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Abstract

The combination of heart failure and renal failure is called cardiorenal syndrome. It is a stage of the cardiorenal continuum
and, possibly, a small part of the cardiorenal-cerebral-metabolic axis. Despite the fact that the phrase “cardiorenal
syndrome” and its five types have become a part of the medical lexicon, many aspects of this problem are still not
clear. Cardiorenal syndrome can be diagnosed in 32-90.3% of patients with heart failure. Cardiorenal syndrome type
1 or 2 develops in most cases of heart failure: cardiorenal syndrome presents with the development of chronic kidney
disease in patients with chronic heart failure and acute kidney injury in patients with acute heart failure. Impaired renal
function has an unfavorable prognostic value. It leads to an increase in the mortality of patients with heart failure. It is
necessary to timely diagnose the presence of cardiorenal syndrome and take it into account when managing patients
with heart failure. Further researches are needed on ways to prevent the development and prevent the progression
of kidney damage in patients with heart failure, to which the efforts of the multidisciplinary team should be directed.
The first part of this review examines the current definition, classification, pathogenesis, epidemiology and prognosis of
cardiorenal syndrome in patients with heart failure.
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BP — blood pressure, ACE — angiotensin converting enzyme, ARC — active oxygen radicals, IAP — intra-abdominal
pressure, PCWP — pulmonary capillary wedge pressure, RRT — renal replacement therapy, CAD — coronary artery
disease, IL. — interleukin, IM — myocardial infarction, CRS — cardiorenal syndrome, LV — left ventricle, CRCA —
cardiac thythm and conduction abnormalities, NUP — natriuretic peptides, ADHF — acute decompensated heart
failure, ATN — acute tubular necrosis, ACS — acute coronary syndrome, AKI — acute kidney injury, AHF — acute
heart failure, RF — renal failure, RAAS — renin-angiotensin-aldosterone system, SAS — sympathoadrenal system, CO —
cardiac output, DM — diabetes mellitus, GFR — glomerular filtration rate, HF — heart failure, CRP — C-reactive protein,
CVD — cardiovascular diseases, TIN — tubulointerstitial nephritis, PE — pulmonary embolism, EF — ejection fraction,
TNF — tumor necrosis factor, FF — filtration fraction, CKD — chronic kidney disease, CHF — chronic heart failure,
CVP — central venous pressure, UAE — urine albumin excretion
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The understanding of the development of car-
diovascular disease (CVD) is currently based
on the concept of the cardiovascular, cardio-cere-
bral and renal continuum (Figure 1) [73-75, 82].
The cardiovascular continuum is a chain of inter-
related changes in the cardiovascular system from
exposure to risk factors (hypertension, diabetes
mellitus (DM), dyslipidemia, obesity, smoking, etc.)
through the gradual emergence and progression
of endothelial dysfunction, atherosclerosis, left ven-
tricular (LV) hypertrophy, coronary artery disease
(CAD), myocardial infarction (MI) to the develop-
ment of heart failure (HF) and fatal outcome [3].
This is accompanied by brain damage from expo-
sure to risk factors through the development of
encephalopathy to stroke, cognitive impairment,
dementia and fatal outcome.

Concurrently with these processes, in most cases,
kidney pathology develops and progresses from risk
factors, most of which are common for cardiovas-
cular and renal diseases, through the appearance
of albuminuria of varying severity (A1, A2, A3,
A4 levels), a decrease in glomerular filtration rate
(GFR) to the development of end-stage renal fail-
ure (RF) and fatal outcome [35].

Myocardial

Over the past 10 years, there has been more discus-
sion on the issue of the “double epidemic” of heart
and kidney failure [141], because many patients
have both manifestations of these two clinical con-
ditions, which has led to the ever-growing use of the
concept of “cardiorenal syndrome” [4, 19, 23, 28].

Definition of CRS

Cardiorenal syndrome is the simultaneous pres-
ence in the patient of cardiac and renal dysfunc-
tion/failure [43,46,87,160]. Initially, a patient with
cardiorenal syndrome may have kidney pathology,
leading to the development of RF, and then car-
diovascular complications and HF. Conversely, pri-
mary heart disease can lead to HF, which can lead
to the development of dysfunction and damage to
the kidneys and end-stage RF [23].

Classification of CRS

There are 5 types of cardiorenal syndrome (Table 1)
(144, 145,147, 149, 150].

Type 1 — acute cardiorenal syndrome — is the
development of acute kidney injury (AKI) in acute
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Figure 1. Cardiovascular, cardio-cerebral and renal continuum, with changes according to [Dzau et al. Circulation. 2006;114:2850-2870).
FR — risk factors, LV — left ventricle, DM — diabetes mellitus, CAD — coronary artery disease, DE — dyscirculatory encephalopathy. GFR —
glomerular filtration rate, AKI — acute kidney injury, CRF — chronic renal failure, AHF — acute heart failure, CHF — chronic heart failure,

CRCA — cardiac rthythm and conduction abnormalities

Figure 1. Cardiovascular, cardio-cerebral and renal continuum, with changes according to [Dzau et al.

Circulation. 2006, 114: 2850-2870).
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Table 1. Classification of cardiorenal syndrome [146, 147]

| Type | Title |

Clinical situations

1 Acute cardiorenal syndrome

Acute kidney injury in acute coronary syndrome, acute heart failure,

decompensation of chronic heart failure, pulmonary embolism, after
coronary angiography, cardiac surgery

2 Chronic cardiorenal syndrome

Chronic kidney disease in chronic heart failure due to coronary heart

disease, hypertension, cardiomyopathies, valvular heart diseases and other

3 Acute renocardiac syndrome

Hypertension, acute coronary syndrome, acute heart failure, cardiac

rhythm and conductivity abnormalities in acute kidney injury

4 Chronic renocardiac syndrome

Cardiovascular diseases (hypertension, left ventricular hypertrophy,

cardiac calcification, valvular heart disease, myocardial infarction)
in chronic kidney disease

5  Secondary cardiorenal syndrome

Systemic diseases with lesions of the heart and kidneys

cardiovascular conditions: acute coronary syn-
drome (ACS), pulmonary embolism (PE), acute
heart failure (AHF), and decompensation of
chronic HF (ADHF) [27, 35, 95, 97, 148].

Type 2 — chronic cardiorenal syndrome — is the
development of chronic kidney disease (CKD)
in chronic HF (CHF) [100].

Type 3 — acute renocardiac syndrome — is the
development of acute cardiovascular pathology
(hypertension, ACS, AHF, cardiac rhythm and
conductivity abnormalities (CRCA)) secondary
to acute pathology of the kidneys (renal ischemia,
acute glomerulonephritis, etc.) [56].

Type 4 — chronic renocardiac syndrome — is the
development of LV myocardial hypertrophy, calci-
fication of heart structures, cardiovascular events,
LV systolic and diastolic dysfunction in patients
with CKD [94].

Type 5 — is secondary cardiorenal syndrome, which
develops in systemic diseases such as diabetes mel-
litus (DM), rheumatic diseases (systemic vasculitis,
systemic lupus erythematosus, systemic scleroderma,
etc.), amyloidosis, sepsis, which simultaneously affect
both the heart and kidneys, leading to the develop-
ment of their dysfunction [165]. Based on this clas-
sification, kidney damage in most patients with HF
is cardiorenal syndrome of type 1 or 2 [14, 15].

Pathogenesis
of cardiorenal syndrome
in patients with HF

Hemodynamicdisorders, neurohumoral activation,
endothelial dysfunction, atherosclerosis, inflamma-
tion, oxidative stress, kidney embolism and other
mechanisms are involved in the development of

cardiorenal syndrome (CRS) in patients with HF
(Figure 2) [1, 16, 22, 24, 45, 62, 70, 163].

HEMODYNAMIC MECHANISMS
oF CRS PATHOGENESIS

Hemodynamic mechanisms for the development of
cardiorenal syndrome in HF include a decrease in
cardiac output (CO), the development of venous stag-
nation and increased intra-abdominal pressure (IAP).
For along time it was believed that the main cause of
kidney injury in HF is decreased cardiac output (CO),
which leads to a decrease in renal blood flow, hypoxia,
ischemia, kidney injury and their reduced functional
ability [48, 98]. However, in HF with preserved left
ventricular (LV) ejection fraction (EF) and normal
CO, as in CHF with reduced LVEF, acute kidney
injury (AKI) and chronic kidney disease (CKD) often
develop [38, 134]. Hence, a decrease in CO, hypo-
perfusion and ischemia of the kidneys alone may not
explain kidney injury in patients with HE.

Great importance in the decline of kidney perfor-
mance in recent years is given to venous stagnation
and an increase in central venous pressure (CVP).
These lead to a decrease in the filtration pressure
in the capillaries of the glomeruli and contrib-
ute to a decrease in the glomerular filtration rate
(GFR) [105, 110]. Also, an increase in CVP and
renal venous pressure leads to an overgrowth of the
venules around the distal nephron, which contrib-
utes to the compression of the tubules, increased
pressure in the tubules and reverse flow of filtrate
into the interstitial. Renal venous congestion can
lead to interstitial hypoxia, inflammation and
nephron damage, deterioration of kidney function,
proteinuria and tubular dysfunction (8, 130].
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Figure 2. Cardiorenal syndrome pathogenesis, with changes according to [Ronco, C., Haapio, M., House, A.A. et al., Cardiorenal syndrome.

//J Am Coll Cardiol, 2008. Vol. 52 (19): P. 1527-39]. A — adenosine, ADH — antidiuretic hormone, AP — intra-abdominal pressure, HDD —
hemodynamic disorders, NUP — natriuretic peptides, NEA — neuroendocrine activation, ADHF — acute decompensation of chronic heart
failure, AKI — acute kidney injury, AHF — acute heart failure, PG — prostaglandins, RAAS — renin-angiotensin-aldosterone system, SAS —
sympathoadrenal system, CO — cardiac output, GFR — glomerular filtration rate, CVP — central venous pressure, CKD — chronic kidney

disease, CRF — chronic renal failure, ET — endothelium

Figure 2. Pathogenesis of cardiorenal syndrome, with changes according to [Ronco, C., Haapio, M., House, A.A.
et al., Cardiorenal syndrome. /| J Am Coll Cardiol, 2008. Vol. 52 (19): P. 1527-39]

Increased IAP is also associated with impaired renal
function [128, 131]. Even healthy individuals had
significantly reduced GFR, secondary to abdomi-
nal compression with increased IAP >20 mm Hg
[135]. This can be explained by the compression of
renal veins and parenchyma outside, which leads
to a decrease in filtration pressure and GFR [135].
It was shown that the elevated CVP and IAP contri-
bution to reducing GFR in HF is greater than that
of the reduction of systemic blood pressure (BP),
reduction of CO and increase in pulmonary capil-
lary wedge pressure (PCWP) [110)].

NEUROENDOCRINE MECHANISMS
oF CRS PATHOGENESIS

involved in CRS
development in HF are activation of renin-

Neuroendocrine mechanisms

angiotensin-aldosterone (RAAS), sympathoadrenal
system (SAS), excess production of endothelin, vaso-

pressin (ADH), etc. Products of activation of all these
systems lead to vasoconstriction, including narrow-
ing of renal vessels, and, consequently, contribute
to the reduction of renal blood flow, the develop-
ment of chronic hypoxia, ischemia and kidney
damage with a decrease in their functional abilities
[156, 158]. In addition, vasoconstriction leads to an
increase in afterload, which can contribute to the
worsening of myocardial dysfunction [116].

THE ROLE OF RENIN-ANGIOTENSIN-
ALDOSTERONE SYSTEM
IN CRS PATHOGENESIS

It is known that the effect of RAAS on the kidneys is
diverse. Angiotensin II increases sodium reabsorp-
tion (Na*) [34, 84, 116], which contributes to water
retention and the development of edema, which
increases preload on the heart and exacerbates its
dysfunction.
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In addition, angiotensin II leads to a spasm of
the glomerular arterioles, wherein the narrowing
of efferent arterioles prevails over the narrowing
of afferent ones (Figure 3). Therefore, in the early
stages of CHF, despite the decrease in renal blood
flow, renal perfusion pressure and filtration frac-
tion (FF) increase, which contributes to the preser-
vation of normal values of GFR [116, 158].

On the one hand, this mechanism contributes to the
maintenance of GFR. On the other hand, hyper-
filtration can lead to damage to renal glomeruli:
increased permeability of the basal membrane and
loss of its negative charge. In addition, hyperfiltra-
tion helps to reduce hydrostatic pressure and to
increase oncotic pressure in the peritubular capil-
laries. This leads to increased reabsorption of water
and edematous syndrome, increased preload on
the heart and aggravation of its dysfunction [116].
With the progression of CHF and further decrease
in CO, renal blood flow decreases so much that
renal perfusion pressure and FF fall, which leads to
a decrease in GFR [14, 25, 37,92, 118].
Angiotensin II also contributes to the develop-
ment of albuminuria and proteinuria by increas-
ing the intraglomerular pressure, the permeabil-
ity of the basal membrane of the glomeruli and
the loss of its negative charge. Excessive flow of

Normal arterioles

Afferent Efferent Afferent

Figure 3. Effect of ATII on the glomerulus

Angiotensin Il

plasma proteins into the lumen of the tubules leads
to an increase in their reabsorption by epithelial
cells of the proximal tubules, the accumulation
of proteins in the cytoplasm of tubular cells, which
ultimately leads to swelling and destruction of lyso-
somes, rupture of the basal membranes of the
tubules, tubular dysfunction and the flow of plasma
proteins in the interstitial. This causes activation of
inflammatory and vasoactive genes, secretion of
inflammatory mediators. They attract monocytes
and T-lymphocytes to the interstitial space, which
in turn leads to the activation of fibroblasts, syn-
thesis of extracellular matrix and the development
of interstitial fibrosis and nephrosclerosis — mor-
phological substrate for the development of RF [6].
Activation of fibroblasts is also promoted by vaso-
constriction of peritubular vessels with the devel-
opment of ischemia [6]. In addition, angiotensin I1
causes hyperplasia of glomerular mesangial cells,
stimulates their production of transforming growth
factor b, which increases the synthesis of extracellu-
lar matrix components, which leads to the develop-
ment of glomerulosclerosis [103, 119].

Angiotensin II enhances the synthesis and release
of aldosterone [116, 158], which promotes sodium
reabsorption at the level of distal tubules and col-
lecting tubes and the development of edematous

ACEI, ARA

Efferent Afferent Efferent

Figure 3. Effect of angiotensin II on the glomerulus. APF — angiotensin-converting enzyme, ARA — angiotensin

receptor antagonists
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syndrome [25, 70]. In addition, aldosterone
promotes connective tissue growth in patients
with CHE, which contributes to the development
of renal fibrosis and glomerulosclerosis [143].

THE ROLE OF SYMPATHOADRENAL SYSTEM
IN CRS PATHOGENESIS

Activation of the sympathoadrenal system (SAS)
also contributes to the development of renal dys-
function in patients with CHF [50]. Activation
of a-adrenoreceptors in the basal membrane
of the proximal tubules leads to an increase in
sodium and water reabsorption [25]. Stimula-
tion of a,-adrenoreceptors in afferent and effer-
ent arterioles leads to a narrowing of these vessels
and, consequently, a decrease in renal blood flow.
Stimulation of B -adrenoreceptors in the cells of the
juxtaglomerular apparatus increases the release of
renin and increases the activity of RAAS [70, 116].

OTHER ASPECTS OF NEUROENDOCRINE
ACTIVATION IN THE GENESIS OF KIDNEY
DAMAGE IN CHF

Antidiuretic hormone (ADH, vasopressin, arginine-
vasopressin), endothelins and adenosine, the con-
centration of which increases with CHEF, lead to
vasoconstriction, and, consequently, to a decrease
in renal blood flow, as well as an increase in water
reabsorption, an increase in preload on the heart
and venous stagnation [34, 116, 164, 165]. This
contributes to the development of damage to the
glomeruli and renal interstitium [36, 41], and to
reduced GFR [25, 81, 85, 110, 168].

That is, it seems that compensatory neurohu-
moral mechanisms are not sufficiently adaptive
in the long term. Vasoconstriction leads to the
development of ischemia, damage to kidney struc-
tures. Retention of sodium and water by the kid-
neys, mediated by neurohumoral activation, leads
to the progression of cardiac dysfunction, and this,
in turn, contributes to more pronounced renal
dysfunction. The vicious circle closes leading to
the progression of CHF and the development of
kidney damage [43].

The adverse effect of neurohumoral activation
products in the early stages of CHF is prevented
by a number of nephroprotective substances. These

include endogenous vasodilating factors: natri-
uretic peptides (NUP), prostaglandins E2 and 12,
nitric oxide [1, 24, 25, 37,92, 116, 118, 156-158].

Natriuretic peptides: atrial (aNUP, ANP), brain
(bNUP, BNP), (CNP)
and urodilatin — dilate afferent and narrow effer-

C-natriuretic  peptide

ent arterioles, increasing renal blood flow and
GFR [13, 164, 165]. Also NUP inhibit sodium and
water reabsorption, reduce the secretion of renin
and aldosterone [116]. In the initial stages of CHF,
this contributes to the preservation of kidney func-
tion, but then, despite NUP production, the phe-
nomenon of escaping from its action develops.
Resistance to NUP may be due to a decrease in
sodium flow into the collecting tubes due to a drop
in GFR or an increase in proximal sodium reab-
sorption [116, 158]. In addition, resistance to NUP
may be associated with its destruction by the proxi-
mal endopeptidase, including neprilysin.
Prostaglandins E2 and 12, the production of which
increases in a compensatory manner in CHF
in response to an increase in the plasma concentra-
tion of vasoconstrictors, have a vasodilating effect,
increase renal blood flow and natriuresis [25, 164,
165, 167].

Nitric oxide (NO, endothelium relaxant factor)
is an even stronger vasodilator than prostaglan-
dins E2 and 2. NO plays an important role in
the regulation of the volume of extracellular fluid
by the kidneys through vasodilation, natriuresis
and desensitization of the tubulointerstitial feed-
back mechanism. It is shown that in patients with
CHE, the activity of NO-synthase may decrease,
which leads to a decrease in the production of NO
[164, 165]. The dysregulation of NO is considered a
major factor of endothelial dysfunction in patients
with HF. Keilstein et al. have shown that there was
a relationship between decreased renal perfusion,
impaired NO-mediated endothelial vasodilation
and a high concentration of endogenous NO-syn-
thase inhibitor — asymmetric dimethylarginine in
patients with CHF [35]. An increase in the activity
of NADPH oxidase under the action of angiotensin
I[Tleads to NO inactivation. This is another potential
mechanism of endothelial dysfunction in HF [42].
In addition, an increase in tumor necrosis factor
(TNF) in CHF and CKD can lead to a decrease in
the activity of NO-synthetase and an increase in the
rate of endothelial cell apoptosis [87].
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Over time, the nephroprotective effect of NUP,
prostaglandins and NO is depleted, which contrib-
utes to the progression of renal hemodynamic dis-
orders and reduced functional state of the kidneys

[25,37,92, 118].

Oxidative stress,
inflammation, apoptosis

Along with hemodynamic and neuroendocrine
mechanisms, the main links involved in the devel-
opment of kidney damage during HF are oxidative
stress, activation of the inflammatory system and
apoptosis (Figure 2) [46, 87, 88]. The development
of oxidative stress can contribute to the activation
of RAAS, as angiotensin II activates NADPH oxi-
dase, which leads to the formation of active oxygen
radicals (ARC) [46]. Also, according to experimen-
tal studies, increased production of ARC can con-
tribute to the activation of SAS [33].

Adverse effects of oxidative stress are associated
with damage to cardiomyocytes, endotheliocytes
and renal tubular cells [127, 172]. In addition,
ARC:s lead to the proliferation of cells of intrare-
nal blood vessels and, consequently, the progres-
sion of renal blood supply disorders, and also
launch a proapoptotic cascade in the cells of the
proximal tubules [39, 40, 46]. Oxidative damage
to the tubules and interstitial inhibit feedback
mechanisms involved in the secretion of renin
[46]. This may contribute to increased RAAS activ-
ity and its adverse effects on the kidneys. In addi-
tion, ARCs under oxidative stress in rats in vivo and
in vitro increase the activity of pre-ganglion sym-
pathetic neurons and, consequently, contribute to
the increase of SAS activity [112, 161]. That is, oxi-
dative stress can contribute to altered functional
state of the kidneys, both directly and by activat-
ing neurohumoral systems [46].

In addition to oxidative stress, inflammation
leads to kidney damage during HF [46, 62, 173,
174]. In an environment of mechanical overload
and ischemia, cardiomyocytes are able to pro-
duce a large number of cytokines and provide an
immune response [57]. In addition, venous stag-
nation increases the absorption of toxins in the
intestine, increasing the inflammatory response
[58]. Patients with CHF were found to have ele-
vated levels of such markers of inflammation as

C-reactive protein (CRP), interleukin-1 (IL-1),
IL-1B, IL-6, IL-18, cell adhesion molecules, tumor
necrosis factor alpha (TNF-a) and its soluble recep-
tors in plasma and myocardium, as well as the
relationship of these markers with the severity and
progression of the disease [47, 62, 170]. Elevated
levels of proinflammatory cytokines are associated
with the activation of apoptosis, which is observed
not only in cardiomyocytes, but also in smooth
muscle cells of the vascular wall, renal tubular cells
and glomeruli [8].

ARCs also lead to the activation of the inflamma-
tion system. They contribute to the production
of pro-inflammatory cytokines, attraction and acti-
vation of leukocytes [45, 46].

In addition, the products of neurohumoral acti-
vation contribute to the development of inflam-
mation. Angiotensin II increases tissue level of
activated nuclear factor kappa B (NF-xB), induces
expression of TNF-a, IL-6, chemoattractant pro-
tein of monocytes (MSR-1) [46, 154]. SAS can also
lead to the activation of the inflammation system
through norepinephrine-mediated production
of cytokines in the liver and heart and neuropeptide
Y [45, 46], a high level of which is found in patients
with CHFE. It is involved in long-term vasoconstric-
tion, acts as a factor of vascular proliferation, can
lead to increased hypoxia and activation of inflam-
mation [46, 129].

Oxidative stress and inflammation can contribute
to structural damage and fibrosis in the kidneys,
although direct evidence is currently insufficient
(62, 77, 111, 114]. Further research is required
to obtain said evidence [46].

ANEMIA

Anemia can develop in CHF due to inhibition
of erythropoiesis (due to relative or absolute defi-
ciency of erythropoietin) and due to increased
content of hepatic peptide hepcidin, which reduces
iron absorption in the intestine and reduces the
release of iron from hepatocytes and macrophages
[87, 175]. Anemia contributes to the development
of chronic hypoxia, ischemia and damage to the
structures of the heart and kidneys [104]. Fur-
ther studies are needed to prove the importance

of anemia in the pathogenesis of kidney damage
in CHE

11



12

REVIEW ARTICLES

The Russian Archives of Internal Medicine ® Ne 1 e 2019

OTHER POSSIBLE PATHOGENETIC
MECHANISMS OF KIDNEY DAMAGE IN HF

Episodes of acute decompensation of HF are also
considered a factor that predisposes to the progres-
sion of HF and kidney damage [62]. The frequency
of CHF decompensation is independently related
to the development of CKD [166]. This is due to the
frequent development of AKI in ADHF, which may
not result in complete recovery of kidney structure
and function and may therefore contribute to the
development and subsequent progression of CKD
(55, 62].

Another pathogenetic link involved in the develop-
ment of kidney damage in HF can be atherosclero-
sis. On the one hand, kidney disease and reduced
functional ability are known risk factors for ath-
erosclerosis. On the other hand, atherosclerosis can
lead to impaired blood supply, damage and dys-
function of the kidneys and in some cases to isch-
emic kidney disease. In this regard, atherosclerosis
and kidney disease can mutually reinforce each
other and contribute to the progression of cardio-
renal syndrome [87].

In some studies, dyslipidemia, impaired coagula-
tion and vascular-platelet hemostasis are also listed
among the mechanisms of renal dysfunction in

CHF [71, 124].

Forms of cardiorenal syndrome
type 1 in patients with HF

CRS of type 1, which is the development of AKI with
initially normal renal function or with pre-existing
CKD, may be prerenal, renal and less often —
postrenal in nature [18].

Prerenal AKI in CRS of type 1

The following conditions can lead to the develop-

ment of prerenal AKI in HE.

1) Decrease in CO (with ADHF, AHF of different
etiology, including cardiogenic shock, arrhyth-
mias, conduction disorders, PE, cardiac tam-
ponade, etc.).

2) Hypovolemia (excessive loss of extracellular
fluid with a decrease in intravascular volume
due to bleeding, vomiting, diarrhea, as well as
burns and forced diuresis). Randomized DOSE
study (n=308, ADHF) demonstrated that the

administration of high (2.5 times higher than
maintenance dose) compared with low (equal
to maintenance) doses of loop diuretics led to a
more rapid decrease in stagnation, but a greater
reduction in GFR [79]. In this regard, it is rec-
ommended to administer diuretics in the mini-
mum effective doses that do not cause exces-
sive reduction of intravascular volume to avoid
hypotension and AKI [7].

3) Peripheral vasodilation (hypoxemia, sepsis, etc.)
with a decrease in systemic BP.

4) Spasm of renal vessels in shock, hypercalcemia,
inhibition of prostaglandin synthesis (includ-
ing during treatment with non-steroidal anti-
inflammatory drugs — NSAIDs).

5) Administration of angiotensin-convert-
ing enzyme inhibitors (ACE) / sartans [18].
Under the influence of these drugs, afferent glo-
merular arterioles are mainly dilated (Figure 3),
which may contribute to a decrease in renal per-
fusion pressure and FF [70, 120, 133] and, con-
sequently, a decrease in GFR [29, 70]. In most
patients with CHF, despite dilatation of efferent
arterioles, GFR with ACE inhibitors / sartans
remains stable due to increased renal blood
flow resulting from dilation of arterioles [70,
120]. The development of prerenal AKI under
the influence of ACE inhibitors / sartans in most
cases 1is associated with a drop in systemic BP.
To prevent this, it is necessary to start treatment
with low doses, administer the first dose at night,
slowly perform dose titration, avoid simultane-
ous administration of NSAIDs [120].

In most cases, prerenal AKI is accompanied by

hypotension (SBP <90 mm Hg). Without adequate

treatment, hypoxic nephron damage develops,
which leads to progressive tubular dysfunction
and, in some cases, ischemic acute tubular necrosis.

Renal AKI in CRS of type 1

The main types of renal AKI in HF are: 1) acute
tubular necrosis (ATN); 2) acute tubulointerstitial
nephritis (TIN); 3) occlusion of renal vessels [18].
Acute tubular necrosis (ATN, tubular necrosis)
may be ischemic and toxic. As mentioned above,
ischemic ATN can develop without adequate treat-
ment of prerenal AKI (in this case, AKI will have a
combined nature: prerenal and renal). Toxic tubu-
lar necrosis may occur as a result of the influence
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of drugs (including massive doses of diuretics,
contrast agents, anesthetics, etc.), exo- and endog-
enous toxins (including organic pigments myo-
globin and hemoglobin). After cessation of expo-
sure and excretion of the nephrotoxic agent, renal
function is usually restored. Intratubular deposits
in acute urate nephropathy, multiple myeloma,
severe hypercalcemia and primary hyperoxaluria
may be regarded as more rare causes of ATIN [18].
The causes of acute TIN can be drugs, infectious
diseases, uric acid salts, etc. [18, 146].

Occlusion of renal vessels may occur in throm-
bosis of the renal veins, thrombosis or embolism
of the renal arteries [18]. Renal thrombosis with the
development of AKI is often observed in dissemi-
nated intravascular coagulation. Atheroembolism
(embolism with small fragments of atherosclerotic
plaques) of the renal arteries develops quite rarely.
It can be spontaneous, provoked by injuries and
interventions such as angiography, angioplasty,
intra-aortic balloon counterpulsation, vascular
surgery and thrombolysis. Obstruction of small
renal arteries leads to the development of ischemia,
inflammatory reaction around emboli, hyperten-
sion and AKI. More than half of the inflammatory
infiltrate cells are eosinophils, because cholesterol
crystals of atherosclerotic plaque fragments have
a direct chemotactic effect on them. The develop-
ment of acute TIN exacerbates renal dysfunction
in atheroembolism of the renal arteries. This con-
dition is often undetected. The possible athero-
embolism of the renal arteries is evidenced by the
presence of systemic atherosclerosis, marble pat-
tern of the skin, embolism with cholesterol crystals
of the retinal arterioles (bright yellow Hollenhorst

Table 2. The severity of acute kidney injury

plaques), petechiae and ischemia of the toes with a
preserved pulse on the rear artery of the foot. Labo-
ratory examination often reveals eosinophilia of
blood and eosinophiluria, hypercomplementemia,
elevated levels of lactate dehydrogenase, erythro-
cyte sedimentation rate (ESR), leukocytosis. The
diagnosis is confirmed by a kidney biopsy, in which
cholesterol crystals are found in arterioles. Changes
in the kidneys caused by atheroembolism of the
renal arteries are often irreversible [23].

Postrenal AKI in CRS of type 1

The causes of postrenal AKI in HF may be acquired
obstructive nephropathy due to nephrolithiasis,
acute uric nephropathy or other causes that violate
the passage of urine through the ureters; tumors
(prostate, uterus, large intestine, etc.); endometrio-
sis; retroperitoneal fibrosis (posttraumatic, second-
ary to aortic aneurysm, iatrogenic, idiopathic), etc.
[18]. Diagnosis is based mainly on the results of
imaging methods of examination.

Diagnosis of cardiorenal

syndrome type 1 in patients
with HF

For the diagnosis of CRS type 1 in patients with
AHF/ADHTF, it is advisable to use modern recom-
mendations for the diagnosis of AKI, according to
which AKI should be diagnosed in the presence of
at least 1 of 3 criteria: 1) increase in creatinine by
>26.5 pmol/l for 48 hours; 2) increase in creati-
nine by 1.5 times for 7 days; 3) decreased diuresis
<0.5 ml/kg/h for 6 hours [9]. The approach to diag-
nosis of AKI severity is presented in Table 2.

Serum creatinine

| Stage |

Diuresis, ml/kg/h

1 1.5-1.9 times increasing from the baseline

OR

<0.5 during >6 <12 hours

0.3 mg/dL (26.5 pmol/L) increase

2.0-2.9 times increasing from the baseline

3.0 times increasing from the baseline

OR

4.0 mg/dL (353.6 umol/L) increase

OR

<0.5 during >12 <24 hours

<0.3 during 24 hours
OR
Anuria during 12 hours

Initiation of renal replacement therapy

OR

In patients younger than 18 years old, a decrease in glomerular
filtration rate <35 ml/min/1.73 m?
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Biomarkers for the diagnosis of early stages of AKI
may be cystatin C, KIM-1, L-FABR-liver type of
fatty acid binding protein, IL-18-interleukin 18,
NGAL [146]. Said biomarkers are being actively
studied and may soon be introduced into the stan-
dards for the diagnosis of AKI, including in HE.
In ultrasound examination in AKI, kidneys are
usually of normal or enlarged size with preserved
cortical-medullary ratio, and in color Doppler
there is increased resistive index (RI) >0.8 cm/s

(86, 96, 146)].

Diagnosis of cardiorenal
syndrome type 2 in patients

with HF

For the diagnosis of cardiorenal syndrome type 2 in
patients with CHF, it is advisable to use modern rec-
ommendations for the diagnosis and treatment of
CKD [21]. CKD should be diagnosed in all patients
with 1 or more markers of kidney damage for
3 months or more, regardless of glomerular filtra-
tion rate (GFR) and/or in patients with GFR values
<60 ml/min/1.73 m? for 3 months or more, regard-
less of the presence of markers of kidney damage.
The “3 months or more” interval during which
decrease in GFR or markers of kidney damage
should be detected is due to the fact that the acute
variants of renal dysfunction during this period
result in recovery, or lead to the emergence of CKD
symptoms. The use of GFR <60 ml/min/1.73 m? as
a diagnostic criterion is due to the fact that such
a decrease in GFR corresponds to a loss of 50%
of the mass of active nephrons, which is clinically
significant.

Table 3. Stages of CKD [9, 21]

For calculation of GFR, the latest and most accu-
rate CKD-EPI formula should be used. Calcula-
tions can be made using the on-line calculator
of the National Kidney Foundation, available on
the website http://www.kidney.org/professionals/
kdoqji/gfr calculator.

In accordance with modern recommendations
on CKD, the degree of decline in GFR is divided
into 5 stages of kidney damage (Table 3) [9, 21].

Markers of kidney damage that should be consid-

ered in the diagnosis of CKD include:

1. Albuminuria/proteinuria (urine albumin excre-
tion (UAE) >10 mg/24 h, or the urine albumin
to creatinine ratio >10 mg/g (>1 mg/mmol)

2. Changes in urinary sediment: erythrocyturia
(hematuria), cylindruria, leukocyturia (pyuria)

3. Tubular dysfunction: glucosuria in the absence
of hyperglycemia, phosphaturia, etc.

4. Histological changes in kidney biopsy (specific
signs of kidney disease, nephrosclerosis)

5. Structural changes in imaging methods (renal
developmental abnormalities, cysts, hydrone-
phrosis, changes in kidney size, thinning of the
cortical layer, the decrease in cortical-medullary
ratio, increased echogenicity of the parenchyma)

6. History of kidney transplantation [21].

For the diagnosis of CKD a marker of kidney injury
must be identified at least 2 times with an interval
of 3 months or more. Histological changes in the
kidneys or irreversible structural changes in imag-
ing methods can be detected once [21].

Quantification of UAE (albuminuria) should be
made in daily urine or in the first morning portion

Glomerular filtration rate,

Stage Description ml/min/1.73 m?
C1 Kidney damage with normal or increased GFR 90-120
C2 Kidney damage with mild decreased GFR 60-89
C3a  Moderately decreased GFR 45-59
C3b  Moderately decreased GFR, with or without other evidence of 30-44
kidney damage
C4 Severe decrease of GFR, with or without other evidence of kidney 15-29
damage
C5 Terminal chronic renal failure, renal replacement therapy is <15

necessary (dyalisis/transplantation)

Note: GFR — glomerular filtration rate
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of urine to determine albumin/creatinine ratio.
In accordance with modern recommendations,
there are 5 levels of albuminuria [20]:

A0 — optimal albuminuria: <10 mg/day, or mg/g
creatinine;

Al — increased albuminuria, formerly known
as high normal, albuminuria: 10-29 mg/day, or
mg/g creatinine;

A2 — high albuminuria, formerly known as micro-
albuminuria: 30-299 mg/day, or mg/g creatinine;
A3 — very high albuminuria, formerly called mac-
roalbuminuria/proteinuria:  300-1,999 mg/day,
or mg/qg creatinine;

A4 — nephrotic albuminuria: >2,000 mg/day, or
mg/g creatinine [9, 21].

The prevalence of decreased
GFR in patients with HF

According to the national register of patients with
AHF and ADHF ADHERE [32], which includes
about 100,000 patients of different ages and with
various comorbidities hospitalized in 270 US
hospitals, the mean GFR calculated by the Cock-
roft-Gault formula was 48.9 ml/min/m? in men
and 35.0 ml/min/m? in women [37, 89].
According to the Medicare information system,
decreased GFR calculated by the formula MDRD
<60ml/min/1.73m*wasdetectedin 60.4% of patients
who were on inpatient treatment with a diagnosis of
CHF [123]. According to Bruch et al., MDRD GFR
below 60 ml/min/1.73 m? for 3 months was observed
in 50.2% of patients with CHF [51]. In a study by de
Silva et al, MDRD GFR <60 ml/min was noted in
57% of patients [68]. In other studies, the prevalence
of decline in GFR <60 ml/min/1.73 m? among
patients hospitalized with ADHF was also 50-70%
[72,78,121,122, 125, 164].

A retrospective analysis of CONSENSUS, SOLVD,
DIG, CIBIS-II, COMET, CHARM, CARE-HF data-
basesoflarge clinical studiesrevealed thatadecrease
in creatinine clearance calculated by Cockroft-
Gault formula or a decrease in GFR calculated
by MDRD formula of <60 ml/min/1.73 m? was
revealed in 32-50% of patients with CHF [125].
According to Russian researchers, a decrease in
MDRD GFR of <60 ml/min/1.73 m? was found
in 7(.1%, CKD of different stages — in 90.3% of
patients with CHF with low LVEF [15].

In a large population-based study called NHANES
I, it was shown that among the US population
over 20 years of age, stage 1 of CKD was in 3.3%,
stage 2 —in 3.0% and stage 3 — in 4.3% of the pop-
ulation [30, 31, 101]. Clearly, the prevalence of
GFR reduction in patients with CHF is many times
higher than that in the general population.

Urine albumin excretion
in patients with CHF:
epidemiological and
pathogenetic aspects

In 1992 Eiskjaer et al. for the first time showed that
in 13 patients with CHF the rate of UAE was higher
than in 13 healthy individuals from a control group
(12 pg/min compared to 2.8 pg/min, p<0.01) [76].
Then during the assessment by Van de Wal et al. of
albumin/creatinine ratio in arandom urine sample,
microalbuminuria (A2) was detected in 32%
(95% CI 22-42%) of 94 outpatients with a stable
course of CHF of III-IV FC according to NYHA
[169]. Jackson et al. revealed microalbuminuria
(A2) in 30% and macroalbuminuria (A3) in 11%
of patients with CHF among CHARM program
participants. Moreover, UAE increase was similar
in patients with reduced and preserved LVEF [99].
Orea-Tejeda et al. showed the presence of microal-
buminuria in 40% of 30 patients with diastolic and
24% of 42 patients with systolic CHF with LVEF
<45% [137], with about half of the patients having
concomitant DM [99, 137].

According to Russian researchers, in assessing
albumin/creatinine ratio in morning urine, micro-
albuminuria (A2) was detected in 58.6% (95% CI
45.7-71.5), a high normal level of albuminuria
(A1) — in 10.0% of patients. In daily urine, micro-
albuminuria (A2) was detected in 67.1% (95% CI
54.7-79.5), high normal level (A1) — in 22.9%,
macroalbuminuria (A3) — in 5.7% of patients [17].
The higher level of UAE, as well as the lower values
of GFR in the Russian Federation, seems to be
due to the fact that UAE was determined not in a
random single sample, but in the first morming and
daily urine. It may also be due to ethnic differences,
greater clinical symptoms; systolic dysfunction, and
less adherence to therapy.

It should be noted that the incidence of albumin-
uria in patients with CHF is much higher than its
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prevalence in the general population, in patients
with diabetes and hypertension, which is 6.6-8.3%,
16-32% and 11-40%, respectively [26, 52, 67,
83, 93].

There is currently no clear answer to the question
on the reason for increased UAE and the develop-
ment of albuminuria in HE. On the one hand, albu-
minuria may be a manifestation of kidney damage:
altered function of the semi-permeable glomerular
filter and increased intraglomerular pressure [138].
On the other hand, the increased permeability of
the glomerular filter for albumin may reflect the
presence of generalized endothelial dysfunction [4,
139] and be associated with capillaropathy second-
ary to atherosclerosis [69, 91, 93].

In diabetic nephropathy at early stages, the devel-
opment of albuminuria is associated with a change
in the charge of anionic components of the glo-
merular basal membrane. Then, in these patients,
the pore size in the glomerular basal membrane
increases, which can lead to the progression
of albuminuria and the development of macroal-
buminuria. In patients with CHF, albuminuria is
possibly also first associated with charge-mediated,
and then with structural changes in glomerular
basal membrane [14].

It was previously assumed that albumin molecules
in the process of filtration and passage through the
tubules remained unchanged. Then it was found
that in patients with DM, before the development
of albuminuria, 90-95% of the filtered albumin 1is
destroyed in the tubules to small fragments with a
molecular weight of 1-15 kDa, which are not deter-
mined by standard immunochemical methods.
As kidney damage progresses, the fragmentation
of albumin in the tubules decreases, which contrib-
utes to the development of albuminuria [138].

In addition, the filtered albumin can be reabsorbed
by the cells of the proximal tubules via recep-
tor-dependent endocytosis. Disruption of this pro-
cess can also contribute to the improvement of
UAE and the development of albuminuria [14].

In patients with DM, the relationship of microalbu-
minuria with changes in Willebrand factor, fibrino-
gen, thrombomodulin and plasminogen activator
inhibitor 1 was revealed. This suggested that dis-
ruption of the coagulation and fibrinolytic systems
in CVD also contributes to the development of
albuminuria [90].

NEW BIOMARKERS
OF KIDNEY FUNCTION AND DAMAGE

New markers of kidney dysfunction and damage
include cystatin C (CysC), neutrophil gelatin-
ase-associated lipocalin (NGAL), kidney injury mol-
ecule 1 (KIM-1), N-acetyl-p-D-glucosaminidase
(NAG), and quiescin 6 [60, 61, 65, 136, 167].
In many studies, levels of these markers were mod-
erately elevated in patients with CHF compared
to the control group, even in patients with normal
GFR[62].

Cystatin C is an inhibitor of serine proteases with
a low molecular weight (13 kDa), which is released
from various nucleated cells at a relatively constant
rate, is freely filtered by glomeruli, not secreted,
slightly reabsorbed. Unlike creatinine and blood
urea nitrogen, it does not depend on protein intake,
muscle mass and catabolic processes [135]. Serum
cystatin C was supposed to be a more sensitive
marker of glomerular filtration disorders than creati-
nine [109]. However, cystatin C did not demonstrate
specificity with respect to kidney function. Its level
varies with age [159], may depend on immunosup-
pressive therapy [80], the presence of diabetes, thy-
roid function [151, 155]. To increase its diagnostic
value, formulas have been developed for calculating
GFR based on the concentration of this substance,
as well as on its combination with creatinine.
Recently, blood cystatin C has been shown to be
an independent predictor of mortality, heart trans-
plantation, and hospitalizations for HF [167].
A close relationship between blood cystatin C and
myocardial damage, the level of N'T-pro-BNP and
ventricular dysfunction was revealed [107, 108,
113, 167]. The relationship between the level of
cystatin C and the duration of hospitalization in
patients with CAD, CHF and AHF was not revealed
[53]. However, patients with elevated cystatin levels
had an increased risk of death and death/re-hos-
pitalizations [54]. And cystatin has shown itself
as a predictor, stronger than the usual markers of
kidney function [107, 117, 132]. In combination of
cystatin C with N'T-Pro-BNP, the predictive value
increased [53][20][8].

Another new marker of kidney damage is lipocalin,
which is associated with neutrophil gelatinase
(NGAL). It is a protein with a molecular weight of
25 kDa, whichis produced and secreted by immune
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cells, hepatocytes and renal tubular cells in various
pathological conditions [115]. Experimental and
clinical studies have shown that the expression of
NGAL increases in the heart in HF and myocar-
ditis, as well as in atherosclerotic plaques. In clini-
cal studies, blood and urine levels of NGAL were
correlated with creatinine or GFR, as well as with
clinical and biochemical markers (e. g.,, NUP) and
in some, but not all, studies with the severity of HF
[61]. Blood NGAL levels have also been linked with
increased mortality and the frequency of hospital-
izations for HF [44, 62, 162].

Similar results are published for KIM-1 and NAG.
KIM-1 is a glycoprotein expressed by proximal
tubules in kidney injury. It is referred to as “renal
troponin”. Its presence in patients with HF and its
correlation with N'T-proBNP indicates that kidney
injury is present in many patients with severe HF
[59]. The level of KIM-1 in urine increases com-
pared to the control in clinically apparent HF
[102]. Levels of KIM-1 and NAG were correlated
with severity of HF and were predictors of total
mortality and hospitalizations for HF [63-66].
Quiescin 6 (QuiescinQ6, QSOX1) is a protein
involved in the formation of disulfide bonds.
Accordingto the results of large-scale genomic stud-
ies, it (along with BNP) was associated with ADHF.
Its biological significance and feasibility of clinical
use is currently being studied [49, 126, 140].

Renal hemodynamics

Early diagnosis of CRS in patients with CHF can
be facilitated by imaging technology [86]. Renal
hemodynamics can be studied by duplex scanning
of renal arteries [2]. At the same time, patients with
CHF compared with the norm showed a decrease
in peak systolic (Vps) and final diastolic blood flow
(Ved) rates [171], an increase in pulsation (PI), resis-
tive (RI) indices, systolic-diastolic ratio (S/D), and
decrease in renal blood flow parameters [11-14,
17, 171).

Changes in parameters of renal hemodynamics in
patients with CHF may be associated with edema
of interstitial tissue and changes in the intrarenal
vascular bed, such as renal arteriolar hyalinosis
and fibroplastic thickening of the intima of small
arteries [92, 152, 153], which are typical for neph-
rosclerosis, which develops in severe CHF. Renal

hemodynamic disorders in patients with CHF are
similar to changes detected in kidney pathology of
another etiology. This may be due to the common
mechanisms underlying renal hemodynamic dis-
orders in these diseases, which determines the
common approaches to nephroprotection [10,
14, 17].

Doppler characteristics of renal blood flow in
patients with CHF are interrelated with the gener-
ally recognized manifestations of renal dysfunction:
serum creatinine concentration, GFR and UAE
[14, 17]. A similar relationship between doppler
ultrasonography at different levels of the renal arte-
rial tree with serum creatinine concentration, cre-
atinine clearance and GFR is indicated in patients
with hypertension and CREF, secondary to chronic
glomerulonephritis, DM and chronic pyelonephri-
tis [14]. The relationship of RI and PI with the level
of albuminuria was revealed in patients with hyper-
tension [5].

According to B. Krumme, intrarenal resistance
indices are not so much specific markers of kidney
damage, as a complex indicator of compliance, pul-
sation and peripheral resistance of the entire arte-
rial vascular bed. The change in compliance and
peripheral resistance of the arterial vascular bed is
accompanied by similar changes in renal vessels,
which contributes to a decrease in GFR and an
increase in UAE [106].

Thus, cardiorenal syndrome is a natural and inte-
gral part of the cardiorenal continuum. It may be
only a small part of the cardiorenal-metabolic axis
[142]. Cardiorenal syndrome is the development
of chronic kidney disease in patients with chronic
and acute kidney injury in patients with acute
heart failure. Cardiorenal syndrome can be diag-
nosed in 32-90.3% of patients with HF. Impaired
renal function has poor prognostic value: it leads
to increased mortality in patients with HE. It is nec-
essary to timely diagnose the presence of cardio-
renal syndrome and take this into account in the
management of patients with HF. It is necessary
to further study ways to prevent the development
and progression of kidney damage in patients
with heart failure, which should be the focus of the
efforts of a multidisciplinary team.
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