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Abstract: Chronic kidney disease (CKD) is characterized by manifestations and symptoms involving
systemic organs and apparatus, associated with elevated cardiovascular morbidity and mortality,
bone disease, and other tissue involvement. Arterial hypertension (AH), diabetes mellitus (DM),
and dyslipidemia, with glomerular or congenital diseases, are the traditional risk factors recognized
as the main causes of progressive kidney dysfunction evolving into uremia. Acute kidney injury
(AKI) has recently been considered an additional risk factor for the worsening of CKD or the
development of CKD de novo. Evidence underlies the role of systemic inflammation as a linking
factor between AKI and CKD, recognizing the role of inflammation in AKI evolution to CKD.
Moreover, abnormal increases in oxidative stress (OS) and inflammatory status in CKD seem to
exert an important pathogenetic role, with significant involvement in the clinical management of
this condition. With our revision, we want to focus on and update the inflammatory mechanisms
responsible for the pathologic conditions associated with CKD, with particular attention on the
development of AKI and AKI-CKD de novo, the alteration of calcium-phosphorus metabolism with
bone disease and CKD-MBD syndrome, the status of malnutrition and malnutrition–inflammation
complex syndrome (MICS) and protein-energy wasting (PEW), uremic sarcopenia, the status of
OS, and the different inflammatory pathways, highlighting a new approach to CKD. The depth
comprehension of the mechanisms underlying the development of inflammation in CKD may present
new possible therapeutic approaches in CKD and hopefully improve the management of correlated
morbidities and provide a reduction in associated mortality.

Keywords: chronic kidney disease; inflammation; acute kidney injury; cytokine; interleukin-6;
mineral bone disease; fibroblast growth factor 23; oxidative stress; malnutrition; sarcopenia

1. Introduction

Chronic kidney disease (CKD) is a key contributor to morbidity and mortality in
noncommunicable diseases, including diabetes mellitus (DM), metabolic syndrome, obesity,
arterial hypertension (AH), and cardiovascular (CV) disease [1].

Kidney diseases exert significant consequences on global health, both as a direct cause
of global morbidity and mortality and as an important risk factor for CV disease [2].

The prevalence of CKD has increased by about 30% since 1990 and is associated with
rising treatment costs because of renal replacement therapy (RRT) and the long-term use of
dialysis for patients with end-stage kidney disease (ESRD). The number of people receiving
RRT exceeds 2.5 million and is projected to double to 5.4 million by 2030 [3].
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Arterial hypertension, DM, and dyslipidemia, with glomerular or congenital dis-
eases, are the traditional risk factors recognized as the main causes of progressive kidney
dysfunction evolving into uremia [4].

Uremic CV risk factors are chronic causes of a low-grade inflammatory status associ-
ated with alteration in calcium-phosphorus metabolism, hyperhomocysteinemia, malnutri-
tion, uremic sarcopenia, and oxidative stress (OS) [1].

Acute kidney injury (AKI) has recently been considered an additional risk factor for
the worsening of CKD or the development of CKD de novo [5].

Evidence underlies the role of systemic inflammation as a linking factor between AKI
and CKD, recognizing its role as responsible for AKI evolution to CKD. Moreover, abnormal
increases in OS and inflammatory status in CKD seem to exert an important pathogenetic
role, with significant involvement in the clinical management of this condition [6].

With our revision, we aim to focus on and update the dynamic complex of inflam-
matory mechanisms responsible for the pathologic conditions associated with CKD, with
particular attention on the development of AKI and hypoxia, the alteration of calcium-
phosphorus metabolism and bone disease, adipose tissue dysfunction, hyperhomocysteine-
mia, the status of malnutrition and uremic sarcopenia, gut microbiota alterations, and the
status of OS. We consider the mutual relationship between CKD and the target organs as
active effectors of kidney damage progression through systemic inflammatory mechanisms.

The depth comprehension of the mechanisms underlying the development of CKD
may lead the way to specific treatments and hopefully to the improved management of
correlated morbidities and reduction of associated mortality.

Alongside the recommended control of classical risk factors such as AH and hy-
perglycemia with common pharmacological tools, in particular angiotensin-converting
enzyme (ACE) inhibitors or angiotensin-receptor blocker (ARB), we explore the potential
role of the new renin–angiotensin system (RAAS) blocker mediated by the novel non-
steroidal receptor antagonist finerenone and sodium–glucose cotransporter-2 (SGLT-2)
inhibition on CKD management.

The role of OS, hypoxia-induced factors (HIFs), and other inflammatory mediators
are considered and described, as the kidney represents one of the most metabolically
active organs, which renders it particularly vulnerable to oxidative damage, hypoxia, and
inflammation. The main mechanisms underlying inflammation in CKD are summarized
in Figure 1.

1.1. CKD and Systemic Inflammation

Increased morbidity and mortality associated with CKD are related to several factors,
including traditional risk factors such as increased blood pressure, serum LDL cholesterol,
body mass index, and the presence of cardiovascular disease, as well as newly recognized
conditions, in particular malnutrition and chronic inflammation [7].

In CKD patients, systemic inflammation is characterized by a low-grade inflammatory
status and seems to play a key role in increased morbidity and mortality associated with
chronic nephropathy. Multiple factors can contribute to immune dysregulation and inflam-
matory activation in CKD. Alongside the role of traditional inflammatory biomarkers and
the deregulated mineral metabolism characteristic, a role should be recognized for OS asso-
ciated with CKD. In fact, the kidney is one of the most metabolically active organs, which
renders it particularly vulnerable to oxidative damage, alteration of calcium-phosphorus
metabolism, and bone disease, as well as hyperhomocysteinemia and malnutrition with
uremic sarcopenia [8].

Chronic kidney disease is associated with the homeostatic deregulation of synthesis,
release, and degradation of soluble molecules, including disturbances of the immune
system with the disruption of cytokines and inflammatory mediators, and decreased
renal clearance accounting for higher levels of circulating cytokines [9]. Interestingly, local
proinflammatory cytokine production and an increased absorptive gradient have been
demonstrated in the interstitial fluid of chronic peritoneal dialysis [10].
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Figure 1. Chronic kidney disease as a systemic inflammatory syndrome. We describe the principal pathologic conditions
connected to CKD and the related inflammatory mechanisms. a1-AG alpha1-acid glycoprotein; Adc: central adiposity; AKI:
acute kidney injury; AKI-a/p-rec AKI apparent/partial recovery; CKD-MBD: chronic kidney disease-mineral bone disorder;
CRP: C-reactive protein; Cyt: cytokines; DAMPs: damage-associated molecular patterns; dysf Adt: dysfunctional adipose
tissue; E-Sel: E-selectin; FGF23: fibroblast growth factor 23; Fibr: fibrinogen; HD: hemodialysis; ICAM-1: intracellular
adhesion molecule-1; IL: interleukin; Ins-res: insulin resistance; L-act: leukocyte activation; M: macrophages; MICS:
malnutrition–inflammation complex syndrome; NGAL: neutrophil gelatinase-associated lipocalin; Nrf2-Keap1: Nrf2
nuclear factor erythroid 2 (NF-E2)-related factor 2 (Nrf2)–Keap1 (Kelch-like erythroid cell-derived protein with CNC
homology (ECH)-associated protein) 1; OS: oxidative stress; PAMPs: pathogen-associated molecular patterns; perit-cap:
peritubular capillaries; PEW: protein-energy wasting; PINI: prognostic inflammatory and nutritional index; Pres/Proc:
presepsin/procalcitonin; P-sel: P-selectin; PTH: parathormone; PTH meth: PTH methionine-sulfone residues; RAS: TC:
tubular cells; TGF: transforming growth factor; TNF: tumor necrosis factor; transc act: transcription activation; Treg: T-cell
subsets regulatory T cells; VCAM-1: vascular cell adhesion molecule-1; ↑: increase; ↓: reduction.

The progressive loss of kidney function during CKD demonstrates an inverse correla-
tion with the increase in inflammation-associated markers, in particular C-reactive protein
(CRP) and fibrinogen, and the increase in proinflammatory mediators, such as interleukin
(IL)-6, tumor necrosis factor (TNF)-α, and IL-1β [11,12].

An association between albuminuria, kidney function, and inflammatory biomarkers
has been found in CKD patients [13]. It has been shown that the increased release of
inflammatory mediators is associated with the elevation of fibroblast growth factor (FGF)-23
levels. Increased levels of FGF-23, IL-6, and CRP independently predict mortality associated
with CKD [14]. In fact, serum albumin, CRP, IL-6, and fetuin seem to be predictors of
malnutrition, cardiovascular disease, and mortality in patients with advanced CKD [15].

Additional conditions associated with proinflammatory status are OS, produced by
the uremic milieu, and metabolic acidosis, developing with a decrease in the glomerular
filtration rate (GFR) [11]. A particular contributor is the emerging role of the impaired Nrf2
nuclear factor erythroid 2 (NF-E2)-related factor 2 (Nrf2)–Kelch-like erythroid cell-derived
protein with CNC homology (ECH)-associated protein 1 (Keap1) pathway, which is one of
the most important cell defense and survival pathways. Nrf2 can protect cells and tissues
from a variety of toxicants by increasing the expression of a number of cytoprotective genes
to OS and inflammation in CKD in relation to acidosis in hemodialysis (HD) patients [16,17].
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Compounds that increase the activity of Nrf2 are being tested for disease prevention,
whereas Nrf2 inhibitors are being developed as an adjuvant therapy to enhance the efficacy
of, for example, chemotherapeutic drugs. Activation of the Nrf2 defense response has
been shown to protect against neurodegenerative diseases, aging, DM, OS, CVD, and
inflammation [18]. Accumulation of Nrf2 in cells creates an environment conducive for cell
growth and protects against oxidative stress and toxic agents [19].

Uremic CV risk factors that exert a key role in CKD are associated with a chronic
low-grade inflammatory status [20] responsible for the alteration of calcium-phosphorus
metabolism, as observed in nondiabetic HD patients with coronary artery calcifications
associated with long-term cardiovascular events [21,22], hyperhomocysteinemia [23], mal-
nutrition [11,15], uremic sarcopenia [24], and OS [25,26].

Uremic toxins may also contribute to intestinal dysbiosis in CKD, facilitating the
translocation of gut bacteria that can, in turn, activate the systemic inflammatory re-
sponse [27]. During CKD, alterations in gut microbiota are associated with chronic peri-
odontal inflammation, commonly developing in CKD patients, and are also associated with
the systemic elevation of inflammatory biomarkers in HD patients and adversely affects
patients’ survival [28].

Deficiency in vitamin D, which characterizes CKD, is proposed as an additional cause of
altered inflammatory response as a result of the loss of the regulation of the immune system
associated with vitamin D deficiency [29]. Vitamin D deficiency is a potential risk factor for
noncommunicable diseases and viral infections [30]. It has been suggested that optimal
serum levels of 25-hydroxyvitamin D have immunomodulatory and anti-inflammatory
properties, and the possible benefit of vitamin D3 supplementation in coronavirus disease
(COVID)-19 was explored [31].

A role for dysfunctional tissues in CKD, in particular the adipose tissue, is also re-
sponsible for the disrupted production of inflammatory cytokines. Patients with a GFR
of 53.2 mL/min/1.73 m2 demonstrate overweight or obesity in 85% and DM in 40% of
cases [32]. The relationship between obesity and dyslipidemia with CKD has been well-
characterized. In particular, a relationship between subcutaneous adipose tissue, intrahep-
atic fat with inflammation, insulin resistance, and adipokine levels in CKD patients has
been found [32].

In particular, obesity is equally associated with DM, AH, and abdominal obesity, and
it is a known risk factor for CKD and progressive renal function loss. Central adiposity,
especially in female patients, is considered one of the major drivers of cardiometabolic
risk, characterized by increased markers of inflammation (IL-1β, IL-6, TNF-receptors
1 and 2), insulin resistance (homeostasis model assessment of insulin resistance), and
increased adipokine levels (adiponectin, total and high molecular weight, resistin and
leptin), all factors that contribute to inflammation with the impairment of renal function
and mortality [33].

Nonalcoholic fatty liver disease (NAFLD) presents an additional model of systemic
inflammation linking the liver and kidney, with a prevalence of CKD ranging between 25%
and 35% [34].

Although NAFLD primarily affects patients with metabolic syndrome, obesity, and
diabetes, recognizing classical risk factors such as obesity, renin–angiotensin system ac-
tivation (RAS), fructose metabolism dysregulation, and lipogenesis in the development
of both disorders, evidence considers inflammatory disorder the principal mechanism
involved [34].

Patients with NAFLD and nonalcoholic steatohepatitis (NASH) present higher levels
of TNF and TNF-messenger ribonucleic acid (mRNA) compared to healthy subjects. Im-
paired OS seems to play a key role in the pathogenesis of NAFLD and CKD, as well as the
impairment of nuclear erythroid-related factor-2 (Nrf2) [35].

A correlation between insulin resistance and the necroinflammation and fibrosis of
NASH is also described, characterized by increased IL-6, uric acid synthesis, increased
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adiponectin and adipose tissue inflammation with RAS activation, endothelial dysfunction,
and tubulointerstitial fibrosis leading to CKD [36].

In a dialysis setting, HD treatment plays a particular role in the acute upregulation
of proinflammatory cytokine transcription, both directly, by activation mediated by the
extracorporeal circuit, and indirectly, mediated by the infectious and thrombotic events
that frequently occur, creating additional inflammatory stimulation [37]. In these patients,
several inflammatory biomarkers are associated with all-cause mortality, including, in
particular, elevated levels of CRP and IL-6 and lower levels of fetuin-A and albumin [37–40].

1.2. CKD, Inflammation, and AKI

Contrary to previous studies, a causal link between AKI and the subsequent develop-
ment or progression of CKD, recognizing that AKI and CKD are not distinct syndromes
but two closely interconnected entities, was recently established. Observational studies
have shown, independently of causes, that AKI leads to CKD de novo and the progression
of pre-existing CKD, with increased mortality and associated CV disease [41–43].

Moreover, the severity of AKI predicts progression to CKD, and even small increases
in the serum creatinine satisfying the criteria for AKI stage 1 enhance the risk of adverse
short-term and long-term outcomes among patients with or without CKD [44,45].

Mechanisms underlying this association are not completely understood, but studies in
animals have highlighted a number of causal pathways. Experimental studies in animals
have highlighted the role of tubular cells’ microenvironment as a result of the dysregulated
balance between repair and regenerative pathways, apoptosis, dedifferentiation, and, in
particular, proinflammatory and anti-inflammatory processes. Persistent inflammation
with a high level of transforming growth factor (TGF)-β, macrophages, T-cell subsets,
regulatory T cells (Treg), and IL-13 are the most important factors involved. The chronic
dysregulation of these factors over time seems to determine a fibrotic response leading to
CKD [46]. Principal mechanisms linking AKI to CKD are reported in Figure 2.

The role of systemic inflammation as a significant mechanism for the development
of AKI has been described and defined over the last few years in systemic inflammatory
response syndrome (SIRS) and sepsis, recognizing the central responsibility of sepsis-
induced AKI in the setting of microvascular dysfunction with the release of microparticles,
inflammation, and the energetic adaptation of highly metabolic organs to cellular stress [47].

AKI patients present raised levels of inflammatory mediators associated with poor
prognosis, regardless of the cause of AKI, with IL-6 and TNF-α playing an important
role in pathological changes occurring at the renal level [48]. Several blood purification
devices, i.e., Oxiris, Toraymyxin, and CytoSorb, have demonstrated the capacity of removing
both exogenous and endogenous inflammatory mediators, with improvement in clinical
outcomes and in mortality risk [49].

A particular role in AKI and CKD is played by hypoxia [50,51]. Tissue hypoxia is
a pathologic feature that can develop in several human tissues, including the kidney.
Hypoxia-inducible factors (HIFs), in particular the subunits HIF-1α and 2α, are expressed
in all tissues; HIF-2 is observed in tubular and collecting ducts, glomeruli, podocytes,
and microvascular endothelial cells. HIFs are involved in the cellular response to hypoxia
with the activation of numerous HIF genes responsible for metabolic and proliferative
modification (hypoxic proliferation) through anaerobic glycolysis activation and vascu-
lar endothelial growth factor (VEGF) production. Erythropoietin was the first HIF gene
identified, but many other hypoxia-inducible genes, such as VEGF, facilitated glucose
transporter-1, adipose differentiation-related protein, adrenomedullin, and others have
been described with direct relevance in adaptive or maladaptive process during AKI and
CKD [52,53].
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Figure 2. Acute to chronic kidney disease progression. Principal inflammatory mechanisms involved in acute to chronic
kidney disease progression. AKI: acute kidney injury; AKI-a/p-rec AKI apparent/partial recovery; CKD: chronic kidney
disease; DAMPs: damage-associated molecular patterns; HIFs: hypoxia-inducible factors; ICAM-1: intracellular adhesion
molecule-1; IL: interleukin; O2: oxygen; OS: oxidative stress; NO: nitric oxide; PAMPs: pathogen-associated molecular
patterns; VCAM-1: vascular cell adhesion molecule-1; ROS: reactive oxygen species; TGF-β: transforming growth factor-β;
TNF-α: tumor necrosis factor-α Treg: T-cell subsets regulatory T cells; TC: tubular cell; VEGF: vascular endothelial growth
factor; ↑: increase; ↓: reduction.

In ischemic injury linking AKI to different conditions such as sepsis or nephrotoxic
and obstructive conditions, a depletion in ATP seems to correlate with tubular cell in-
jury, the loss of brush border, and the unbounding of cell junctions caused by prolonged
hypoxia, leading to the mitochondrial generation of reactive oxygen species (ROS) and
resulting in cell dysfunction or death. Tissue-specific removal of HIF-1α in mice inhibits
the development of tubulointerstitial disease, mesenchymal transition, and inflammation
in response to ureteral obstruction [54].

In CKD, hypoxia seems to induce fibrosis by promoting upregulation of the extracel-
lular matrix and through the suppression of collagen turnover and the transdifferentiation
of tubular cells, which are features of CKD. Therefore, HIFs seem to play an important role
in the progression of chronic renal disease [54].

The FGF-23 pathway may represent an additional link between the development
of acute and chronic kidney disease. AKI, in fact, is associated with many of the min-
eral abnormalities observed in CKD such as hypocalcemia, hyperparathyroidism, hyper-
phosphatemia, decreased 1,25D, increased FGF-23, and decreased klotho expression [55].
A crosslink is reported between IL-6, a key mediator of inflammatory response, and the
release of FGF-23. FGF-23 and the related α-Klotho modification as consequences of inflam-
mation may be considered key mediators acting on the kidney and probably the critical link
between the development of acute kidney damage and CKD and related CV morbidity [56].

The role of inflammatory response in sepsis-induced AKI was first recognized in viral
infections such as cytomegalovirus, Epstein–Barr virus, and influenzae virus, as well as in
bacterial infections, i.e., streptococcus infection and Pneumocystis carinii jiroveci [57]. In 90%
of patients with sepsis-induced AKI, infections are due to either Gram-positive (mainly
staphylococci and streptococci) or Gram-negative bacteria (predominantly Escherichia coli,
Pseudomonas aeruginosa, and Klebsiella species).
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Sepsis-induced AKI is a clinical syndrome characterized by a systemic inflammatory
response to an infective insult. However, infection may be proven or suspected, and
the accompanying nonspecific systemic inflammatory response syndrome may also be
triggered by noninfectious stimuli [58,59].

Among the possible risk factors of AKI, cytokine release syndrome has been described.
Although previous studies focused on systemic hypotension and renal vasoconstriction
as the primary pathophysiological mechanisms involved in sepsis-induced AKI, it has
been now recognized that microvascular dysfunction and oxygen homeostasis impairment,
leading to OS and hypoxemia, are principally involved. In sepsis-induced AKI, a central
role is played by inflammatory mediators derived from pathogens, namely pathogen-
associated molecular patterns (PAMPs), and activated immune cells, also known as damage-
associated molecular patterns (DAMPs), that induce a release of proinflammatory cytokines
such as TNF-α, IL-1α, and IL-6. These cytokines stimulate T cell activation in cooperation
with tissue factors (Figure 2) [47].

Moreover, activation of the endothelium by circulating inflammatory cytokines leads
to the increased expression of endothelial adhesion molecules, such as P-selectin, intracel-
lular adhesion molecule-1 (ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1) in
the peritubular capillaries with leukocyte activation, which creates a vicious circle in the
inflammatory response [47].

Recently, novel biomarkers of sepsis-induced AKI have been identified, including
alpha 1-microglobulin (α1 m) [60]. More recently, other markers, including presepsin, a
fragment of CD14; procalcitonin, currently recognized as suitable markers for the diagnosis
of sepsis or severe sepsis [61]; neutrophil gelatinase-associated lipocalin (NGAL) [62]; solu-
ble endothelial selectin (E-selectin); ICAM-1; VCAM-1; and urinary albumin-to-creatinine
ratio (ACR), have particularly been considered in AKI diagnosis and prognosis [25,42].

Sepsis, acute pancreatitis, burns, and organ transplantation have similar widely de-
scribed mechanisms that associate cytokines uncontrolled inflammatory response and AKI
onset [43].

1.3. CKD, Inflammation, and SARS-CoV-2

The role of inflammatory response has more recently been observed and described in
the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection that emerged
from the novel coronavirus. Although SARS-CoV-2 disease (COVID) specifically affects
respiratory apparatus with acute interstitial and alveolar pneumonia, other organs such as
the kidney can be involved, as recently reported in the literature [63].

In SARS-CoV-2 infection, CKD stages 4 and 5 are recognized as the leading risk factors
for hospitalization from COVID-19 and evolution to a severe form and RRT [64].

From the first description of SARS-CoV-2 infection in Wuhan, kidney involvement
has been increasingly highlighted in numerous subsequent studies. More than 32% of
COVID-19 patients have comorbidities, in particular CVD, DM, and AH, and in a high
percentage of these patients, CKD is present.

Angiotensin-converting enzyme 2 (ACE2) has been recognized as the first line of virus
entry. Since 2002, interactions between the SARS-CoV spike protein and its host receptor,
angiotensin-converting enzyme 2 (ACE2), were discovered and considered responsible for
human-to-human virus transmission [65]. Strong evidence supports ACE2 as receptors for
SARS-CoV-2, displayed on the principal target cells in the respiratory tract and lungs but
also in the heart and kidney, in particular on glomerular and tubular cells [66].

In patients with SARS-CoV-2 infection, unlike in the Middle East respiratory syn-
drome coronavirus (MERS-CoV) or previous coronavirus infections, electron microscopic
examination of postmortem kidney showed clusters of coronavirus particles with specific
spikes in the tubular epithelium and podocytes. In these cases, diffuse proximal tubule
injury with the loss of brush border, vacuolar degeneration, and necrosis was observed.
SARS-CoV-2 was also detected in the cytoplasm of the renal proximal tubular epithelium
as well as in the podocytes and distal tubules [67].
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Erythrocyte aggregates were described as obstructing the lumen of renal capillaries
without evidence of vasculitis, interstitial inflammation, or hemorrhage, highlighting
evidence of the direct invasion of SARS-CoV-2 into kidney tissue. In addition, systemic
effects caused by SARS-CoV-2 invasion such as systemic hypoxia, abnormal coagulation,
rhabdomyolysis, or bacterial infections are often associated. All these factors contribute
to AKI, acute on chronic kidney disease, and other clinical renal manifestations such as
new-onset proteinuria or glycosuria associated with tubulointerstitial damage [67].

Through severe illness and hypoxia, many factors predispose patients to thrombotic
events. Severe inflammatory response, critical illness, detection of anticardiolipin antibod-
ies, and underlying traditional risk factors may all predispose patients to thrombotic events;
moreover, therapies for treating COVID-19 may have adverse drug–drug interactions with
antiplatelet agents and anticoagulants [68].

Kidney transplant recipients appear to be at particularly high risk for critical COVID-
19 due to chronic immunosuppression and coexisting conditions such as CKD, AH, and
DM. Kidney transplant recipients with COVID-19 present less fever as an initial symptom,
lower CD3, CD4, and CD8 cell counts, and more rapid clinical progression than patients
with COVID-19 in the general population. Very low CD3, CD4, and CD8 cell counts
indirectly support the need to decrease doses of immunosuppressive agents in patients
with COVID-19, especially in those who have received antithymocyte globulin, which
decreases all T-cell subsets for many weeks [69,70].

The inflammatory response, as shown in COVID-19, recognizes the central role of
“cytokine storm” as the excessive and uncontrolled release of proinflammatory cytokines
associated with an uncontrolled inflammatory response. IL-2, IL-6, and TNF-α are the
most important cytokines associated with cytokine storm and responsible for pathological
alterations occurring, in particular, at the renal level [59].

1.4. CKD Inflammation, and Bone Disease

In recent years, bone has been revealed as a wide endocrine organ over the mere
controller of calcium and phosphate equilibrium [71].

CKD is associated with the disruption of bone homeostasis that induces renal os-
teodystrophy, vascular and ectopic calcification, and the biochemical derangements of
calcium-phosphate metabolism, identifying the syndrome called chronic kidney disease-
mineral bone disorder (CKD-MBD) [71–73].

A central role is claimed for fibroblast growth factor 23 (FGF23) and Klotho. FGF23 is
expressed by osteocytes and osteoblasts, mainly produced by osteocytes, and increases in
the early stages of CKD, exerting an important regulatory effect in vitamin D and mineral
metabolism [74,75]. Klotho, considered an antiaging protein, progressively reduces its levels
along with the reduction of GFR. Disruption of FGF23 and Klotho levels is independently
associated with an increased risk of early death in CKD patients, as demonstrated among
incident HD patients with low vitamin D levels [76,77].

Proinflammatory mediators such as IL-1β, IL-6, and TNF-α and inflammatory markers
such as CRP and fibrinogen are increased in CKD [13]. Higher FGF23 levels were shown to
be independently associated with a higher concentration of proinflammatory mediators
and inflammatory markers [14]. The link between FGF23 and inflammation is reciprocal
and exerts a number of negative clinical effects. Inflammation directly stimulates osteocyte
production by FGF23. Elevated levels of FGF23 induce the production of inflammatory
mediators by activating FGF receptors 4 on hepatocytes in CKD [78]. The association
between FGF23 and inflammation, together with the activation of FGF receptor 4 on
cardiac myocytes that promote left ventricular hypertrophy and intramyocardial fibrosis
responsible for cardiovascular events in CKD [79], represent an additional novel mechanism
of mortality linked to CKD.

Parathyroid hormone (PTH) may have a different action secondary to the CKD in-
flammatory state. Some evidence has shown that inflammation might cause irreversible
oxidation into PTH methionine-sulfone residues. These changes in the three-dimensional
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structure modify the interaction between PTH and its receptor. The available commercial
kits are not able to discriminate oxidized PTH. Therefore, in the inflammatory state, dis-
crepancies may result in total PTH values and severity of bone and vascular pathology,
resulting in a confounding factor in the interpretation of the PTH serum value and its
pathophysiological action [80].

Lower levels of fetuin-A, a serum calcium-binding protein, are associated with an
increased likelihood of extraskeletal calcification and high CPR levels in patients with
CKD. Fetuin-A, CPR, and albumin modification are considered inflammatory biomarkers
associated with increased mortality [37].

1.5. CKD, Inflammation, and Nutritional Status/Malnutrition

Protein-energy wasting (PEW) and inflammation are the principal risk factors of
malnutrition in HD patients. Malnutrition and inflammation often occur concomitantly in
HD patients and correlate with elevated mortality reported in this population [81].

Causes of PEW in HD patients are numerous, recognizing inadequate nutrient-energy
intake, nutrient losses during dialysis, hypercatabolism caused by comorbidities, and en-
docrine disorders or anemia, which can lead to inflammation. PEW can also be secondary to
inflammation, as it is demonstrated that proinflammatory cytokines promote both catabolic
processes and anorexia. Typically, HD patients with inflammation present conditions such
as reduction in albumin synthesis and elevated CRP associated with hypocholesterolemia.
The frequent association of inflammation and malnutrition in CKD characterizes the so-
called “malnutrition–inflammation complex syndrome” (MICS), defined by a score with
additional elements such as body mass index (BMI), serum albumin, and total iron-binding
capacity [82]. Malnutrition, inflammation, and persistent infections determine the elevated
morbidity and mortality observable in maintenance HD (MHD) patients, mostly as a
consequence of CVDs.

Moreover, in order to detect early-onset inflammation and malnutrition in HD patients
before overt MICS onset, regular screening of prognostic inflammatory and nutritional in-
dex (PINI), calculated as alpha1-acid glycoprotein (a1-AG) CRP/albumin and transthyretin,
has been suggested. The PINI score allows identifying very early patients at a higher risk
of mortality and morbidity even in the absence of overt MICS, identifying patients with
subclinical inflammation and/or malnutrition [20].

Inflammatory status associated with OS is a result of the imbalance between antioxi-
dant defenses and free radical production. Hyperhomocysteinemia, OS, malnutrition, and
uremic sarcopenia are highly prevalent in CKD, as demonstrated in stage 3/5 KDOQI,
HD, peritoneal dialysis (PD) patients, and in kidney transplant patients. These conditions
are associated with changes in early systemic indices of atherosclerosis and endothelial
dysfunction, known as markers of worse prognosis, including bioimpedance analysis
(BIA), hand-grip strength (HGS), intima-media thickness (IMT), flow-mediated dilation
(FMD), and epicardial adipose tissue (EAT). Several mechanisms are considered that can
affect muscle mass, such as vitamin D deficiency, HDL levels, low protein intake, physical
inactivity, metabolic acidosis, and inflammation.

In CKD sarcopenic patients, modifications in cognitive function and mood, evaluated
with the mini-mental state examination (MMSE) and geriatric depression scale (GDS), have
been recognized [83,84].

1.6. CKD Inflammatory Status, and Treatment

Treatment of CKD recommends the control of traditional risk factors such as AH,
hyperglycemia, and dyslipidemia with common pharmacological tools, i.e., angiotensin-
converting-enzyme (ACE) inhibitors or angiotensin-receptor blocker (ARB) and statins.
Otherwise, metabolic diseases such as nephropathy, hypertension, and diabetes are as-
sociated with increased expression of mineralocorticoid receptors (MRs) and enhanced
aldosterone signaling. Aldosterone, through stimulation of MR, exerts a series of effects



Life 2021, 11, 419 10 of 16

on renal tissue through the release of proinflammatory factors, synthesis of profibrotic
cytokines, and induction of oxidative stress [85].

This activation leads to the development of microangiopathy in renal blood vessels,
glomerulosclerosis, an increase in protein excretion, and the deterioration of GFR with
negative effects on both myocardial and renal district [86,87].

Mineralocorticoid receptor antagonists (MRAs) have demonstrated beneficial effects
on renal inflammation in various animal studies, directly regulating inflammatory cell
function and indirectly suppressing proinflammatory cytokines, chemoattractants, and
pro-oxidants, increasing anti-inflammatory cytokines in kidneys [88]. Spironolactone and
eplerenone in particular demonstrated beneficial effects, reducing the kidney’s inflamma-
tory markers [89,90].

Hyperkalemia as a first side effect, and undesirable effects such as gynecomastia,
dysmenorrhea, and impotence associated with steroidal MRA, have frequently caused
discontinuation of treatment. The new generation of nonsteroidal MRAs are less likely to
cause hyperkalemia at a therapeutic dosage and may be an additional tool in the treatment
of complications related to renal and metabolic diseases. Finer none recently demonstrated
lowering risks of CKD progression and CV events in patients with type 2 diabetes mellitus
(T2DM), with no significantly increased risk of discontinuation of therapy because of
hyperkalemia [91].

Improved clinical outcomes in T2DM, in terms of a reduction in CV events and renal
outcomes such as albuminuria and eGFR decline, are reported with the administration of
sodium–glucose cotransporter type 2 (SGLT2) inhibitors [92,93].

Sodium–glucose cotransporter 2 (SGLT-2) inhibitors are hypothesized to exert a pos-
itive effect on inflammatory markers in T2DM patients with few data from small pilot
studies, which confirms a reduction in leptin levels, C-reactive protein (CRP), TNF-α, IL-6,
and interferon-gamma (IFN-γ) [94,95]. In particular, animal models demonstrated the mech-
anism of action of SGLT2 inhibitors in reducing inflammation in diabetic kidneys, reporting
that empagliflozin and dapagliflozin brought reductions in OS and markers of inflamma-
tion and fibrosis, attenuate histological evidence of nephropathy, prevent the enhanced
expression of inflammatory genes, and reduce IL-6 urinary concentrations [96]. Long-term
treatment with the SGLT2 inhibitor dapagliflozin ameliorates glucose homeostasis and
diabetic nephropathy in db/db mice and slows the progression of renal complications
through the suppression of renal inflammation, ER stress, and apoptosis in prediabetic
rats [97,98].

The increase in the inflammatory status associated with OS may be considered a target
for clinical management, as shown by the effect of reduction of inflammatory biomarkers
observed after oral food supplementation anti-inflammatory action treatment [99]. The
chronic treatment with statins seems to enhance antioxidant defense systems of hemodialy-
sis patients increasing the availability of selenium [25].

In uremic patients with OS, it is common to observe a vitamin C deficiency partially
due to a reduced intake [100,101]. Therefore, several studies have experimented with
oral food supplements with high ascorbic acid added with natural bioactive compounds
such as Polyphenols, in chronic degenerative noncommunicable diseases and CKD, or a
daily supplement of α-lipoic acid (ALA) in patients with autosomal dominant polycystic
kidney disease (ADPKD) treated with α-lipoic acid (ALA) with the aim to counteract the
abnormal increase in OS and inflammatory status. In these cases, a significant improvement
of metabolic, inflammatory, and endothelial dysfunction indexes was reached, with a
significant improvement in NADPH oxidase 2 (NOX2), as confirmed by the monitoring in
these cohorts patients of CRP, erythrocyte sedimentation rate, early erythrocyte glutathione-
transferase, and human oxidized serum albumin [102,103].

As demonstrated in experimental studies, it is plausible that either HIF-1 alpha defi-
ciency or activation may influence kidney injury and HIF-2 alpha expression modification
that ameliorates renal injury by ischemia, as observed in HIF-2-alpha-deficient mice [104].
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1.7. Personal Experience

Our research group explored CKD and inflammation in different settings, evaluating
the association between inflammation and renal dysfunction and defining the several
mechanisms involved in their complexity.

In particular, we explored the onset of CKD de novo after AKI in different degrees of
hypoxic-ischemic damage and in sepsis after organ transplantation, recognizing a role for
ischemia-reperfusion injury in the development of AKI and CKD [47,105,106].

Sarcopenic patients with CKD stages 3/5 and hemodialysis, peritoneal dialysis, and
postkidney transplant showed hypercatabolism leading to inflammation, higher values
of intima-media thickness, and epicardial adipose tissue with total cholesterol and high-
density lipoprotein cholesterol with respect to nonsarcopenic patients [83].

In another cross-sectional, observational study of our research group, 226 patients
diagnosed with cystic fibrosis (CF), we reported a significant association between lower
eGFR value and alteration of metabolic CV index, with a significant negative correlation
between eGFR, triglycerides, and serum uric acid, which is involved in endothelial dysfunc-
tion by increasing inflammation and oxidative stress. Moreover, an association between
significantly a lower estimated eGFR and lung transplantation was also reported [107].

On the other hand, studies of our group in a nutritional setting evaluated the action
of α-lipoic acid (ALA) daily supplementation in patients with autosomal dominant poly-
cystic kidney disease (ADPKD), demonstrating a significant improvement of metabolic,
inflammatory, endothelial dysfunction, and OS indexes, namely the amelioration of serum
glucose and uric acid, CRP, renal resistive index, and NADPH oxidase 2 (NOX2), with the
aim to counteract the abnormal increase of OS and inflammatory status [103].

The administration of bioactive compounds (oral food supplementation (OFS) rich in
citrus fruit and rosehip extracts) in nephropathic patients was evaluated and was shown to
be associated with a significant reduction of laboratory parameters related to inflammation
such as CRP, erythrocyte sedimentation rate, and platelet-to-lymphocyte ratio [102].

Moreover, other natural bioactive compounds (OFS based on Capsicum annuum L.,
Garcinia cambogia, Centella asiatica L., artichoke, and Aesculus hippocastanum L.) induce an
improvement in lipid metabolism, inflammatory state, and body composition in a group of
nephropathic male patients [99] and ultramicronized palmitoylethanolamide (um-PEA)
considered an potential adjuvant treatment in COVID-19 patients [12].

The minor polar compounds (MPCs) present in extra virgin olive oil (EVOO) exert
an anti-inflammatory and antioxidant effect [108]. The use of EVOO with high-content
MPCs demonstrated an improvement of the inflammatory state of the OS of the body
composition and of the renal function in nephropathic patients, with long-term benefi-
cial effects, probably related to the positive changes induced by polyphenols on the gut
microbiota [109].

The multidisciplinary nature of our research on CKD highlights the complexity of
mechanisms involved in linking CKD to systemic manifestations.

2. Conclusions

CKD is classically defined as the gradual loss of kidney function or the abnormality of
kidney structure with implications for health, characterized by the presence of markers of
kidney damage and a decrease in the glomerular filtration rate [110].

With our revision, we explored CKD from a different point of view, describing CKD
as a systemic inflammatory syndrome characterized by complex dynamic mechanisms
developing from multiple target organs and leading to tissue injury and contributing to
increased morbidity and mortality.

We highlighted the role of inflammation as a linking condition present in all clinical,
biological, and biochemical aspects of CKD, from traditional risk factors of renal disease,
including AH, DM, and dyslipidemia, to cellular and immunologic responses involving
multiple proinflammatory processes.
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On the basis of these elements, the traditional view of CKD as a disease characterized
by the progressive loss of specific functions involving individual organs and systems
evolves toward a dynamic relationship between organs mediated by complex inflammatory
mechanisms, actively contributing to the expression of comorbidities and the progression
of CKD.

Classical features associated with CKD, such as mineral bone disease, CVD, AH,
DM, obesity, dysfunctional adipose tissue and insulin resistance, malnutrition, infection,
hypoxia, and AKI, develop due to the syndromes associated with CKD and become active
contributors to CKD onset and evolution through MBD-CKD syndrome, MICS, PEW, and
uremic sarcopenia, recognizing the central role of a low-grade inflammatory status and
cytokine release.

In accordance with this view and our personal experience, the depth comprehension
of the mechanisms underlying CKD as a systemic disease may open novel possibilities
for specific treatments in addition to the replacement of individual organ loss of function,
acting on common mechanisms underlying the disease, to improve the management of
disease evolution and correlated morbidities and reduce mortality related to CKD.
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