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Aim: to analyze the significance of microbial-derived uremic toxins (MDUT) in the pathogenesis of comorbidities
in patients with chronic kidney disease (CKD).

Key findings. Increased excretion of nitrogen metabolism products into the intestines of patients with CKD is as-
sociated with uremic dysbiosis, changes in the metabolic activity of the gut microbiota and the leaky gut syndrome,
which largely cause the accumulation of MDUT in the internal environment of the body: indoxyl sulfate, p-cresyl sul-
fate, trimethylamine-N-oxide, etc. The results of recent studies allow to consider these metabolites as an indepen-
dent risk factor for adverse outcomes in people with CKD due to the progression of renal dysfunction to the terminal
stage, as well as frequent cardiovascular, neurological, bone mineral, nutritional and other complications.
Conclusion. MDUT are one of the key modulators of the pathogenetic relationship between the gut and kidneys.
Therapeutic manipulations with intestinal microbiota can be considered a promising strategy for preventing compli-
cations associated with uremia.

Keywords: uremic toxins, gut microbiota, chronic kidney disease, comorbidities

Conflict of interest: the authors declare no conflict of interest.

For citation: Pyatchenkov M.O., Vlasov A.A., Sherbakov E.V., Salikova S.P. Microbial-Derived Uremic Toxins: Role in the Pathogenesis
of Comorbidities in Patients with Chronic Kidney Disease. Russian Journal of Gastroenterology, Hepatology, Coloproctology. 2023;33(7):7-15.
https://doi. org/10.22416/1382-4376-2023-33-3-7-15

YpemMuueckme TOKCUHbI MUKPOOHOIro NPOUCXOXAEHUSA: POJib B NaToreHese
KOMOPOUAHOW NaToNIOrMn y NaLMeHTOB C XPOHNYECKOo 00J1e3HbIO NoYek

M.O. NaryeHkos*, A.A. Bnacos, E.B. LLlep6akos, C.I1. Canukosa

®OrbeBOY BO «BoeHHO-meavumHekas akagemus um. C.M. KupoBa» MuHucTepcTBa 060poHbI Poccurickori Penepaumm, CaHKT-
lMetepbypr, Poccuiickas Penepaums

Llenb ny6nmkaumu. NMpoaHanManpoBaTb 3HAYEHNE YPEMUNYECKMX TOKCMHOB MUKPOBHOIo npoucxoxaenus (YTMIT)
B NaTtoreHe3e KOMOpPOMAHOM NaToNornuy y NaLMEHTOB C XPOHNYECKOW 601e3Hbto noyvek (XBIT).

OCHOBHbI€ NOJI0XXEeHUS. [oBbILLEHHAs SKCKpeLMs NPoayKTOB a30TUCTOro oomeHa B kuwedHuk npu XBI accoum-
MpOBaHa C ypeMUYeCckumM ANCONO30M, N3MEHEHUAMU METabONMYECKON aKTUBHOCTU MUKPOOUOTLI U CUHAPOMOM
MOBbLILUEHHOM 3MUTENMaNbHON NMPOHULLAEMOCTU KULLEYHMKA, KOTOPble BO MHOrOM OOYCNOBMBAIOT HaKOMaeHue
BO BHYTPEHHUX cpepax opraHmama YTMIT: nhgokcun cynbdara, p-kpe3umn cynbdara, TpumetmnamuH-N-okcuga
n op. Peaynbratbl nccnenoBaHnii NOCNEOHUX NET NO3BOJISIOT paccMaTpmBaTbh 9T COEAMHEHUS B KQ4EeCTBE CaMo-
CTOATENbHOrO hakTopa prcka HebnaronpuaTHbIX McxonoB y nuL, ¢ XBI BcneacTBrMe NporpeccrMpoBaHms AUMCPYHK-
LM NOYeK OO0 TePMUHANIbHON CTaaun, a TakXe YacTbIX CepaevyHO-COCYOAUCTbIX, HEBPOJIOMMYECKMX, MUHEPAIbHO-
KOCTHbIX, 2IMMEHTAPHbIX N APYFUX OCIOXHEHU.

BbiBogbl. YTMI1 9BNA0OTCA OOHMMU U3 KIIOYEBBLIX MOOYNATOPOB NEPEKPECTHOM NaToreHeTnYeckom B3anMoCBa3mn
MeXAy KULLIEYHUKOM 1 Nnodkamu. Bo3oencTeme Ha KMLWEeYHY MUKPOBMOTY MOXKHO CHMTaTb MEePCNEKTUBHOW CTpaTe-
rvmen npeaynpexneHns OCNOXHEHN, CBA3aHHbIX C YPEMUEN.

KnioueBble cnoBa: ypemMumyieckme TOKCUHbI, MUKPOBKOTa, XpOoHMYeckas 601e3Hb Nnovek, KoMopobuaHasa naTonorms
KoH®NUKT nHTepecoB: aBTOPbI 3as9BNAIOT 00 OTCYTCTBUM KOHPIMKTA UHTEPECOB.

Ansa umtupoBanus: NatyeHkoB M.O., Bnacos A.A., LLiep6akos E.B., Canvkosa C.I1. Ypemuyeckme TOKCUHbI MUKPOOHOMO NMPOMCXOXAE-
HWSI: POJb B MaTOreHe3e KOMOpPOUAHOM NaTONOrMN Y NMaLMEHTOB C XPOHMYECKOM B0Ne3HbI0 Noyek. POCCUIACKIMIA XypHan racTpo3HTEPO-
noruu, renatonoruu, kononpokronorun. 2023;33(3):7-15. https://doi.org/10.22416/1382-4376-2023-33-3-7-15
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Introduction

As the glomerular filtration rate decreases, the
ability of the kidneys to remove metabolic prod-
ucts gradually decreases, which leads to the accu-
mulation in the body of various substances called
uremic toxins (UTs) [1]. Depending on the place
of origin, UTs are classified into endogenous, ex-
ogenous or microbial [2].

Metabolomic studies have allowed to establish
that in patients with CKD, a significant part of
UTs is produced precisely with the participation
of the intestinal microbiota [3, 4]. Indoxyl sulfate
(IS), p-cresol sulfate (PCS), trimethylamine-N-ox-
ide (TMAOQO), indole-3-acetic acid (IAA), p-cresyl
glucuronide and phenylacetylglutamine are the
most studied among all the currently identified
MDUT [5]. It has been shown that MDUT ex-
hibit biological activity and, therefore, can have
a pathogenic effect on various types of cells. In
individuals with CKD, the levels of MDUT and
their precursors increase in proportion to the
decline of kidney function, and are also closely
associated with the risk of adverse outcomes due
to frequent cardiovascular, neurological, bone
mineral, nutritional and other complications
[1, 6]. These organ-specific effects are mediated
by various molecular mechanisms and signaling
pathways, such as aryl hydrocarbon receptor
(AhR)/nuclear factor-«B (NF-«B); mitogen ac-
tivated protein kinase (MAPK) signaling; per-
oxisome proliferator-activated receptor y coacti-
vator 1-a (PGC-1a); heme oxygenase-1 (HO-1);
nuclear factor erythroid 2-related factor 2 (Nrf2);
runt-related transcription factor 2 (RUNX2);
bone morphogenic protein 2 (BMP2); transcrip-
tion factor Sp7 (Osterix); notch signaling; auto-
phagy effectors; microRNAs; and reactive oxygen
species induction [7].

This review briefly presents the current results
of clinical and experimental studies demonstrating
the possible pathogenetic role of MDUT in the
progression of renal failure, as well as the devel-
opment of comorbidities in patients with CKD.

Uremic dysbiosis

Given the key role of the kidneys in maintain-
ing the body’s homeostasis, it is natural that a
violation of their function inevitably affects the
functioning of other organs and systems, includ-
ing the intestinal microbiota [8]. The results of
numerous studies indicate that in patients with
various nephropathies, the intestinal microbio-
ta undergoes a transformation from a symbiotic
state to a dysbiosis one, which is accompanied by
changes in its metabolic activity [9].

It was found that in CKD, compared with
healthy individuals, there is an increase in the
number of Proteobacteria at the type level, while
Actinobacteria and Firmicutes decrease. At the
family level, there is an increase in the number of
Enterobacteria and Corynebacteria, at the genus
level — Enterococci and Clostridium. As CKD
progresses, there is a tendency to increase the
detected changes in the intestinal microbiota, as
well as their differences depending on the etiology
of renal failure and the variant of renal replace-
ment therapy (hemodialysis, peritoneal dialysis or
kidney transplantation) [10].

A decrease in the excretion of nitrogen metab-
olism products with urine, the main one among
which is urea, leads to an increase in their entry
into the gastrointestinal tract, which causes adap-
tive colonization of bacterial families expressing
urease, uricase, tryptophanase and other enzymes
involved in the synthesis of UTs [11]. Under the
influence of microbial urease, urea undergoes hy-
drolysis with the formation of a large amount of
ammonium hydroxide, resulting in an increase in
the pH of the intraluminal contents of the intes-
tine, irritation and local leukocyte infiltration of
its mucous membrane, as well as hyperproduc-
tion of cytokines with subsequent violation of the
structure and integrity of the skeleton and trans-
membrane proteins of tight junctions between
neighboring enterocytes of the intestinal epithe-
lium [12]. The effects of uremia are aggravated
against the background of strict dietary restric-
tions of CKD patients, drug-induced polyphar-
macy, sedentary lifestyle, fluid intake restrictions
and disorders of intestinal motility.

Enhanced generation of MDUT is also contrib-
uted by the proliferation of proteolytic bacterial
species and entry in the colon of aromatic amino
acids not absorbed into the small intestine [13]. It
has been established that it is as a result of bacte-
rial catabolism of tryptophan, phenylalanine, ty-
rosine and quaternary amines (betaine, L-carnitine
and phosphatidylcholine) that the precursors of
IS, PCS and TMAO are formed [14]. In addition,
patients with CKD are characterized by a decrease
in the number of bacteria synthesizing short-chain
fatty acids, which have a wide range of immuno-
regulatory and metabolic functions [15].

The result of the above changes is the develop-
ment of a leaky gut syndrome with uncontrolled
transport into the bloodstream of a number of im-
munogenic substances generated by an aberrant
microbiota, as well as activation of chronic sys-
temic inflammation and oxidative stress, which
are universal mechanisms for the development of
many diseases [16, 17].
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System effects of microbial-derived
uremic toxins

Currently, there is no doubt that gut dysbiosis
is an important factor in the pathogenesis of com-
mon socially significant diseases, such as obesity,
diabetes mellitus, cardiovascular pathology and
CKD [5, 18=20]. MDUT is considered as one of
the major modulators of the connection between
gut dysbiosis and these diseases occurrence and
progression. The susceptibility of various tissues
to UTs is determined by their type, interstitial
concentration, as well as tissue perfusion and cel-
lular permeability [21]. Unlike bacteria and their
endotoxins, which induce inflammation and the
synthesis of reactive oxygen species (ROS), the
adverse effects of MDUT are caused, including,
by their direct effect on cells [5, 7]. Tt has been
established that some UTs, in particular, the ad-
vanced glycation end products (AGEs), have an
effect on survival, migration and differentiation of
endotheliocytes by linking with specific surface re-
ceptors (RAGE) [5]. In the study of H. Watanabe
et al., it was shown that uptake by the renal tu-
bules’ epithelial cells some UTs (IS and PCS) can
be mediated by organic anion transporters (OAT1
and OAT3) [22]. The ability of IS to affect a wide
range of targets largely depends on the possibili-
ty of its transport through the plasma membrane
and cytoplasmic contacts with AhR [21]. In addi-
tion, in patients with end stage renal disease, the
low-molecular-weight water-soluble TMAO mole-
cule is effectively removed by dialysis, in contrast
to the protein-bound IS and PCS [23]. Thus, in-
tracellular accumulation of MDUT or changes in
their toxicokinetic in patients with CKD may be
associated with varying degrees of negative effects
described below.

Microbial-derived uremic toxins
and chronic kidney disease progression

A growing number of publications indicate the
important role of MDUT in the progression of re-
nal failure. It was found that the accumulation of
IS in the cells of the renal tubules disrupts their
antioxidant system, and also enhances the renal
expression of the genes involved in tubulointer-
stitial fibrosis, such as tissue metalloproteinase
inhibitor, transforming growth factor p1 (TGF)
and type I alpha-1 collagen [8, 24]. O. Ichii et al.
in vitro examined toxic effect of IS on the cellular
elements of the kidneys and found pathological
changes of podocytes were, including wrinkling
of the glomerular basement membrane, podo-
cytes foot effacement and the formation of cyto-
plasmic vacuoles [25]. A significant effect on the
structural and functional state of renal tissue has
also been proven for other MDUT. A number of

studies indicate that PCS and TMAO in experi-
mental animals with CKD contribute to increased
tubulointerstitial fibrosis and renal dysfunction
[26, 27]. TAA, synthesized by intestinal bacteria
from tryptophan, has similar effects by inducing
the proinflammatory enzyme cyclooxygenase-2
and oxidative stress [28]. Epigenetic modification
of some specific genes, apparently, may be anoth-
er important nephrotoxic mechanism of MDUT.
It has been shown that IS and PCS are involved
in renal tissue remodeling, reducing the expres-
sion of nephroprotective factor klotho in the re-
nal tubules [29, 30]. Elevated levels of MDUT in
patients with CKD predict further progression of
renal failure, cardiovascular events and all-causes
mortality [31—33].

Cardiovascular diseases

Cardiovascular pathology is one of the leading
causes of increased morbidity and mortality in pa-
tients with CKD. This is explained by high preva-
lence of both traditional and atypical cardiovascu-
lar risk factors, among which intestinal dysbiosis,
MDUT and inflammation are considered the most
significant [34]. The products of abnormal micro-
bial metabolism in high concentrations have a di-
rect toxic effect on cardiomyocytes, smooth muscle
and vascular endothelial cells, participating in the
remodeling of the myocardium and blood vessels,
in the pathogenesis of atherosclerosis, hyperten-
sion and heart failure. Data obtained in in vitro
experiments indicate that IS stimulates collagen
synthesis by cardiac fibroblasts and cardiomyo-
cyte hypertrophy. It is assumed that these effects
are mediated by activation of mitogen activated
protein kinase (MAPK) and the NF-kB signaling
pathway [35]. Tt was found that PCS also caus-
es significant structural and functional changes
in the myocardium. PCS in CKD rats model led
to an increase in the coefficient of cardiomyocyte
apoptosis due to increased activity of caspase-3, as
well as the production of reactive oxygen species
and NADPH oxidase [36].

Intestinal dysbiosis contributes to the develop-
ment of the most important CKD risk factor —
arterial hypertension. N. Oshima et al. have
shown that various types of UTs, including IS,
activate bulbospinal neurons in the rostral ventro-
lateral medulla, a key area regulating blood pres-
sure [37]. A number of studies have demonstrated
that in patients with CKD, a high level of IS was
associated with left ventricular myocardial hyper-
trophy, OT interval prolongation, increased risk
of heart failure, and also serves as a strong predic-
tor of overall and cardiovascular mortality [38].

Currently, there is strong evidence of the
role of MDUT in accelerating the progression
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of endothelial dysfunction, atherosclerosis and
vascular calcification as a result of induction of
systemic inflammation and oxidative stress [39].
In patients with various stages of CKD, a rela-
tionship was found between the content of some
MDUT (IS, PCS) and carotid artery intima-media
thickness, carotid-femoral pulse wave velocity and
degree of aortic calcification [40]. IS can inhibit
endothelial progenitor cells mediated neovascu-
larization of ischemic tissues as well as enhance
platelet aggregation and thrombus formation [41].
In patients with CKD higher blood levels of PCS
significantly correlate with the severity of coro-
nary arteriosclerosis, peripheral artery pathology
and dysfunction of vascular access for hemodial-
ysis [42, 43]. In this regard, the most convincing
data are currently available for TMAO, the in-
creased concentration of which, according to the
results of large systematic review, was associated
with a higher risk of major adverse cardiovascular
events, as well as general and cardiovascular mor-
tality [33]. Thus, individual and combined patho-
physiological mechanisms involving MDUT may
underlie the development and progression of car-
diovascular pathology in individuals with CKD.

Nutritional status. Sarcopenia

The intestinal microbiota is necessary for the
normal metabolism of nutrients and maintaining
the energy balance of the body. Therefore, gut
dysbiosis can make a significant contribution to
the development of nutritional disorders in pa-
tients with CKD. Intestinal microflora affects the
nutritional status of the host organism through
microbial metabolites, systemic inflammation, ap-
petite regulation, acidosis and various hormonal
disorders. J. Hu et al. determined that anthro-
pometric indicators, including handgrip strength,
mid-upper arm circumference, mid-upper arm
muscle circumference, and body mass index, in
patients on dialysis negatively correlated with
the level of conditionally pathogenic bacteria
(Escherichia spp.) involved in the synthesis of
UTs [44]. In turn, L. Caldiroli et al. found a pos-
itive association of serum PCS level with protein
energy wasting syndrome in elderly patients with
advanced CKD [45].

Currently, significant evidence has been ob-
tained of that the MDUT is involved in the patho-
genesis of uremic sarcopenia. The results of exper-
imental studies show influence of MDUT on the
structural and functional state of skeletal muscle
tissue. E. Sato et al. visualized significant accu-
mulation of IS and PCS in skeletal muscle of mice
with adenine-induced CKD and established linear
correlation between their levels and the severity of
muscular atrophy [46]. IS has a direct toxic effect

on myoblasts, reducing their viability and increas-
ing cell apoptosis [47]. IS also induced mitochon-
drial dysfunction by decreasing the expression
of PGC-1 and inducing autophagy in addition
to decreasing mitochondrial membrane potential
[48]. In addition, MDUT reduced the functional
activity of myoblasts by premature termination of
their differentiation, decrease myotubes formation
or occurrence of their structural anomalies [49].

The results of clinical studies on this topic are
controversial and differ depending on the type of
studying UT [50, 51]. Tt should be noted that
there are no convincing data for close relationship
between IS and PCS levels and the severity of skel-
etal muscle loss in patients with CKD [46, 52].

Mineral bone disorders

Increasing evidence indicates that high levels of
MDUT may play an important role in the patho-
genesis of mineral bone disorders in patients with
CKD, disrupting processes of the osteoblastogen-
esis and osteoclastogenesis, inhibiting bone min-
eralization, alkaline phosphatase activity, type I
collagen transcription and the expression of other
genes associated with bone formation [38, 53]. It
is known that the uremic environment deteriorates
the bone response to the parathyroid hormone
(PTH) [54]. J. Hirata et al. found that dietary
supplements with indole increase the level of IS in
the blood and lead to further bone remodeling in
rats after parathyroidectomy [55]. Concentration
of IS in hemodialysis patients negatively cor-
relates with markers of bone formation regardless
of intact PTH level [56]. These data suggest that
MDUT may worsen low bone metabolism by in-
hibiting bone formation through mechanisms unre-
lated to skeletal resistance to PTH. In pre-dialysis
CKD patients, a relationship was found between
serum concentration of IS, fibroblast growth fac-
tor-23 (FGF23) and the bone fibrosis [57, 58].
Another study showed that in 154 patients at
CKD stages 2-5D, serum sclerostin (a predictor of
increased fracture risk) independently correlates
with IS, PCS and B2-microglobulin levels [59].
Thus, MDUT in patients with CKD may modify
bone metabolism. However, the exact mechanisms
of this influence remain unknown and require fur-
ther study.

Anemia

MDUT blood accumulation leads to disruption
of the synthesis of erythropoietin (EPO) by kid-
ney peritubular fibroblasts due to suppression of
EPO gene transcription [60]. In addition, IS in-
hibits the activation of hypoxia-inducible factor
(HIF), which is the main regulator of hypoxic
EPO production [61]. Another possible mechanism
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of MDUT-induced anemia described in the study
by Y. Adelibieke et al., is the suppression of in-
tracellular pathways of EPO receptor activation,
which may contribute to their resistance to EPO
[62]. It has been established that IS in vitro
stimulates eryptosis (programmed death of eryth-
rocytes) [63], and also disrupts iron metabolism
by regulating hepcidin synthesis [64]. Meanwhile,
observational studies have not shown any associa-
tion between MDUT levels and anemia in patients
receiving dialysis treatment [65]. Future research
in this field should determine the exact role of
MDUT in the development of anemia in CKD.

Cognitive dysfunction

Despite the buffering function of the blood-
brain barrier, decrease MDUT clearance by dam-
aged kidneys leads to their gradual accumulation
in brain tissues [46]. In patients with CKD MDUT
have a direct neurotoxic effect with the progres-
sion of cognitive disorders [7]. IS is also found in
the cerebrospinal fluid [66]. In vitro studies have
shown that both low-molecular and protein-bound
UTs reduce the viability of neuronal cells via in-
ducing inflammation, oxidative stress and apop-
tosis [67, 68]. In mice with experimentally repro-
duced CKD, increase level of IS in the brainstem
is associated with decrease of neurotransmitters
content (norepinephrine, serotonin and dopamine),
which was accompanied by various neurobehavior-
al disorders, including apathetic behavior, increased
sensitivity to stress, decreased motor and explorato-
ry activity and impaired spatial memory and coor-
dination of movements [69]. In addition to direct
neurotoxic effects MDUT play an important role in
the pathogenesis of cerebrovascular diseases due to
its effect on vascular tone and blood pressure [34].
Moreover, endothelial dysfunction and hemostatic
disorders induced by UTs can cause cerebral micro-
vascular dysfunction, which is a frequent cause of
a significant proportion of cases of dementia and
stroke [39]. In clinical studies, it has been proven
that higher serum levels of IS and IAA in CKD
individuals increase the risk of various cognitive dis-
orders and dementia [7, 39, 70].

Other organ damage

Currently, the possible involvement of MDUT
in the development of various metabolic disorders
that often accompany CKD is being discussed.

L. Koppe et al. showed that PCS may induce in-
sulin resistance in cultured muscle and fat cells.
Intraperitoneal injections of PCS for a 4 weeks
similarly induced insulin resistance with ectopic
lipid redistribution in skeletal muscle and liver in
mice with normal renal function [71]. In rats with
subtotal nephrectomy, the accumulation of IS in
adipose tissue is accompanied by oxidative stress,
an increase in the content of lipid peroxidation
products and activate insulin signaling [72]. The
hepatotoxic effect of MDUT is manifested in their
ability to activate in ovitro apoptosis of hepato-
cytes [73]. MDUT are probably associated with
the development of uremic pruritus in patients
with end-stage CKD, since an increase the dial-
ysis dose, as well as the use high-flux dialyzers
and biocompatible membranes often results to an
improvement in symptoms [74]. It is assumed that
IS may also be involved in lung tissue damage in
renal failure [75].

The results of numerous studies indicate that
dietary changes, the use of drugs that normalize
the intestinal microflora (prebiotics, probiotics,
synbiotics), sorbents (AST-120) and some other
therapeutic interventions can reduce the level of
MDUT and the activity of chronic systemic in-
flammation in patients with CKD [6, 8, 12, 17].
Although some of these approaches seem promis-
ing and indirectly confirm the pathogenic role of
MDUT, currently none of them has shown a sig-
nificant effect on cardiovascular outcomes or mor-
tality in randomized controlled trials and there-
fore cannot be recommended for clinical use.

Conclusion

Advances in modern science have made it pos-
sible to establish that MDUT are one of the key
modulators of the cross pathogenetic relation-
ship between the intestine and kidneys, and ef-
fort to reduce their concentration seems to be a
reasonable strategy for preventing complications
associated with uremia. Thus, exposure to the
intestinal microbiota can become a widely avail-
able non-invasive therapeutic approach with the
potential to reach a large number of patients.
However, further large-scale clinical trials are
needed to confirm the safety and efficacy of
these approaches in improving outcomes and
survival in patients with CKD.
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