126-8

2. Korpela K. Diet, microbiota, and metabolic health: trade-off
between saccharolytic and proteolytic fermentation. Annu
Rev Food Sci Technol 2018; 9 :65–84. https://doi.org/10.1146/
annurev-food-030117-012830

3. Holle J, Kirchner M, Okun J et al. Serum indoxyl sulfate
concentrations associate with progression of chronic kid- 
ney disease in children. PLoS One 2020; 15 :e0240446. https:
//doi.org/10.1371/journal.pone.0240446

4. Vanholder R, De Smet R, Glorieux G et al. Review on ure-
mic toxins: classification, concentration, and interindivid- 
ual variability. Kidney Int 2003; 63 :1934–43. https://doi.org/
10.1046/j.1523-1755.2003.00924.x

5. Stubbs JR, House JA, Ocque AJ et al. Serum trimethylamine-
N-oxide is elevated in CKD and correlates with coronary
atherosclerosis burden. J Am Soc Nephrol 2016; 27 :305–13.
https://doi.org/10.1681/ASN.2014111063

6. David LA, Maurice CF, Carmody RN et al. Diet rapidly and
reproducibly alters the human gut microbiome. Nature
2014; 505 :559–63. https://doi.org/10.1038/nature12820

7. Carrero JJ, Gonzalez-Ortiz A, Avesani CM et al. Plant-based
diets to manage the risks and complications of chronic kid-
ney disease. Nat Rev Nephrol 2020; 16 :525–42. https://doi.org/
10.1038/s41581-020-0297-2

8. Lobel L, Cao YG, Fenn K et al. Diet posttranslationally mod-
ifies the mouse gut microbial proteome to modulate renal
function. Science 2020; 369 :1518–24. https://doi.org/10.1126/
science.abb3763

9. Wilck N, Matus MG, Kearney SM et al. Salt-responsive gut
commensal modulates T( H) 17 axis and disease. Nature
2017; 551 :585–9. https://doi.org/10.1038/nature24628

0. Jardon KM, Canfora EE, Goossens GH et al. Dietary
macronutrients and the gut microbiome: a preci- 
sion nutrition approach to improve cardiometabolic
health. Gut 2022; 71 :1214–26. https://doi.org/10.1136/
gutjnl-2020-323715

1. Camilleri M. Leaky gut: mechanisms, measurement and
clinical implications in humans. Gut 2019; 68 :1516–26.
https://doi.org/10.1136/gutjnl-2019-318427

2. Lau WL, Kalantar-Zadeh K, Vaziri ND. The gut as a
source of inflammation in chronic kidney disease. Nephron
2015; 130 :92–8. https://doi.org/10.1159/000381990

3. Al-Obaide MAI, Singh R, Datta P et al. Gut microbiota-
dependent trimethylamine-N-oxide and serum biomark- 
ers in patients with T2DM and advanced CKD. J Clin Med
2017; 6 :86. https://doi.org/10.3390/jcm6090086

4. Seethaler B, Basrai M, Neyrinck AM et al. Biomarkers for
assessment of intestinal permeability in clinical practice.
Am J Physiol Gastrointest Liver Physiol 2021; 321 :G11–7. https:
//doi.org/10.1152/ajpgi.00113.2021

5. Landmann R, Knopf HP, Link S et al. Human monocyte
CD14 is upregulated by lipopolysaccharide. Infect Immun
1996; 64 :1762–9. https://doi.org/10.1128/iai.64.5.1762-1769.
1996

6. Brenchley JM, Price DA, Schacker TW et al. Microbial
translocation is a cause of systemic immune activation
in chronic HIV infection. Nat Med 2006; 12 :1365–71. https:
//doi.org/10.1038/nm1511

7. Gryp T, De Paepe K, Vanholder R et al. Gut microbiota gener-
ation of protein-bound uremic toxins and related metabo-
lites is not altered at different stages of chronic kidney dis-
ease. Kidney Int 2020; 97 :1230–42. https://doi.org/10.1016/j.
kint.2020.01.028

8. Niwa T. Indoxyl sulfate is a nephro-vascular toxin. J Ren
Nutr 2010; 20 :S2–6. https://doi.org/10.1053/j.jrn.2010.05.002

9. Mutsaers HA, Caetano-Pinto P, Seegers AE et al. Proxi-
mal tubular efflux transporters involved in renal excretion
of p-cresyl sulfate and p-cresyl glucuronide: implications
for chronic kidney disease pathophysiology. Toxicol In Vitro
2015; 29 :1868–77. https://doi.org/10.1016/j.tiv.2015.07.020

0. Vatanen T, Kostic AD, d’Hennezel E et al. Variation in micro-
biome LPS immunogenicity contributes to autoimmunity
in humans. Cell 2016; 165 :842–53. https://doi.org/10.1016/j.
cell.2016.04.007

1. Nakano T, Katsuki S, Chen M et al. Uremic toxin in-
doxyl sulfate promotes proinflammatory macrophage ac- 
tivation via the interplay of OATP2B1 and Dll4-notch sig-
naling. Circulation 2019; 139 :78–96. https://doi.org/10.1161/
CIRCULATIONAHA.118.034588

2. Ribeiro A, Liu F, Srebrzynski M et al. Uremic toxin in-
doxyl sulfate promotes macrophage-associated low-grade
inflammation and epithelial cell senescence. Int J Mol Sci
2023; 24 :8031. https://doi.org/10.3390/ijms24098031

3. Li Y, Yan J, Wang M et al. Uremic toxin indoxyl sul-
fate promotes proinflammatory macrophage activa- 
tion by regulation of beta-catenin and YAP pathways.
J Mol Histol 2021; 52 :197–205. https://doi.org/10.1007/
s10735-020-09936-y

4. Adelibieke Y, Yisireyili M, Ng HY et al. Indoxyl sulfate in-
duces IL-6 expression in vascular endothelial and smooth
muscle cells through OAT3-mediated uptake and acti- 
vation of AhR/NF-kappaB pathway. Nephron Exp Nephrol
2014; 128 :1–8. https://doi.org/10.1159/000365217

5. Opdebeeck B, Maudsley S, Azmi A et al. Indoxyl sul-
fate and p-cresyl sulfate promote vascular calcification
and associate with glucose intolerance. J Am Soc Nephrol
2019; 30 :751–66. https://doi.org/10.1681/ASN.2018060609

6. Shimizu H, Yisireyili M, Nishijima F et al. Stat3 con-
tributes to indoxyl sulfate-induced inflammatory
and fibrotic gene expression and cellular senescence.
Am J Nephrol 2012; 36 :184–9. https://doi.org/10.1159/
000341515

7. Stockler-Pinto MB, Saldanha JF, Yi D et al. The uremic toxin
indoxyl sulfate exacerbates reactive oxygen species pro- 
duction and inflammation in 3T3-L1 adipose cells. Free
Radic Res 2016; 50 :337–44. https://doi.org/10.3109/10715762.
2015.1125996

8. Ferrari B, Da Silva AC, Liu KH et al. Gut-derived bacterial
toxins impair memory CD4 + T cell mitochondrial function
in HIV-1 infection. J Clin Invest 2022; 132 . https://doi.org/10.
1172/JCI149571

9. Vanholder R, Nigam SK, Burtey S et al. What if not all
metabolites from the uremic toxin generating pathways
are toxic? A hypothesis. Toxins ( Basel) 2022; 14 :221. https:
//doi.org/10.3390/toxins14030221

https://doi.org/10.1038/s41467-022-33824-6
https://doi.org/10.1093/ndt/gfaa122
https://doi.org/10.1186/s40348-021-00126-8
https://doi.org/10.1146/annurev-food-030117-012830
https://doi.org/10.1371/journal.pone.0240446
https://doi.org/10.1046/j.1523-1755.2003.00924.x
https://doi.org/10.1681/ASN.2014111063
https://doi.org/10.1038/nature12820
https://doi.org/10.1038/s41581-020-0297-2
https://doi.org/10.1126/science.abb3763
https://doi.org/10.1038/nature24628
https://doi.org/10.1136/gutjnl-2020-323715
https://doi.org/10.1136/gutjnl-2019-318427
https://doi.org/10.1159/000381990
https://doi.org/10.3390/jcm6090086
https://doi.org/10.1152/ajpgi.00113.2021
https://doi.org/10.1128/iai.64.5.1762-1769.1996
https://doi.org/10.1038/nm1511
https://doi.org/10.1016/j.kint.2020.01.028
https://doi.org/10.1053/j.jrn.2010.05.002
https://doi.org/10.1016/j.tiv.2015.07.020
https://doi.org/10.1016/j.cell.2016.04.007
https://doi.org/10.1161/CIRCULATIONAHA.118.034588
https://doi.org/10.3390/ijms24098031
https://doi.org/10.1007/s10735-020-09936-y
https://doi.org/10.1159/000365217
https://doi.org/10.1681/ASN.2018060609
https://doi.org/10.1159/000341515
https://doi.org/10.3109/10715762.2015.1125996
https://doi.org/10.1172/JCI149571
https://doi.org/10.3390/toxins14030221


10 F. Behrens et al.

7

7

7

7

7

7

7

7

7

7

8

8

8

8

8

8

8

8

8

8

9

9

9

9

9

9

9

9

9

0. Meng D, Sommella E, Salviati E et al. Indole-3-lactic acid,
a metabolite of tryptophan, secreted by Bifidobacterium
longum subspecies infantis is anti-inflammatory in the
immature intestine. Pediatr Res 2020; 88 :209–17. https://doi.
org/10.1038/s41390-019-0740-x

1. Ehrlich AM, Pacheco AR, Henrick BM et al. Indole-3-lactic
acid associated with bifidobacterium-dominated micro- 
biota significantly decreases inflammation in intestinal
epithelial cells. BMC Microbiol 2020; 20 :357. https://doi.org/
10.1186/s12866-020-02023-y

2. Rothhammer V, Quintana FJ. The aryl hydrocarbon re- 
ceptor: an environmental sensor integrating immune
responses in health and disease. Nat Rev Immunol
2019; 19 :184–97. https://doi.org/10.1038/s41577-019-0125-8

3. Saaoud F, Liu L, Xu K et al. Aorta- and liver-generated
TMAO enhances trained immunity for increased inflam- 
mation via ER stress/mitochondrial ROS/glycolysis path- 
ways. JCI Insight 2023; 8 :1–22. https://doi.org/10.1172/jci.
insight.158183

4. Chen ML, Zhu XH, Ran L et al. Trimethylamine-N-oxide in- 
duces vascular inflammation by activating the NLRP3 in- 
flammasome through the SIRT3-SOD2-mtROS signalling
pathway. J Am Heart Assoc 2017; 6 . https://doi.org/10.1161/
JAHA.117.006347

5. Seldin MM, Meng Y, Qi H et al. Trimethylamine N- 
oxide promotes vascular inflammation through signalling
of mitogen-activated protein kinase and nuclear factor- 
kappaB. J Am Heart Assoc 2016; 5 :1–12. https://doi.org/10.
1161/JAHA.115.002767

6. Liu H, Jia K, Ren Z et al. PRMT5 critically mediates TMAO- 
induced inflammatory response in vascular smooth mus- 
cle cells. Cell Death Dis 2022; 13 :299. https://doi.org/10.1038/
s41419-022-04719-7

7. Smith PM, Howitt MR, Panikov N et al. The microbial
metabolites, short-chain fatty acids, regulate colonic treg
cell homeostasis. Science 2013; 341 :569–73. https://doi.org/
10.1126/science.1241165

8. Arpaia N, Campbell C, Fan X et al. Metabolites produced by
commensal bacteria promote peripheral regulatory T-cell
generation. Nature 2013; 504 :451–5. https://doi.org/10.1038/
nature12726

9. Dupraz L, Magniez A, Rolhion N et al. Gut microbiota- 
derived short-chain fatty acids regulate IL-17 production
by mouse and human intestinal gammadelta T cells. Cell
Rep 2021; 36 :109332. https://doi.org/10.1016/j.celrep.2021.
109332

0. Yang W, Yu T, Huang X et al. Intestinal microbiota-derived
short-chain fatty acids regulation of immune cell IL-22
production and gut immunity. Nat Commun 2020; 11 :4457.
https://doi.org/10.1038/s41467-020-18262-6

1. Rosser EC, Piper CJM, Matei DE et al. Microbiota- 
derived metabolites suppress arthritis by amplify- 
ing aryl-hydrocarbon receptor activation in regu- 
latory B cells. Cell Metab 2020; 31 :837–51 e10. https:
//doi.org/10.1016/j.cmet.2020.03.003

2. Daien CI, Tan J, Audo R et al. Gut-derived acetate pro- 
motes B10 cells with antiinflammatory effects. JCI Insight
2021; 6 :1–17. https://doi.org/10.1172/jci.insight.144156

3. He Y, Fu L, Li Y et al. Gut microbial metabolites facili- 
tate anticancer therapy efficacy by modulating cytotoxic
CD8( +) T cell immunity. Cell Metab 2021; 33 :988–1000 e7.
https://doi.org/10.1016/j.cmet.2021.03.002

4. Bachem A, Makhlouf C, Binger KJ et al. Microbiota-derived
short-chain fatty acids promote the memory potential of
antigen-activated CD8( +) T cells. Immunity 2019; 51 :285–97 
e5. https://doi.org/10.1016/j.immuni.2019.06.002

5. Schulthess J, Pandey S, Capitani M et al. The short chain
fatty acid butyrate imprints an antimicrobial program in
macrophages. Immunity 2019; 50 :432–45 e7. https://doi.org/
10.1016/j.immuni.2018.12.018

6. Ishigami J, Grams ME, Chang AR et al. CKD and risk for
hospitalization with infection: the atherosclerosis risk in
communities ( ARIC) study. Am J Kidney Dis 2017; 69 :752–61.
https://doi.org/10.1053/j.ajkd.2016.09.018

7. Avery EG, Bartolomaeus H, Rauch A et al. Quantifying the
impact of gut microbiota on inflammation and hyperten- 
sive organ damage. Cardiovasc Res 2023; 119 :1441–52. https:
//doi.org/10.1093/cvr/cvac121

8. Tang TWH, Chen HC, Chen CY et al. Loss of gut micro- 
biota alters immune system composition and cripples
postinfarction cardiac repair. Circulation 2019; 139 :647–
59. https://doi.org/10.1161/CIRCULATIONAHA.118.
035235

9. Xu H, Rossi M, Campbell KL et al. Excess protein intake
relative to fiber and cardiovascular events in elderly men
with chronic kidney disease. Nutr Metab Cardiovasc Dis
2016; 26 :597–602. https://doi.org/10.1016/j.numecd.2016.02.
016

0. Kwon YJ, Lee HS, Park GE et al. Association between dietary
fiber intake and all-cause and cardiovascular mortality in
middle aged and elderly adults with chronic kidney dis- 
ease. Front Nutr 2022; 9 :863391. https://doi.org/10.3389/fnut.
2022.863391

1. Biruete A, Chen NX, Metzger CE et al. The dietary fer- 
mentable Fiber inulin alters the intestinal microbiome and
improves chronic kidney disease mineral-bone disorder in
a rat model of CKD. bioRxiv [preprint] 2023; https://doi.org/
10.1101/2023.01.29.526093

2. Kaye DM, Shihata WA, Jama HA et al. Deficiency of
prebiotic Fiber and insufficient signalling through gut
metabolite-sensing receptors leads to cardiovascular dis- 
ease. Circulation 2020; 141 :1393–403. https://doi.org/10.1161/
CIRCULATIONAHA.119.043081

3. Holle J, Querfeld U, Kirchner M et al. Indoxyl sulfate as- 
sociates with cardiovascular phenotype in children with
chronic kidney disease. Pediatr Nephrol 2019; 34 :2571–82.
https://doi.org/10.1007/s00467-019-04331-6

4. Tang WH, Wang Z, Levison BS et al. Intestinal micro- 
bial metabolism of phosphatidylcholine and cardiovascu- 
lar risk. N Engl J Med 2013; 368 :1575–84. https://doi.org/10.
1056/NEJMoa1109400

5. Koeth RA, Wang Z, Levison BS et al. Intestinal microbiota
metabolism of L-carnitine, a nutrient in red meat, pro- 
motes atherosclerosis. Nat Med 2013; 19 :576–85. https://doi.
org/10.1038/nm.3145

6. Wang Z, Klipfell E, Bennett BJ et al. Gut flora metabolism of
phosphatidylcholine promotes cardiovascular disease. Na- 
ture 2011; 472 :57–63. https://doi.org/10.1038/nature09922

7. Fatkhullina AR, Peshkova IO, Dzutsev A et al. An
interleukin-23-interleukin-22 axis regulates intesti- 
nal microbial homeostasis to protect from diet- 
induced atherosclerosis. Immunity 2018; 49 :943–57 e9.
https://doi.org/10.1016/j.immuni.2018.09.011

8. Li J, Zeng Q, Xiong Z et al. Trimethylamine N-oxide in- 
duces osteogenic responses in human aortic valve inter- 
stitial cells in vitro and aggravates aortic valve lesions in
mice. Cardiovasc Res 2022; 118 :2018–30. https://doi.org/10.
1093/cvr/cvab243

https://doi.org/10.1038/s41390-019-0740-x
https://doi.org/10.1186/s12866-020-02023-y
https://doi.org/10.1038/s41577-019-0125-8
https://doi.org/10.1172/jci.insight.158183
https://doi.org/10.1161/JAHA.117.006347
https://doi.org/10.1161/JAHA.115.002767
https://doi.org/10.1038/s41419-022-04719-7
https://doi.org/10.1126/science.1241165
https://doi.org/10.1038/nature12726
https://doi.org/10.1016/j.celrep.2021.109332
https://doi.org/10.1038/s41467-020-18262-6
https://doi.org/10.1016/j.cmet.2020.03.003
https://doi.org/10.1172/jci.insight.144156
https://doi.org/10.1016/j.cmet.2021.03.002
https://doi.org/10.1016/j.immuni.2019.06.002
https://doi.org/10.1016/j.immuni.2018.12.018
https://doi.org/10.1053/j.ajkd.2016.09.018
https://doi.org/10.1093/cvr/cvac121
https://doi.org/10.1161/CIRCULATIONAHA.118.035235
https://doi.org/10.1016/j.numecd.2016.02.016
https://doi.org/10.3389/fnut.2022.863391
https://doi.org/10.1101/2023.01.29.526093
https://doi.org/10.1161/CIRCULATIONAHA.119.043081
https://doi.org/10.1007/s00467-019-04331-6
https://doi.org/10.1056/NEJMoa1109400
https://doi.org/10.1038/nm.3145
https://doi.org/10.1038/nature09922
https://doi.org/10.1016/j.immuni.2018.09.011
https://doi.org/10.1093/cvr/cvab243


Gut-immune axis and cardiovascular risk in chronic kidney disease 11

9

1

1

1

1

1

1  

1

1

1  

1

1

1
 

1
 

1

R

©
C
i

9. Yan J, Pan Y, Shao W et al. Beneficial effect of the
short-chain fatty acid propionate on vascular calcifi- 
cation through intestinal microbiota remodelling. Mi- 
crobiome 2022; 10 :195. https://doi.org/10.1186/s40168-022-
01390-0

00. Bartolomaeus H, Balogh A, Yakoub M et al. Short-chain fatty
acid propionate protects from hypertensive cardiovascu- 
lar damage. Circulation 2019; 139 :1407–21. https://doi.org/10.
1161/CIRCULATIONAHA.118.036652

01. Hutkins RW, Krumbeck JA, Bindels LB et al. Prebiotics: why
definitions matter. Curr Opin Biotechnol 2016; 37 :1–7. https:
//doi.org/10.1016/j.copbio.2015.09.001

02. Brown AC, Valiere A. Probiotics and medical nutrition ther- 
apy. Nutr Clin Care 2004; 7 :56–68.

03. Aguilar-Toalá JE, Garcia-Varela R, Garcia HS et al. Postbi- 
otics: an evolving term within the functional foods field.
Trends Food Sci Technol 2018; 75 :105–14. https://doi.org/10.
1016/j.tifs.2018.03.009

04. Pandey KR, Naik SR, Vakil BV. Probiotics, prebiotics and
synbiotics- a review. J Food Sci Technol 2015; 52 :7577–87.
https://doi.org/10.1007/s13197-015-1921-1

05. Headley SA, Chapman DJ, Germain MJ et al. The ef-
fects of 16-weeks of prebiotic supplementation and aer- 
obic exercise training on inflammatory markers, ox- 
idative stress, uremic toxins, and the microbiota in
pre-dialysis kidney patients: a randomized controlled trial- 
protocol paper. BMC Nephrol 2020; 21 :517. https://doi.org/10.
1186/s12882-020-02177-x

06. Wagner S, Merkling T, Metzger M et al. Probiotic intake and
inflammation in patients with chronic kidney disease: an
analysis of the CKD-REIN cohort. Front Nutr 2022; 9 :772596.
https://doi.org/10.3389/fnut.2022.772596
eceived: 2.8.2023; Editorial decision: 11.12.2023 

The Author( s) 2023. Published by Oxford University Press on behalf of the 
reative Commons Attribution License ( https://creativecommons.org/licenses/b
n any medium, provided the original work is properly cited. 
07. Tungsanga S, Katavetin P, Panpetch W et al. Lactobacillus
rhamnosus L34 attenuates chronic kidney disease pro- 
gression in a 5/6 nephrectomy mouse model through the
excretion of anti-inflammatory molecules. Nephrol Dial
Transplant 2022; 37 :1429–42. https://doi.org/10.1093/ndt/
gfac032

08. Ooijevaar RE, Terveer EM, Verspaget HW et al. Clinical ap-
plication and potential of fecal microbiota transplanta- 
tion. Annu Rev Med 2019; 70 :335–51. https://doi.org/10.1146/
annurev-med-111717-122956

09. Kakihana K, Fujioka Y, Suda W et al. Fecal microbiota
transplantation for patients with steroid-resistant acute
graft-versus-host disease of the gut. Blood 2016; 128 :2083–
8. https://doi.org/10.1182/blood-2016-05-717652

10. Taur Y, Coyte K, Schluter J et al. Reconstitution of the gut
microbiota of antibiotic-treated patients by autologous fe- 
cal microbiota transplant. Sci Transl Med 2018; 10 :1–8. https:
//doi.org/10.1126/scitranslmed.aap9489

11. Zhao TX, Sriranjan RS, Tuong ZK et al. Regulatory T-cell
response to low-dose interleukin-2 in ischemic heart dis-
ease. NEJM Evidence 2022; 1 : EVIDoa2100009. https://doi.org/
10.1056/EVIDoa2100009

12. Sriranjan R, Zhao TX, Tarkin J et al. Low-dose interleukin 2
for the reduction of vascular inflammation in acute coro-
nary syndromes ( IVORY) : protocol and study rationale for
a randomised, double-blind, placebo-controlled, phase II
clinical trial. BMJ Open 2022; 12 :e062602. https://doi.org/10.
1136/bmjopen-2022-062602

13. Forslund SK, Chakaroun R, Zimmermann-Kogadeeva M
et al. Combinatorial, additive and dose-dependent drug- 
microbiome associations. Nature 2021; 600 :500–5. https://
doi.org/10.1038/s41586-021-04177-9
ERA. This is an Open Access article distributed under the terms of the 
y/4.0/) , which permits unrestricted reuse, distribution, and reproduction 

https://doi.org/10.1186/s40168-022-01390-0
https://doi.org/10.1161/CIRCULATIONAHA.118.036652
https://doi.org/10.1016/j.copbio.2015.09.001
https://doi.org/10.1016/j.tifs.2018.03.009
https://doi.org/10.1007/s13197-015-1921-1
https://doi.org/10.1186/s12882-020-02177-x
https://doi.org/10.3389/fnut.2022.772596
https://doi.org/10.1093/ndt/gfac032
https://doi.org/10.1146/annurev-med-111717-122956
https://doi.org/10.1182/blood-2016-05-717652
https://doi.org/10.1126/scitranslmed.aap9489
https://doi.org/10.1056/EVIDoa2100009
https://doi.org/10.1136/bmjopen-2022-062602
https://doi.org/10.1038/s41586-021-04177-9
https://creativecommons.org/licenses/by/4.0/

	CARDIOVASCULAR DISEASE IN CHRONIC KIDNEY DISEASE
	INFLAMMATION IN CHRONIC KIDNEY DISEASE AND ITS CONTRIBUTION TO CARDIOVASCULAR MORBIDITY
	MICROBIOME DYSBIOSIS IN CHRONIC KIDNEY DISEASE
	HOW NUTRITION, MICROBIOME DYSBIOSIS AND LEAKY GUT CONTRIBUTE TO UREMIC TOXIN ACCUMULATION
	Nutrition
	Leaky gut
	Decreased urinary excretion
	ALTERED MICROBIAL METABOLISM DRIVES INFLAMMATION IN CHRONIC KIDNEY DISEASE
	Amino acid-derived metabolites
	Trimethylamine N-oxide
	Short-chain fatty acids
	GUT-IMMUNE-CARDIOVASCULAR AXIS IN CHRONIC KIDNEY DISEASE
	TARGETING MICROBIOME-DRIVEN INFLAMMATION FOR CARDIOVASCULAR DISEASE PREVENTION IN CHRONIC KIDNEY DISEASE
	CONCLUSIONS
	FUNDING
	AUTHORS’ CONTRIBUTIONS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	REFERENCES

