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Annotation. Heart failure is widespread and associated with a high mortality rate in chronic kidney disease. 
However, the pathophysiology o f cardiac dysfunction in chronic kidney disease, especially in latent renal 
disease, is poorly understood. Disability and high mortality in patients with cardiorenal syndrome dictate the 
need to study the mechanisms of development o f heart failure in chronic kidney disease. This literature 
search review used PubMed and Google Scholar to identify the mechanisms o f heart failure in chronic 
kidney disease. The study of scientific data over the past 5 years has shown that cardiorenal syndrome, 
which has a complex and multifactorial pathophysiology, is a clinical problem. Diagnostic, prognostic, and 
therapeutic measures for cardiorenal syndrome are limited. Modern pharmacological methods of treatment 
are effective, but insufficient to satisfactorily influence or mitigate the progression o f cardiorenal syndrome, 
therefore, the discovery o f new drugs and new therapeutic strategies for cardiorenal syndrome is a high 
priority task. Treatment o f patients with cardiorenal syndrome should be comprehensive and continuous, 
aimed at eliminating physical and psychosocial symptoms.
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Аннотация. Сердечная недостаточность (СН) широко распространена и связана с высокой 
смертностью при хронических заболеваниях почек (ХБП). Тем не менее патофизиология 
сердечной дисфункции при ХБП, особенно при латентном течении болезни почек, недостаточно 
изучена. Инвалидизация и высокая смертность больных с кардиоренальным синдромом (КРС) 
диктует необходимость изучения механизмов развития сердечной недостаточности при 
хронической болезни почек. В этом обзоре поиска литературы использовалась база данных
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PubMed и Google Scholar для выявления механизмов развития сердечной недостаточности при 
хронической болезни почек. Изучение научных данных за последние 5 лет показало, что 
кардиоренальный синдром, имеющий сложную и многофакторную патофизиологию, представляет 
собой клиническую проблему. Диагностические, прогностические и терапевтические меры при 
кардиоренальном синдроме ограничены. Современные фармакологические методы лечения 
эффективны, но недостаточны для удовлетворительного воздействия или смягчения 
прогрессирования кардиоренального синдрома, поэтому открытие новых лекарств и новых 
терапевтических стратегий КРС является высокоприоритетной задачей. Лечение пациентов с 
кардиоренальным синдромом должно быть комплексным и непрерывным, направленным на 
устранение физических и психосоциальных симптомов.

Ключевые слова: хроническая сердечная недостаточность; кардиоренальный синдром, патогенез, 
коморбидная патология
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1. Introduction

The cross-interaction o f  the heart-kidney-vascular netw ork consists o f  com plex biological 
processes, in w hich these organs interact synergistically to  m aintain basic physiological func
tions [R aina et al., 2020]. Cardiorenal syndrom e (also know n as renocardial syndrom e) is an um 
brella term  that includes heart or kidney dysfunction that adversely affects another organ and u l
tim ately leads to  failure o f  both [Chinnappa et al., 2017; M elnyk, 2017; U dum an, 2018]. The 
harm ful effect o f  one organ on another can be direct or indirect and includes a com plex feedback 
system that includes regulatory horm ones, inflam m atory m olecules, and responses to  oxidative 
stress [Coresh, 2017; Savira et al., 2020]. A lthough the concept o f  cardiorenal com m unication is 
w idespread, the underlying m olecular m echanism  is not clearly defined. H ow ever, accum ulating 
evidence indicates that the nervous system, hum oral and cellular im m une system are involved 
[Saito, 2020]. The concept o f  serious adverse renal cardiovascular events (M A RC E) is useful to 
heal researchers better understand the prevalence o f  cardiorenal syndrom e and its use as an end
point in current research [Ishigam i et al., 2020].

2. Pathophysiology o f C ardiorenal syndrom e

2.1. Inter-organ changes in the pathophysiology o f cardiorenal syndrome
H yperactivation o f  the renin-angiotensin-aldosterone system  RA A S, sym pathetic nervous

system SNS and disruption o f  the natriuretic peptide system  (N PS) initiate phenotypic and other 
m olecular changes in  the heart and kidneys vasculature. These changes cause organ dysfunction, 
w hich leads to  system ic consequences, which, in  turn, affect other organs due to  bi-directionality  
[K am yshnikova et al., 2017; Vakulenko, 2019].

2.2. Interaction o f neurohormonal pathways and pathways o f the sympathetic nervous 
system

The renin-angiotensin system (RA A S) has long been considered the m ain regulator o f  
blood pressure, bu t has recently been recognized as a m echanism  for m odulating inflam m ation. 
D uring inflam m ation and oxidative stress in  kidney disease, hyperactivation o f  the classical 
branch o f  the renin-angiotensin (Ang) system  (RA A S) and the sym pathetic nervous system  
(SNS) occurs [Costanzo, 2020].

A ngiotensin II is a m ajor com ponent o f  the renin-angiotensin system  (RAS). The angioten
sin-converting enzym e (A CE) produces it from  angiotensin I. Rem arkably, there is a positive 
feedback loop in the renin-angiotensin system  through w hich angiotensin II can increase A C E
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levels. A ngiotensin II also leads to  increased secretion o f  aldosterone, w hich causes sodium  re
tention and potassium  excretion.

T w o m ain angiotensin II receptors that are expressed in m any cells. W hen angiotensin II 
b inds to  the first o f  these receptors, called the angiotensin 1 receptor (A T1), expressed on fibro
blast, cardiac m yocytes, sm ooth m uscle cells, k idney  cells, adrenal cells, m acrophages, m icro
glia, hepatocytes, endothelial cells, etc., vasoconstriction occurs and activation o f  the transcrip
tion factor o f  the nuclear factor N F -K b  (the transcription factor N F-K b is a universal transcrip
tion factor that controls the expression o f  genes for the im m une response, apoptosis and the cell 
cycle) and the release o f  pro-inflam m atory cytokines [Takaham a, K itakaze, 2017].

W hen angiotensin II binds type 1-angiotensin receptors AT1 on podocytes, it induces 
apoptosis. W hen it activates these receptors (A T1) on endothelial cells, it leads to  increased ex
pression o f  tissue factor (TF), an essential com ponent o f  the blood coagulation cascade, as well 
as vascular perm eability and extravasation o f  neutrophils into tissue.

The inclusion o f  a second angiotensin receptor, AT2, also quite ubiquitously expressed by 
angiotensin II, leads to  vasodilation and suppression o f  inflam m ation. In both acute and chronic 
inflam m atory conditions o f  the kidneys, the level o f  the AT1 angiotensin-1 receptor increases 
and the AT2 type-2 receptor decreases.

A  second A C E angiotensin-converting enzym e, ACE2, exists as a m em brane-bound prote
ase in m any cell types, splitting angiotensin II to  form  a small peptide ang1-7, w hich binds to  the 
protein o f  the M as receptor to  induce an anti-inflam m atory and anti-apoptotic program  also caus
ing vasodilation. Interestingly, a high concentration o f  aldosterone decreases M as expression, 
also disrupting this link in the renin-angiotensin system  o f  the RAS.

Initially, increased activity o f  the second angiotensin-converting enzym e (A CE) 2 suppos
edly helps reduce inflam m ation, prevent im m une dam age, and prom ote renal tissue repair.

H ow ever, in a chronic inflam m atory process, the com pensatory capabilities o f  the renin- 
angiotensin-aldosterone system  o f  the R A A S are disrupted and all those system ic negative m ani
festations that w e observe in the form  o f  arterial hypertension, the developm ent o f  CHF, etc., de
velop [Takaham a, K itakaze, 2017].

D ecreased cardiac output leads to  renal hypoperfusion. This, in turn, causes sodium  reten
tion to  m aintain plasm a volum e by activating the renin-angiotensin-aldosterone system  (RAAS). 
E levated sodium  levels cause constriction o f  the glom erular arterioles, decreasing the glom erular 
filtration rate (GFR). In turn, to  m aintain GFR, vasoconstriction o f  efferent arterioles is required 
to  increase glom erular filtration pressure [K um ar et al., 2019; Rangasw am i et al., 2019]. H ow ev
er, vasoconstriction further reduces renal perfusion and, i f  prolonged, causes kidney dam age due 
to  hypoxia.

A ldosterone production also causes m aladaptive sodium  reabsorption in the distal renal tu 
bules, resulting in volum e overload and expansion o f  extracellular fluid.

B y itself, A ngiotensin II (A ng II), as a key neurohorm one o f  the renin-angiotensin- 
aldosterone system  o f  the RA A S, causes w ater and sodium  retention by increasing the expres
sion o f  sodium  transporters in the proxim al renal tubules. A ng II also prom otes the production o f 
aldosterone, w hich acts on m ineralocorticoid receptors in the distal renal tubules and collecting 
ducts, prom oting sodium  retention. In addition, both A ng II and aldosterone stim ulate cardiac 
fibrosis by stim ulating fibroblast grow th and collagen synthesis. In addition, cardiac m yocytes 
undergo hypertrophy to  com pensate for hem odynam ic disturbances and increased levels o f  neu
rohorm ones [K um ar et al., 2019].

H yperactivity  o f  sym pathetic nervous system (SN S) is the m ain com pensatory m echanism  
for m aintaining cardiac output and inotropic support. As chronic kidney disease progresses, the 
SNS is over-activated in response to  renal ischem ia, an increase in angiotensinogen 2 A ng II, and 
a decrease in nitric oxide (NO), resulting in hypertension, left ventricular hypertrophy (LVH), 
and left ventricular dilatation. A t the m olecular level, hypertrophy, apoptosis and necrosis o f 
cardiac m yocytes associated w ith inflam m ation and activation o f  free radical oxidation (ROS)
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are observed as a direct effect o f  catecholam ines. Persistent activation o f  m yocardial P 1 -  
adrenergic receptors leads to  im paired transm ission o f  the receptor signal. The increased SNS 
activity also causes vasoconstriction and decreases renal blood flow , w hich triggers the release 
o f  renin. M oreover, the transport o f  sodium  in the proxim al tubules is increased due to the en
hancem ent o f  the apical N a +/ H  + antiporter through the sim ulation o f  P-adrenergic receptors.

The antidiuretic horm one (or vasopressin), is released through the activation o f  barorecep- 
tors or indirectly through the sym pathetic nervous system  (SNS), is another vital horm one that 
leads to  fluid retention. A ntidiuretic horm ones activates vasopressin 1A (V  1A) receptors on 
vascular sm ooth m uscle cells to  cause vasoconstriction and activates vasopressin 2 (V 2) recep
tors in the distal tubules to  facilitate diffusion o f  w ater from  the tubular lum en into the interstiti- 
um  [Savira et al., 2020].

Increased salt/w ater retention due to  activation o f  the renin-angiotensin-aldosterone system  
RA A S/SN S also leads to  increased intra-abdom inal pressure and venous congestion [Agrawal et 
al., 2019]. V enous congestion in the form  o f  increased central venous pressure reduces the pres
sure gradient in  the capillary netw ork, reducing perfusion. In the context o f  cardiorenal syn
drome, this leads to  congestion, g lom erular dysfunction and im paired natriuresis. Increased in tra 
abdom inal pressure also decreases renal function by decreasing G FR  and plasm a flow  [K um ar et 
al., 2019].

Together w ith the renin-angiotensin-aldosterone system  R A A S and SNS, the natriuretic 
peptide system is also recognized as an im portant neurohorm onal system  that m aintains cardi
orenal hom eostasis. In particular, the natriuretic peptide system  consists o f  four endogenous 
horm ones: atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), C-type natriuretic 
peptide (CNP), and urodilatin  [Han et al., 2020]. A trial natriuretic peptide A N P and brain natriu
retic peptide BN P are m ainly produced in the heart w ith urodilatin  synthesized in the kidney, and 
these natriuretic peptides (NP) activate the transcriptional receptor y-coactivator-1a (PG C -1a) or 
receptor-peroxisom e alpha (pGC-A), w hile type C natriuretic peptide (CNP) is m ainly synthe
sized in the endothelium  and kidneys and activates the beta peroxisom e receptor (pG C-B) [Seli- 
ger, 2020]. U pon activation o f  the pGC peroxisom e receptor, a second m essenger, cyclic guano- 
sine m onophosphate (cG M P), is produced, w hich produces w idespread beneficial cardiovascular 
and renal effects, including vasodilation, natriuresis, diuresis, and inhibition o f  fibrosis, and car- 
diom yocyte hypertrophy.

The natriuretic peptide system, the renin-angiotensin-aldosterone system  RA A S and SNS 
are highly integrated system s betw een w hich there are significant cross-links, and the natriuretic 
peptide system  is counter-regulating for both the renin-angiotensin-aldosterone system RA AS 
and SNS, w hich usually w ork together. Indeed, the natriuretic peptide system  has the ability to 
inhibit R A A S and SNS and vice versa (Fig. 1) [Savira et al., 2020]. Thus, the pathophysiology o f 
cardiorenal syndrom e is classically view ed as a result o f  an im balance betw een the RA AS 
and/SNS and the natriuretic peptide system.

2.3. Inflammation
A long w ith hem odynam ic and neuroendocrine m echanism s, the m ain links involved in the 

developm ent o f  k idney dam age are oxidative stress, activation o f  the inflam m ation system, and 
apoptosis.

In inflam m atory  kidney diseases, tissue dam age attracts inflam m atory  cells, i.e. m ono
cytes, and increases the production  o f  cytokines, especially  IL-1, IL-6 and TN F- a, to  the dam 
aged area [H arrison et al., 2020]. Physio logically  pro-inflam m atory  m olecules are required  to 
stabilize the site o f  injury and the form ation o f  scar tissue. H ow ever, p rolonged activation can 
lead to  pathological fibrosis and endothelial dysfunction, aggravating renal vasoconstriction  
and leading to  g lom erulosclerosis and arterial hypertension. Increased expression o f  tum or ne
crosis factor (TN F- a ) and IL-6 in the k idney is associated  w ith  the activation o f  the signaling 
pathw ays o f  the nuclear factor kB (N F-kB )  transcrip tion  factor, the m ain regulator o f  cellu lar 
inflam m ation.
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Fig. 1. Interaction o f neurohormonal pathways and pathways o f the sympathetic nervous system
[Savira et al., 2020]

Рис. 1. Взаимодействие нейрогормональных путей и путей симпатической нервной системы
[Savira et al., 2020]

2.4. Oxidative stress
The inflam m atory process in the kidneys stim ulates oxidative stress (OS), that is, excess 

production o f  oxidants com pared to  stabilizing antioxidants (nitric oxide) [Sagoo, Gnudi, 2018].
The kidneys are a very energetic organ. This m akes them  m ore vulnerable to  dam age by 

the OS. In turn, OS is associated w ith the progression o f  kidney disease. In addition, com plica
tions o f  chronic kidney disease (CKD), such as inflam m ation and cardiovascular disease (CVD), 
the leading cause o f  death in CK D patients, are also associated w ith increased OS levels.

The so-called “oxidative” link betw een CKD and its com plications is achieved through 
several m echanism s, such as uncoupling o f  endothelial nitric oxide synthase (eN O S) caused by 
urem ic toxin and increased activity o f  nicotine am ide adenine dinucleotide phosphate oxidase 
[N A D PH  oxidase (NOX)], also loss o f  antioxidants due to  dietary restrictions, use o f  diuretics, 
loss o f  energy w ith protein and/or decreased intestinal absorption [Virzi et al., 2015; D aenen et 
al., 2019].

Extensive experim ental and clinical data accum ulated over the past 3 decades have dem on
strated that increased oxidative stress in CK D occupies a key position as a central link  in com 
plex and interrelated pathw ays involved in the pathogenesis o f  CK D [Duni et al., 2017; Barrow s 
et al., 2019]. Excessive production o f  reactive oxygen species (ROS) under conditions o f  activa
tion o f  several enzym e system s such as nicotine am ide adenine dinucleotide phosphate 
(N A D PH ) oxidase, lipoxygenase, xanthene oxidase, unbound nitric oxide synthase (NOS), and 
m itochondrial respiratory chain along w ith im paired m echanism s antioxidant defenses (for ex
ample, superoxide dism utase (SOD ), catalase, selenium -containing glutathione peroxidase and 
paraoxonase (PON )) underlie the im balance betw een enhanced prooxidant and insufficient anti
oxidant capacity that occurs in CKD, further leading to  oxidation o f  m acrom olecules, tissue 
dam age and dysfunction. [Pavlakou et al., 2017; Z hang et al., 2017]. Thus, the excessive produc
tion o f  reactive oxygen species by RO S w as directly associated w ith the initiation and progres
sion o f  CKD, w hich subsequently leads to  arterial hypertension and diabetes m ellitus. In addi-
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tion, the triad o f  oxidative stress, chronic m icro-inflam m ation (which im plies a state o f  persistent 
subclinical inflam m ation) and endothelial dysfunction as a hallm ark o f  CK D supports and per
petuates the vicious circle in w hich chronic kidney dam age occurs, leading to  system ic com pli
cations o f  CKD, in particular, cardiovascular dysfunction.

Increased oxidative stress in CKD is traditionally  associated w ith loss o f  renal function and 
the use o f  renal replacem ent therapy (hem odialysis or peritoneal dialysis) in patients w ith end- 
stage CK D [Liakopoulos et al., 2019; Roum eliotis et al., 2019; C hrysohoou et al., 2020]. Thus, 
both increased production o f  reactive oxygen species (ROS) and decreased clearance o f  prooxi
dant substances under conditions o f  renal dysfunction, together w ith im paired antioxidant arse
nal, are responsible for the pro-oxidant environm ent that characterizes CKD.

However, it should be noted that oxidative stress is already present even in the early stages o f 
CKD with increased production o f nicotine-am ide-adenine-dinucleotide-phosphate-oxide- 
dependent superoxide N A D PH -oxidase-dependent superoxide by inflam m atory cells in the circula
tion. M oreover, research m odels o f  ischem ic reperfusion injury suggest that oxidative stress may 
also act as a link betw een acute kidney injury (AKI) and the progression o f CKD. Biom arkers that 
characterize the transition o f acute renal injury from  acute renal failure to  CKD, such as urine thi- 
oredoxin, a protein that regulates redox potential, or serpin A3/alpha-1-antichym otripsin and an
giotensin in urine, are the subject o f extensive ongoing research [Zhang et al., 2017].

Oxidative stress m arkers such as plasm a F2-isoprostanes, 8-oxo-7,8-dihydro-2 '- 
deoxyguanosine, m alonyl dialdehyde (M A D), advanced oxidation protein products (A O PP) and 
carbam ylated proteins, and asym m etric dim ethylarginine (A D M A ) show that particles o f  ox i
dized lipoproteins accum ulates in CKD as renal dysfunction progresses [Schei et al., 2017; 
Efrem ova et al., 2020].

A lbum inuria is a w ell-know n m arker o f  kidney damage. It occurs in the early stages o f  
m any form s o f  CKD and is the m ain factor in the progression o f  the disease due to  the induction 
o f  both m esangial and tubular toxicity, as well as the activation o f  internal renal and system ic 
inflam m atory pathw ays [Ronco et al., 2018; Coresh et al., 2019]. A  dysfunctional glom erular fil
tration barrier w ith dam age to  podocytes underlies the developm ent o f  proteinuria and subse
quent glom erulosclerosis. The m echanism s underlying podocyte dam age are com plex and in 
clude hem odynam ic and m etabolic pathw ays, as well as interactions betw een vasoactive m ole
cules, grow th factors, and cytokines. A ccum ulating experim ental and clinical evidence suggests 
that podocytes are highly vulnerable to  oxidative dam age, and increased oxidative stress appears 
to be the last and com m on pathw ay shared by various aggressors at the cellular level.

A  key event in the developm ent and progression o f  focal segm ental glom erulosclerosis 
(FSGS) is the activation o f  transform ing grow th factor beta -  a protein (representative o f  cyto
kines) TG F- p in podocytes. R ecent evidence suggests that activation o f  transform ing growth 
factor beta TG F- p is associated w ith enhanced cross-interaction betw een podocytes and glom er
ular endothelium  through endothelin signaling. The result o f  the interaction o f  endothelin w ith its 
receptors is the suppression o f  m itochondrial function and the induction o f  oxidative stress in the 
endothelium  o f  the glom eruli, w hile oxidative dam age to m itochondrial D N A  becom es evident 
before podocyte damage. M oreover, specific endothelin-1 and its receptor antagonists or antioxi
dants targeting m itochondria appear to  reverse m itochondrial oxidative stress, endothelial cell 
dysfunction, and podocyte depletion in this experim ental m odel o f  focal segm ental FSGS glo
m erulosclerosis. The m echanism s by w hich endothelial m itochondrial dam age and cellular dys
function prom ote podocyte apoptosis and progression o f  FSG S glom erulosclerosis to  overt renal 
failure rem ain to  be elucidated; how ever, this m ay be due to  decreased levels o f  nitric oxide NO , 
w hich occurs in diabetic neuropathy [Petra et al., 2019].

In the glom eruli, reactive oxygen species RO S are know n to m ediate cell proliferation and 
cause glom erular hypertrophy and scarring, im pairing renal function. R eactive oxygen species 
RO S are also associated w ith upregulation o f  chem okines and cytokines through the activation o f 
the nuclear factor kB N F-kB  transcription factor and hence inflam m ation. Indeed, patients w ith
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type-1 cardiorenal syndrom e exhibit higher levels o f  circulating IL-6 and reactive oxygen spe
cies RO S com pared to  patients w ith acute heart failure [Lv et al., 2018].

These data support the fact that proteinuric kidneys are highly susceptible to  oxidative 
stress. In addition, severe proteinuria is associated w ith increased glom erular filtration o f  p las
m inogen, w hich is activated to  plasm in by the urokinase-type-plasm inogen activator (uPA). H u
m an podocytes express plasm inogen receptors and urokinase-type plasm inogen uPA. It has been 
show n that treatm ent o f  podocytes w ith plasm inogen increases the regulation o f  nicotine am ide 
adenine dinucleotide phosphate oxide-dependent superoxide N A D PH  oxidases N O X X 2 and 
N O X 4 isoform s and increases the production o f  free radicals, especially superoxide anion, by 
m itochondria [Caio-Silva et al., 2020]. Superoxide anion prom otes the synthesis o f  endothelin-1 
and the expression o f  the P-scavenger receptor CD36, w hich leads to  apoptosis o f  podocytes.

2.5. Fibrosis
K idney fibrosis is the last com m on pathological denom inator in chronic kidney dam age 

that occurs regardless o f  the underlying disorder. The degree o f  tubulointerstitial fibrosis is the 
best indicator o f  renal survival in patients w ith CKD. K idney fibrosis is characterized by exces
sive deposition o f  extracellular m atrix, w hich destroys and replaces the norm al renal parenchym a 
and, consequently, leading to  progressive loss o f  renal function. The renal scarring process, m ore 
understood in recent years, involves a com plex interaction o f  m olecular pathw ays, grow th fac
tors, cytokines, and cells [Djudjaj, Boor, 2019].

K idney m yofibroblasts, derived from resident renal fibroblasts and hem atopoietic cells m i
grating to  the kidney, are key collagen-producing cells that are involved in fibrosis. Transform ing 
growth factor beta 1 TGF- P1 is a key m olecule responsible for m yofibroblast differentiation into a 
profibrotic phenotype characterized by a-sm ooth m uscle actin (aSM A ) expression and contractile 
properties. Both isoform s o f  nicotine am ide adenine dinucleotide phosphate oxide-dependent su
peroxide N A D PH  oxidase and their byproducts such as superoxide appear to  play a dom inant role 
in the phenotypic transition o f fibroblasts to  m yofibroblasts and fibrogenesis [Chu et al., 2017].

N ox4  oxidase has been recognized as an im portant m ediator in urem ic toxin-induced epi
thelial dam age in the proxim al renal tubules. M ore specifically, experim ental m odels show that a 
p-cresyl sulfate, a urem ic toxin that accum ulates w ith the progression o f  CK D, increases the ac
tivity o f  N o4-, p22phox-N A D PH  oxidase and the production o f  reactive oxygen species RO S in 
renal tubular cells, w hich in turn induces the expression o f  inflam m atory cytokines and profi- 
brotic factors, w hich ultim ately lead to  a decrease in cell viability  [Chu et al., 2017; Li et al., 
2017; G onzalez-V icente et al., 2019]. Likew ise, indoxyl sulfate, another urem ic toxin that accu
m ulates as early as stages 3-4 o f  CKD, is associated not only w ith the progression o f  g lom erulo
sclerosis and interstitial renal fibrosis, bu t also w ith cardiac fibrosis.

A utophagy is a physiological process that involves the degradation and recycling o f  in tra
cellular com ponents and serves as an auxiliary m echanism  for the rem oval o f  dam aged or old 
m acrom olecules or organelles. It is believed that autophagy plays a protective role in both acute 
and chronic kidney disease. N ew  data suggest that oxidative stress autophagy are interrelated, 
and that reactive oxygen species RO S together w ith reactive nitrogen species (RNS) induce au- 
tophagy and vice versa [Caio-Silva et al., 2020].

Thus, it is assum ed that fibrosis is one o f  the m ain factors o f  cardiorenal syndrom e, but 
treatm ent aim ed at this pathophysiology rem ains clinically unm et. In general, the regulation and 
dysregulation o f  collagen synthesis and degradation (and therefore o f  the extracellular m atrix) 
are fundam ental to  alleviate physiological and pathological fibrosis [Junho et al., 2017]. Collagen 
synthesis is stim ulated by pathophysiology and tissue dam age, w hile collagen degradation is 
caused by m atrix m etallopeptidases (TIM Ps) [W ong et al., 2019]. A n im balance in the activity o f 
the m atrix m etallopeptidases and their tissue inhibitors leads to  pathological fibrosis. These 
events are also associated w ith the trans-differentiation o f  vascular sm ooth m uscle and endothe
lial cells into a profibrotic phenotype (i.e. m yofibroblasts), w hich is also well characterized in
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cardiac and renal fibroblasts. F ibrosis is also m ediated by a variety o f  in tracellu lar and extracel
lular grow th factors and cytokines.

Transform ing grow th factor beta 1 TG F- P1 is one o f  the m ost prom inent grow th factors 
involved in the production, proliferation and differentiation o f  the extracellular m atrix, as w ell as 
in im m une m odulation, A ngiotensin 2 A ng II has profibrotic effects through the activation o f 
transform ing grow th factor beta 1 TG F- 01, and the A ng II-TG F- 01 interaction is associated 
w ith chronic hypertension and m yocardial fibrosis. A ldosterone is associated w ith  cardiorenal 
m atrix m etallopeptidases and tissue inhibitors o f  m etalloproteinase im balance through activation 
o f  nuclear factor kB N F-kB  and transform ing grow th factor beta1 TG F- 01. In addition, urem ic 
toxins, chronic inflam m ation, and m etabolic disorders such as dyslipidem ia are also associated 
w ith cardiac, renal, and vascular fibrosis by sim ilar m echanism s.

2.6. Dysfunction o f the endothelial vascular system
The endothelium  is an im portant com ponent in the regulation and m aintenance o f  normal 

kidney function. It is well known that the vascular endothelium  is particularly vulnerable to  oxida
tive stress, and vascular oxidative stress is thought to  play a critical role in the progression o f  CKD. 
One o f the m ost im portant functions o f  the endothelium  is the release o f nitric oxide (NO), a rela
tively unstable diatom ic free radical involved in several biological processes, including vasodila
tion m ediated by cyclic guanosine m onophosphate (cGM P) in sm ooth m uscle cells, inflam m ation 
and im m une responses [Fujii et al., 2019]. N itric oxide N O  is synthesized from  arginine by the en
zyme nitric oxide synthase (NOS), w hich is expressed in various isoform s-inducible (iNOS), con
stitutive (cNOS), neural (nNOS), and endothelial (eNOS) -  in endothelial cells and some other cell 
types. Accordingly, in renal tissue, the constitutive isoform  (cNOS) is expressed in vessels, glo
meruli, and tubules; isoform  inducible iNOS is m ainly found in vascular smooth m uscle cells 
(VSM C) and m esangium; w hereas the endothelial isoform  o f  eNOS is specifically associated with 
the vascular endothelium . In endothelial cells, eNOS is present on the cell m em brane and on the 
cytosolic surface o f  the outer m itochondrial m em brane. N itric oxide N O  is considered a key m ole
cule directly involved in the pathogenesis o f  renal failure m ediated by oxidative stress [Liu H.J., 
L iu B., 2018]. The relationship betw een nitric oxide N O  and reactive oxygen species RO S is bidi
rectional, w ith low  levels o f  nitric oxide N O  in the endothelium  triggering the expression o f anti
oxidant genes and protecting renal endothelial and m esangial cells from  apoptosis and fibrosis, 
while, on the other hand, increased levels o f reactive oxygen species RO S decreases endothelial 
production [Sarkozy et al., 2018; M edvedeva, 2021]. U nder normal conditions, nitric oxide N O  in 
cells is assum ed to  inhibit cytochrom e C oxidase, a m itochondrial m em brane-bound term inal en
zyme in the electron transport chain, thereby potentially altering the production o f  m itochondrial 
reactive oxygen species by ROS. Subsequently, renal endothelial dysfunction and increased vascu
lar resistance occur w ith a loss o f the ability o f  nitric oxide N O  to induce vasodilation and to  bal
ance vasoconstrictors such ass angiotensin II, endothelin-1, and sympathetic nervous system fac
tors. In addition, peroxynitrites cause further tissue damage by interacting w ith various target m ol
ecules, including thiols, lipids, and proteins containing arom atic am ino acids.

Thus, oxidative stress and inflam m ation, as w ell as their interaction, are considered the 
m ain pillars o f  the pathogenesis and progression o f  CKD (Fig. 2) [Dhaun et al., 2006]. O xidative 
stress prom otes inflam m ation through the form ation o f  proinflam m atory oxidized lipids, A O PP 
and A G E (advanced glycation end products), w hile activation o f  the nuclear factor kB (NFkB ) 
transcription factor in the prooxidant environm ent prom otes the expression o f  proinflam m atory 
cytokines as well as the activation o f  leukocytes and other resident proinflam m atory cells. Sim i
larly, pro-inflam m atory cytokines such as tum or necrosis factor- a  (TN Fa) bind to  their receptors 
on tubules and other renal cells and trigger signaling pathw ays that activate nuclear factor kB 
(NFkB ) transcription factors. In addition, in conditions o f  chronic inflam m ation, activated leuko
cytes generate reactive oxygen species RO S, chlorine and nitrogen, thus enhancing and m ain
taining oxidative stress. Indeed, initial renal dam age m ediated by RO S oxidative stress triggers 
the subsequent renal and system ic inflam m atory response.
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Fig. 2. The role o f endothelin-1 in chronic kidney disease (CKD) and cardiovascular disease.
ET-1 -  endothelin-1 [Dhaun et al., 2006]

Рис. 2. Роль эндотелина-1 при хронической болезни почек (ХБП) и сердечно-сосудистых 
заболеваниях. ЭТ-1 -  эндотелин-1 [Dhaun et al., 2006]

2.7. Role o f uremic toxins
Intestinal dysbiosis is observed both in patients w ith heart failure and in patients w ith 

chronic kidney disease. Intestinal dysbiosis caused by chronic kidney disease is thought to  be the 
result o f  altered nutrient bioavailability  and an increase in lum inal pH  due to  increased am m onia 
levels. It is unclear w hether intestinal dysbiosis is a potential “cause” or a consequence o f  cardi
orenal syndrome. N evertheless, there is no doubt that the gut-heart-kidney axis exists and is o f 
great im portance for the treatm ent o f  cardiorenal syndrom e, w hich is now  being actively studied. 
O ne o f  the key factors affecting intestinal dysbiosis in cardiorenal syndrom e is the accum ulation 
o f  urem ic toxins, by-products o f  the m icrobial m etabolism  o f  food proteins in the intestine. Im 
paired renal excretory function leads to the accum ulation o f  these solutes, w hich affect the heart, 
kidneys and blood vessels [Nallu et al., 2017].

3. D iagnostic and prognostic m easures

Traditional cardiac indicators such as leukocytosis, C -reactive protein, and troponins are 
nonspecific m arkers o f  the m yocardium  [Fan et al., 2018]. For the kidney, serum  creatinine and 
calculated G FR  play a central role in the diagnosis o f  renal injury. Clinical understanding for in 
terpretation and w idespread availability, bu t lack precision in term s o f  injury site or disease type 
supports these m arkers. Cardiac troponin is an excellent m arker o f  m yocardial injury and can 
predict cardiovascular and all-cause m ortality in patients w ith chronic kidney disease and end- 
stage renal failure (ESRF) [Fu et al., 2018].

IL-18, a soluble tum origenicity  inhibitor 2, a kidney dam age m olecule [Ronco, Di Lullo, 
2014]. Cystatin-C , lipocalin associated w ith neutrophil gelatinase, sodium  uretic peptides are 
new, prom ising and highly specialized biom arkers that are sensitive to  both kidney and heart dis-
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ease. Cystatin-C  is also predictive o f  m ortality from  heart failure and is a good predictor o f  kid
ney damage.

M ore recently, urinary CN P has been identified as a potential b iom arker for kidney rem od
eling and dam age in cardiovascular disease [Chen et al., 2019]. M icroR N A  (m iRN A ) is another 
potentially useful new  biom arker in the setting o f  cardiorenal syndrom e w ith unique profiles 
specific to  heart, kidney and vascular function [Huang et al., 2018; W ang et al., 2018].

Overall, given the com plex pathophysiology o f  cardiorenal syndrom e, a m ulti-m arker ap
proach is likely to  be required to  obtain a better diagnostic/prognostic profile. N ew  biom arkers 
are lim ited by their low  availability in the clinic and the lack o f  universal recom m endations on 
cu t-o ff values and proper use.

3.1. Visualization modes
Im aging techniques play an im portant role in cardiorenal syndrom e to assess the structure 

and function o f  organs for diagnostic purposes, as well as in research. U ltrasound exam ination o f 
the kidneys and heart is m ost often used in practice [Efrem ova et al., 2019].

M R I is useful for assessing ventricular size, function, and fibrosis, renal blood flow, and 
renal oxygenation [Chacon-Portillo et al., 2021].

Renal CT, coronary angiography o f  the heart, PET are rarely used to  assess renal function 
due to  contrast-induced renal toxicity  [Grande et al., 2017; H ur et al., 2017].

3.2. External and implanted devices
B ioelectric devices are ju s t beginning to  enter healthcare practice. U sed as an indicator o f 

rehydration in hem odialysis patients. Intra-abdom inal pressure m easurem ents can be obtained 
using a bladder catheter equipped w ith a transducer. H ow ever, such devices are yet to  be evalu
ated in the case o f  cardiorenal syndrom e [Vam os et al., 2018; Rangasw am i et al., 2019].

4. Treatm ent m ethods

O f course, treatm ent o f  the underlying disease is key to  cardiorenal syndrom e. In case o f 
kidney inflam m ation, this includes early antibiotics, antispasm odics, detoxification therapy, if  
necessary, horm ones, and vasopressor therapy. A ttention should also be paid to  anem ic condi
tions in patients w ith cardiorenal syndrom e [M cCullough, 2021]. A lthough in studies, drugs that 
stim ulate erythropoiesis did not im prove cardiovascular outcom es in a cohort o f  patients w ith 
chronic kidney disease. H ow ever, iron supplem entation is encouraged and has been show n to 
im prove sym ptom s and hospitalization in patients w ith heart failure [Orvalho, Cowgill, 2017].

D econgestants are needed to  regulate volum e overload and increased intra-abdom inal pres
sure, and to  relieve sym ptom s. D iuretics rem ain the prim ary treatm ent for volum e overload, es
pecially in cardiorenal syndrom e o f  cardiac origin [Rubinstein, Sanford, 2019]. Patients w ith 
cardiorenal syndrom e m ay require a m uch higher dose due to  diuretic resistance. H igh doses o f 
diuretics, o f  course, leads to  increased urine output and a decrease in edem a, bu t can cause tem 
porary im pairm ent o f  renal function. Inotropes are useful for treating hypotension and low  cardi
ac output [Cowger, Radjef, 2018]. For patients w ith  congestive sym ptom s w ithout a significant 
decrease in cardiac output, inotropes are potentially proarrhythm ic, have no survival benefit, and 
should be avoided. D obutam ine and m ilrinone im prove cardiac index in  proportion to renal 
blood flow, although their effect on m ortality or clinical outcom e is unclear. The com bination o f 
low -dose dopam ine and a diuretic, as well as levosim endan (a PD E inhibitor), has shown con
flicting results in various studies in term s o f  functional im provem ent o f  the kidneys. P-adrenergic 
receptor blockers m ay be helpful in im proving renal b lood flow. A djunctive use o f  beta-blockers 
(m etoprolol, bisoprolol, and nebivolol in heart failure and carvedilol in patients w ith end-stage 
renal failure) is renoprotective and is associated w ith reduced hospital adm issions and m ortality 
[Rangasw am i et al., 2019]. It should be noted that P-blockers are contraindicated in decom pen
sated heart failure due to  the potential side effects o f  hypotension and bradycardia. H ow ever, 
their w ithdraw al is associated w ith m ortality and therapy should be continued i f  considered pos-
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sible. H ow ever, their w ithdraw al is associated w ith m ortality and treatm ent should be continued 
i f  considered possible.

Inhibition o f  the renin-angiotensin system is one o f  the m ain pharm acological treatm ents 
for CRS. A ngiotensin II receptor antagonists (AT 2) and angiotensin-converting enzym e (ACE- 
Is) inhibitors are know n to  cause tem porary and reversible im pairm ent or renal function; there
fore patient m onitoring is necessary [Rubinstein, Sanford, 2019]. The use o f  these drugs is rec
om m ended w ith the low est dose, w hile avoiding non-steroidal anti-inflam m atory drugs. RA A S 
inhibitors can also be lim ited to  hyperkalem ia, w hich can lead to harm ful arrhythm ias [Clegg et 
al., 2017]. G iven the therapeutic success o f  sacubitril-valsartan, w hich increases the natriuretic 
peptide, natriuretic peptide analogs such as cenderitide, a drug undergoing prelim inary preclini- 
cal and clinical developm ent, have now  been developed [Jing et al., 2017]. In addition, inhibitors 
o f  the sodium  glucose cotransporter type 2, increasing the excretion o f  glucose by the kidneys, 
have recently been o f  great clinical interest for the treatm ent o f  cardiorenal syndrome.

In addition to  inhibiting the RA A S, other form s o f  treatm ent are needed that can be used 
alongside the standard regim en. Savira F., et al. Suggest that pharm acological inhibition o f 
ASK1 kinase m ay help treat cardiorenal syndrom e [Savira et al., 2020].

M itigation strategies for urem ic toxins PB U T can be sum m arized as fo llow s: inhibition o f 
PB U T production in the intestine; inhibition o f  targeting pathw ays activated by PB U T that have 
entered cells; and im proved dialysis techniques to  rem ove PB U T [Savira et al., 2020].

A  low  protein diet has been show n to lim it internal production o f  urem ic solutes, w hich 
low ers indoxyl sulfate levels in patients w ith chronic kidney disease [B lack et al., 2018]. H ow ev
er, there are also health problem s w ith prolonged low  protein intake. The use o f  sym biotic thera
py (prebiotic and probiotic) showed a positive m odification o f  the stool m icrobiom e and a de
crease in the level o f  circulating indoxyl sulfate; bu t further evaluation is required in a larger 
study. AST-120, a carbon adsorbent o f  indole (a precursor o f  indoxyl sulfate), has show n tre 
m endous potential as a therapeutic strategy agai8nst protein-bound urem ic toxins [Cha et al., 
2016]. H ow ever, its application requires further research.

L ipid m etabolism  is an integral part o f  cardiac function. O xidized LD L levels are m arkedly 
elevated in patients w ith chronic kidney disease, probably due to increased oxidative stress [Pe
terson et al., 2020].

The m ain lipid-low ering treatm ent is the adm inistration o f  statins (H M G -C oA  reductase 
inhibitors). H D L agonists such as niacin and fibrates are also prom ising lipid-low ering therapy 
strategies. Fibrates are com m only prescribed to  m odulate triglycerides, bu t there are far few er 
clinical studies involving fibrates than statins. Fibrates are beneficial in reducing the risk o f  car
diovascular disease in m ild to  m oderate chronic kidney disease, bu t the effect is unclear in the 
later stages. N iacin  is not excreted by the kidneys and m ay be safe fo r chronic kidney disease, 
bu t is poorly tolerated. PC SK 9 (m onoclonal antibody) inhibitors have been shown to be m ore 
effective than statins in reducing LD L cholesterol and cardiovascular events [D incer et al., 2019].

A n im balance o f  sphingolipids can have negative consequences fo r the heart, kidneys and 
blood vessels. It has been suggested that RA A S, especially angiotensin II interacts w ith sphin- 
golipids, although the m echanism s rem ain unclear. Further research detailing the behavior o f  the 
various form s o f  sphingolipids is needed to  understand the benefits o f  sphingolipid-targeted ther
apy for diseases including cardiorenal syndrom e [M agaye et al., 2019].

Thus, the pathophysiology o f  CRS is com plex and includes interactions betw een neuro
horm ones, inflam m atory processes, oxidative stress, and m etabolic disturbances. Therapy re
m ains inadequate currently, m ainly sym ptom atic therapy w ith m inim al chances o f  full recovery.

C onclusion

Cardiorenal syndrom e, w hich has a com plex and m ultifactorial pathophysiology, is a clini
cal problem . D iagnostic, prognostic and therapeutic m easures for cardiorenal syndrom e are lim -
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ited. Current pharm acological treatm ents are effective but insufficient to  satisfactorily treat or 
m itigate the progression o f  cardiorenal syndrom e, so they are a high priority area for drug dis
covery and new  therapeutic strategies. Treatm ent o f  patients w ith cardiorenal syndrom e should 
be com prehensive and continuous, aim ed at elim inating physical and psychosocial symptoms.
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