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Chronic kidney disease (CKD) is an epidemic health issue that requires global atten-
tion [1]. The worldwide increment of CKD incidence is related to an increase in traditional
risk factors of the disease (e.g., diabetes, hypertension and human aging) that may be
aggravated by other factors, such as environmental and occupational exposure to toxic
heavy metals (e.g., cadmium and mercury) [2]. In this Special Issue, authors contributed
with works that further the understanding of CKD’s pathophysiology and its associated
complications, highlighting the identification of potential new biomarkers of the disease
and more effective therapeutic options.

Despite the etiology of CKD, inflammation is a common feature in the pathogenesis of
the disease [3]. With this respect, the inflammation pathway driven by tumor necrosis factor
(TNF)-α has received particular attention from the scientific community. Several studies in
humans and involving animal models report an important role of the TNF system in renal
disease [4]. The study of several plasma biomarkers—related to tubular injury, fibrosis and
inflammation—revealed that a higher TNF receptor 2 (TNFR2) level was associated with
the highest risk of progression of diabetic kidney disease [5]. Also, TNFR2 is distinguished
amongst several circulating inflammatory variables because its levels present remarkable
negative correlations with estimated glomerular filtration rate (eGFR) and increase with
CKD progression [6]. TNF receptors (TNFR1 and TNFR2) might be useful not only for early
CKD detection but also as biomarkers of CKD progression and prognosis [4].

New blood and urine biomarkers of CKD have been proposed, but many lack speci-
ficity and may only be detected in advanced phases of the disease [7]. Since there are various
alternative pathways by which CKD can result, a panel monitoring multiple biomarkers
may be a more reasonable method to better anticipate CKD development and access the
disease’s outcomes. Modern laboratory methods that enable the simultaneous analysis of
several biomarkers are in use and have significantly impacted the identification of new
biomarkers. Such is the case of omics technologies, despite being expensive and time-
consuming [7]. For instance, Chebotareva and colleagues, by using proteomic analysis,
identified potential profile urine biomarkers from patients with focal segmental glomeru-
losclerosis and minimal change disease, known as podocytopathies clinically manifested
by the nephrotic syndrome [8]. Other investigators have used metabolomic studies and
microRNA analysis [9].

Altered gut microbiota is involved in the pathogenesis of several pathologies, includ-
ing kidney diseases [10]. Current knowledge supports the impact of the gut–kidney axis
in CKD. A significant qualitative or quantitative alteration in the gut microbiota may lead
to reduced production of beneficial bacterial metabolites, such as short-chain fatty acids
(SCFAs). SCFAs are known to present important anti-inflammatory properties and their
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levels are reduced in CKD [11]. Thus, dysbiosis and microbiota metabolite changes may
underlie CKD-associated inflammation, promoting disease progression and its associated
complications. Recent data also suggest that gut microbiota dysbiosis is implicated in
pediatric CKD and renal programming [12]. This programming increases the kidney’s
susceptibility to postnatal insults and increases the risk of developing CKD in the future.

The progression of CKD, which ultimately results in an irreversible state of renal
fibrosis, is still not well controlled, despite the availability of general treatment methods.
Recently, novel drug targets have been proposed: marinobufagenin (a cardiac glycoside)
and transient receptor potential cation channel, subfamily C, and member 6 (TRPC6).
According to Zheng et al. [13], pharmacological inhibition of TRPC6 may be a viable
antifibrotic treatment approach for progressive tubulointerstitial fibrosis in hypertension
and metabolic syndrome. Marinobufagenin has been suggested to be involved in profibrotic
pathways and to have a relevant role in CKD [14]. Some patients could benefit from
therapy with mineralocorticoid receptor antagonists (MRA) that have been shown to have
a preventive effect on marinobufagenin-induced fibrosis.

Diuretics are widely used in CKD management, namely in treating edema and hyper-
tension [15]. Diuretics may also affect renal lymphatic vessels, as they express the Na-K-2Cl
cotransporter NKCC1, whose function is inhibited by furosemide. Liu and colleagues have
demonstrated that lymphatic hyporesponsive to furosemide may occur in situations such
as proteinuric kidney disease. Increased renal interstitial sodium after a proteinuric injury
is associated with lymphatic vessel dysfunction [16].

Musculoskeletal disorders are moderately common complications in CKD patients [17].
CKD-associated cachexia (a syndrome that results in substantial loss of skeletal muscle
mass and adipose tissue) has been linked to raised serum levels of pro-inflammatory
cytokines, a redox imbalance and growth hormone (GH) resistance [18]. In CKD, some
approaches have been proposed to improve muscular wasting, including pharmacological
treatment and lifestyle changes. Using an animal model of CKD (mice model consisting of
5/6 nephrectomy), Mak et al. demonstrated that the administration of GH could increase
food intake and weight growth, decrease uncoupling proteins and improve muscular
mass and function [19]. GH also normalized myogenesis and muscle regeneration. This
is in line with studies performed in hemodialysis patients, to whom the administration
of GH increased muscle protein synthesis and muscle mass. Compelling evidence also
suggests that exercise—a recognized pivotal factor in promoting skeletal muscle remodeling
and metabolic adaptation—may help counteract muscle wasting in CKD [20]. Resistance
exercise was shown to stimulate protein anabolism in patients under hemodialysis, and
endurance exercise improved protein metabolism markers. Intradialytic regular exercise
training was also shown to induce a reduction in inflammation and in various redox status
parameters while improving physical performance in end-stage renal disease patients [21].
However, global exercise regimens must be implemented to better solidify the outcomes
achieved thus far.

In synthesis, the molecular mechanisms involved in the pathophysiology of CKD and
associated complications have been explored. The scientific community is also attempting
to identify more sensitive and specific biomarkers of CKD but requires further study.
Identifying and validating new and standardized therapeutical pharmacological and non-
pharmacological options is also mandatory. As guest editors, we thank all the authors and
reviewers for their valuable contributions to this issue.
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Abstract: Chronic kidney disease (CKD) is a progressive disease that affects millions of adults
every year. Major risk factors include diabetes, hypertension, and obesity, which affect millions of
adults worldwide. CKD is characterized by cellular injury followed by permanent loss of functional
nephrons. As injured cells die and nephrons become sclerotic, remaining healthy nephrons attempt
to compensate by undergoing various structural, molecular, and functional changes. While these
changes are designed to maintain appropriate renal function, they may lead to additional cellular
injury and progression of disease. As CKD progresses and filtration decreases, the ability to eliminate
metabolic wastes and environmental toxicants declines. The inability to eliminate environmental
toxicants such as arsenic, cadmium, and mercury may contribute to cellular injury and enhance the
progression of CKD. The present review describes major molecular alterations that contribute to the
pathogenesis of CKD and the effects of arsenic, cadmium, and mercury on the progression of CKD.

Keywords: chronic kidney disease; heavy metals; cadmium; mercury; arsenic; cellular injury

1. Introduction

Chronic kidney disease (CKD) is a major public health concern. According to the
Centers for Disease Control and Prevention (CDC), about 15% of adults in the United
States, or 37 million, are estimated to have some degree of CKD [1,2]. The Global Burden of
Disease study from 2017 reported 697.5 million cases worldwide. It is clear that CKD is
an important contributor to morbidity and mortality. More than 2.5 million patients are
receiving renal replacement therapy and that number is expected to double to 5.4 million
by 2030 [3,4].

CKD is a deteriorating, progressive, and irreversible loss of renal function. It is
characterized by the presence of structural and/or functional abnormalities of the kidney
with associated health implications that last more than three months. Individuals with CKD
may have albuminuria, urine sediment abnormalities, abnormal renal imaging findings,
serum electrolyte or acid-base derangements, and an estimated glomerular filtration rate
(eGFR) of <60 mL/minute/1.73 m2 [2,5]. CKD can progress silently to the advanced stages
before the patient is aware of the disease; therefore, early detection and diagnosis are
critical to slow or prevent progression [2,3]. There are different patterns of renal decline in
patients with CKD. These patterns can be classified into very fast, fast, moderate, or slow
decline, depending on the rate at which renal function declines. The differences in these
patterns of decline reflect the heterogeneity of CKD origins and the related pathologies,
adjunct comorbidities, and other harsh environmental exposures [6,7]. Diabetes mellitus,
hypertension, obesity, and older age are the primary risk factors, while other risk factors
include cardiovascular disease and a family history of CKD [2,3]. In addition, other factors
such as human immunodeficiency virus (HIV) and exposure to toxicants or heavy metals
have been shown to contribute to the development of CKD [8,9].
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2. Pathophysiology of Chronic Kidney Disease

CKD can be due to various pathologic mechanisms, which can injure various compo-
nents of the kidney, e.g., vasculature, tubular epithelial cells, interstitium, or the glomeru-
lus. CKD is a consequence of two interrelated issues: an initial catalyst and a prolonging
mechanism. The initial catalyst can be an intrinsic kidney defect, an inflammatory or
immune-mediated cause, or exposure to nephrotoxicants [10]. The initial problem causes
injury of affected glomeruli and leads to compensatory mechanisms in healthy nephrons,
including glomerular hypertrophy and hyperfiltration. A continued cycle of hyperfiltration
and consequent injury leads to sclerosis and nephron loss [11]. Although hyperfiltration
initially compensates (partially) for the loss of functioning nephrons, the vicious cycle of
nephron hypertrophy and sclerosis is a continuous process that results in CKD [12,13].
Atrophy and sclerosis of nephrons lead to further renal decline and alterations in normal
fluid and solute homeostasis [10–12].

The purpose of this review is to describe some of the structural and molecular mecha-
nisms that are involved in the pathogenesis of CKD (Figure 1). The pathogenic mechanisms
may occur simultaneously, may be consequences of initial injury, or may be due to com-
pensatory processes following injury. While this review covers a number of major cellular
and molecular mechanisms that are involved in the pathogenesis of CKD, it should be
recognized that there are numerous other factors that play a role in the pathogenesis and
progression of CKD. Due to the complexity of the disease, is not possible to include all of
the factors that contribute to its pathogenesis in one review.

Figure 1. Molecular mechanisms involved in pathogenesis and progression of chronic kidney disease
(CKD). CKD is a complex disease that involves dysregulation of multiple physiological processes.
This diagram is meant to show the major molecular mechanisms that promote pathogenesis of
CKD with the understanding that there are many other mechanisms that may also be involved in
this process.

2.1. Structural Alterations within the Kidney

2.1.1. Podocytes

Podocytes are terminally differentiated cells that have three distinct compartments: the
cell body, primary processes, and foot processes. Foot processes from adjacent podocytes
are connected by a slit diaphragm, which forms the most selective component of the

6



Int. J. Mol. Sci. 2022, 23, 11105

glomerular filtration barrier. Hyperfiltration causes foot processes and the slit diagram to
be exposed to high tensile and fluid flow shear stress, which can cause stretching, injury, and
loss of barrier function [14,15]. The changes in hemodynamic forces within the glomerulus
modify the actin cytoskeleton of podocyte foot process, which can lead to effacement and
disruption of the filtration barrier [16–20]. If hyperfiltration is not corrected, podocytes
may detach, which leads to podocyturia, proteinuria, and decreases in GFR. Detachment is
irreversible and often leads to glomerulosclerosis and CKD [21]. Studies in mice have found
that vascular endothelial growth factor (VEGF)-A is required in developing podocytes
to establish and maintain the glomerular filtration barrier [22]. In addition, the soluble
VEGF receptor 1 (sFlt-1) appears to play a role in endothelial dysfunction observed in
CKD [23]. Loss of VEGF-A can lead to dysregulation of podocytes, loss of endothelial cells,
and collapse of glomerular capillaries [22].

2.1.2. Capillary Network

Peritubular capillary rarefaction (loss of capillary density) is a common feature of
CKD. Interestingly, capillary rarefaction correlates strongly with CKD and has been used
as a predictor of progression. Loss of peritubular capillaries is strongly associated with
hypoxia and interstitial fibrosis, which lead to renal functional decline [24–26]. Alter-
ations in the expression of endothelial cell-derived factors such as VEGF-A, angiopoietin,
and thrombospondin-1 lead to an imbalance of proangiogenic and antiangiogenic factors.
Thrombospondin-1 is reported to inhibit renal tubular epithelial cell proliferation, due to
reperfusion injury, via the CD47 receptor [27]. Furthermore, inflammatory cytokines such
as interleukin (IL)-1α and tumor necrosis factor-α (TNF-α) are secreted and block VEGF-A
expression, a major proangiogenic factor [28]. It has been reported that small arterial
changes might be crucial primary contributors to the development of glomerulosclerosis
due to the decreased number of pericapillary pericytes, as pericytes are crucial for peritubu-
lar vessel function and capillary survival [29,30]. Thus, the alteration or disequilibrium
of nitric oxide, endothelin-1, endostatin, throbospondin-1, and VEGF might be causative
for a functional disruption in capillaries, leading to chronic hypoperfusion, ischemia, and
nephron loss.

2.1.3. Tubular Epithelial Cells

The renal proximal tubule absorbs the majority of filtered solutes in an energy-
consuming process. The reported contribution of acute kidney injury (AKI) to CKD has
focused attention on the proximal tubule as the main target of injury in the progression
of CKD. Cells with high energy demand and slow proliferation, such as proximal renal
tubules, are predisposed to oxidative damage and consequent injury [31]. Juvenile mice
with a targeted deletion of endothelial nitric oxide synthase (eNOS) display renal cell death
and renal cortical scars [32]. It is reported that patients with eNOS polymorphisms have
increased susceptibility to the progression of CKD and thus, eNOS has been recognized as
an important survival factor [33]. Tubular cells, which have a long life and high metabolic
activity, rely heavily on proper mitochondrial function [34]. Mitochondrial density re-
mains constant in hypertrophied renal tubular cells, but mitochondrial volume increases
by over 50% [35]. Increased functionality may lead to additional mitochondrial oxidative
stress, resulting in mitochondrial dysfunction. This dysfunction may lead to inflammation,
additional alterations in intracellular homeostasis, and additional cellular injury [31,36,37].

2.2. Intracellular Alterations

2.2.1. Mitochondrial Function

Human kidneys comprise only 1% of body weight, but they utilize approximately 10%
of total body oxygen. After loss of functional renal mass, nephrons become hypertrophic,
which increases the oxygen consumption by up to 50% [38]. This level of energy expen-
diture cannot be maintained indefinitely and is limited by the capacity of mitochondria
to match increased demands [34]. The means by which renal cells produce ATP varies

7



Int. J. Mol. Sci. 2022, 23, 11105

among cell type. Proximal tubular cells produce ATP via oxidative phosphorylation, while
podocytes, endothelial, and mesangial cells utilize glycolysis. These differences may de-
termine the impact of mitochondrial dysfunction in renal cells and affect the progression
of renal diseases [36]. It has been demonstrated that acute or chronic insults cause mi-
tochondrial structural alterations, including mitochondrial DNA (mtDNA) damage and
reduced matrix density [37]. The main mitochondrial dysfunction includes altered mito-
chondrial biogenesis, fusion/fission, mitophagy, and impaired homeostasis, which lead to
a decrease in ATP production, alterations in calcium signaling, enhanced oxidative stress,
and apoptosis [36,37].

Mitochondrial biogenesis is regulated primarily by peroxisome proliferator-activated
receptor γ coactivator-1 (PGC-1α) [37]. PGC-1α activates many transcription factors such as
nuclear respiratory factor-1 (NRF-1), NRF-2, and the estrogen-related receptors (ERR) [39],
and together, these transcription factors regulate genes involved in mitochondrial biogene-
sis, lipid oxidation, glycolysis, and ATP biosynthesis. Reduced expression of PGC-1α along
with decreased efficiency of mitochondrial biogenesis has been observed in CKD [36,40,41].
It is not clear if this reduced expression is a cause or an effect of CKD.

Alterations in mitophagy have been implicated in several kidney diseases, including
CKD [42,43]. The expression of BNIP3 (Bcl2-interacting protein 3), a member of the Bcl2
(B cell lymphoma 2) family involved in mitophagy, is strongly reduced in renal tubular
cells from diseased kidneys. This suggests that a disruption of mitochondrial quality
control contributes to the pathogenesis of CKD [44]. Increased mitochondrial reactive
oxygen species (ROS) causes inflammation and mitochondrial genome mutations, leading
to mitochondrial dysfunction, which further increases ROS production and contributes to
more mtDNA damage. This progressive damage in the mitochondrial genome has been
implicated as a factor in the pathogenesis and acceleration of CKD [37,45].

2.2.2. Oxidative Stress

Oxidative stress occurs when there is a disruption in the balance of free radicals and
antioxidants that degrade those free radicals [46]. ROS and reactive nitrogen species (RNS)
are generated during oxidative phosphorylation [47]. Under normal conditions, moderate
concentrations of ROS/RNS act as second messengers that regulate signal transduction
pathways [48]. Mitochondrial dysregulation increases the production of ROS beyond the
normal levels, which depletes antioxidants and leads to oxidative stress [46]. Increased
ROS leads to lipid, DNA, and protein oxidation, which cause the formation of complex
radical intermediates [46]. These highly reactive intermediates trigger the secretion of
pro-inflammatory mediators during active inflammation [49]. Inflammatory cytokines,
such as IL-6 and TNF-α, promote renal injury by perpetuating dysregulation in cellular
processes [47]. Therefore, oxidative stress exacerbates cellular damage and enhances the
progression of CKD [46].

2.2.3. Autophagy

Autophagy is a catabolic process that helps cells remove endogenous waste mate-
rial and recycle cellular components [50]. Thus, autophagy is an essential pro-survival
mechanism during cellular stress. Autophagy is initiated due to activation of major nutrient-
sensing pathways, such as mammalian target of rapamycin complex-1 (mTOR1), adenosine
monophosphate-activated protein kinase (AMPK), and sirtuin 1 [50]. Ischemic, toxic, im-
munological, and oxidative injury can enhance autophagy in proximal tubular cells and
podocytes, modifying the course of renal diseases [50,51]. Dysregulation of autophagy can
lead to progressive deterioration of renal function due to the accumulation of intracellular
damaged proteins and enhanced oxidative stress [51]. Thus, autophagy is important in
podocytes and proximal tubular cells to maintain proper homeostasis and prevent cellular
injury [51,52]. Indeed, studies in mice and rats reported that a reduction in autophagy was
associated with a buildup of dysfunctional mitochondria [53] and apoptosis [52,54].
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2.2.4. Endoplasmic Reticulum Stress

There is experimental evidence that the accumulation of unfolded proteins in the
endoplasmic reticulum of renal tubular epithelial cells may play a role in their death and
associated interstitial fibrosis [55]. This accumulation causes endoplasmic reticulum stress,
thereby activating the unfolded protein response, which is an evolutionarily conserved
cellular response primarily regulated by the endoplasmic reticulum-resident chaperone
glucose-regulated protein 78 (GRP78). Misfolded proteins cause GRP78 to dissociate from
endoplasmic reticulum transmembrane proteins (PKR-like endoplasmic reticulum kinase,
inositol-required enzyme 1, and activating transcription factor 6), thereby activating the
cell survival unfolded protein response signaling pathways. This response attempts to
maintain proteostasis by reducing general protein translation and increasing the production
of molecular chaperones. Severe endoplasmic reticulum stress leads to apoptosis of renal
epithelial cells. Endoplasmic reticulum stress also increases the expression of T-cell death-
associated gene 51 (TDAG51), also known as pleckstrin homology-like domain, family A
member 1. This increases the expression of TGF-β (transforming growth factor) receptor 1,
which leads to the splicing of the xbp1 (X box protein) gene. Spliced XBP1 protein leads to
the activation of pro-fibrotic genes, and the development of renal interstitial fibrosis [55].

Acute kidney injury superimposed on CKD may accelerate the progression to kidney
failure. One of the ways it may do this is by impairing nicotinamide adenine dinucleotide
(NAD+) production, by repressing transcription of the gene for quinolinate phosphoribosyl
transferase (QPRT, a bottleneck enzyme of de novo NAD+ biosynthesis), as part of the
endoplasmic reticulum stress response [56]. A high urinary quinolinate-to-tryptophan ratio
can serve as an indirect indicator of impaired QPRT activity and reduced de novo NAD+
biosynthesis in the kidney [56].

2.2.5. Carbamylation

The buildup of urea in CKD may drive the progression of disease via carbamyla-
tion [57]. Carbamylation is an irreversible nonenzymatic post-translational modification
of proteins from the reaction between isocyanic acid and amino groups on lysine residues
or the N-terminal extremity of proteins. Isocyanic acid derives mainly from spontaneous
dissociation of urea into ammonia and cyanate (Figure 2). Cyanate is converted into its
tautomer isocyanic acid, which is highly reactive and immediately binds to proteins and
thus moves the equilibrium toward dissociation. The elevated levels of urea in CKD pa-
tients increases cyanate generation and therefore protein carbamylation. Isocyanic acid may
also be formed from thiocyanate under the action of myeloperoxidase in the presence of
hydrogen peroxide released by leukocytes in sites of inflammation. Carbamylated protein
malfunction triggers unfavorable molecular and cellular responses and may accelerate the
progression of kidney disease [57].

2.2.6. Ferroptosis

The process of ferroptosis may be important in the progression of CKD [58]. Ferropto-
sis is a form of regulated cell death driven by iron-dependent phospholipid peroxidation
and oxidative stress. With CKD, iron accumulates in renal tubular cells. If lipid peroxide
repair capacity by the phospholipid hydroperoxidase, glutathione peroxidase 4 (GPX4),
is lost in the presence of this iron, ferroptosis may ensue. If the uptake of cystine via
the cystine/glutamate antiporter, system xc

− is lost, or glutathione synthesis is otherwise
impaired in the presence of this iron, ferroptosis may occur. In animal models of CKD,
an iron-restricted diet exerts a renal protective effect by inhibiting oxidative stress and
aldosterone receptor signaling [58].
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Figure 2. Process of carbamylation. Carbamylation occurs through two primary pathways that
converge due to the spontaneous reactivity of isocyanate with lysine residues and the N-termini of
nascent polypeptides. The first and predominant pathway is the spontaneous dissociation of urea to
cyanate and ammonia. The second pathway is the conversion of thiocyanate and hydrogen peroxide to
cyanate under the action of myeloperoxidase. Once cyanate is formed, it is converted into isocyanate,
and the spontaneous and irreversible process of carbamylation commences. MPO, myeloperoxidase.

2.2.7. DNA Damage and Repair

Insufficient response to DNA damage leads to various insults that enhance apoptosis
or result in a dysfunctional phenotype [59]. Several studies have shown a maladaptive
response of renal tubular cells during AKI and suggest that an insufficient response to DNA
damage could accelerate CKD [10,59,60]. Many studies have described DNA damage as a
hallmark of various forms of renal damage characterized by dysfunctional cell cycle pro-
teins of G1/S and G2/M checkpoints and subsequent cell cycle arrest through the activation
of p53 or p21 signaling cascades [61,62]. These mutated cells become senescent and have a
specific secretome-defined phenotype (senescence-associated secretory phenotype; SASP),
which is accompanied by genomic damage and epigenetic abnormalities [63]. The synthesis
and release of SASP factors is associated with the activation of the transcription factors,
nuclear factor kappa B (NF-κB), and CCAAT enhancer binding protein β (C/EBPβ) [64].
Thus, both altered DNA damage response and NF-κB activation significantly contribute
to establishing and maintaining SASP, which produces and releases more senescent secre-
tomes, contributing to functional deterioration of neighboring cells and accelerating the
process of cellular death.

2.2.8. Epigenetic Modifications

Several factors such as uremic toxins, oxidative stress, and inflammation increase the
prevalence of epigenetic changes and enhance the progression to CKD [65,66]. Inflam-
mation, a major factor in the pathogenesis of CKD, correlates with global DNA methyla-
tion [67]. Indeed, a significant association has been identified between DNA methylation
and the prevalence and incidence of CKD [66]. Experimental studies observed that hy-
pomethylation in the promoter region of the connective tissue growth factor (ctgf ) gene
is associated with reduced GFR and declined renal function [68]. Data from experimental
studies in rats and mice indicate that altered DNA methylation is an important mecha-
nism that initiates the transition from AKI to CKD [69]. In models of unilateral ureteral
obstruction (UUO), it was observed that hypermethylation of the Klotho promoter by
TGFβ decreased Klotho protein expression, which led to tubular and interstitial fibrosis.
Similarly, hypermethylation of the Vegfa gene promoter led to reduced VEGF-A signaling,
which can lead to capillary collapse and subsequent hypoxia and fibrosis [70]. In ischemic
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reperfusion rat models, aberrant methylation of the complement C3 promoter region in
tubular epithelial cells activated the complement system. This is strongly associated with
inflammation and accelerated renal decline [63,71]. Other studies showed that complement
component, C5a, promotes DNA hypomethylation of several genes that have integral roles
in the initiating cell cycle arrest and senescence [63]. Aberrant hypermethylation of laminin
genes has been reported to cause the development of glomerulosclerosis and tubuloin-
terstitial fibrosis in older kidneys, while aberrant methylation of the rasal1 (Ras protein
activator-like 1) gene induced the activation of the Ras–GTPase pathway in fibroblasts,
leading to proliferation and fibrosis [72].

In addition to DNA methylation, numerous studies suggest that RNA interference
via microRNA (miRNA) is a key factor involved in the pathogenesis and progression of
CKD [73]. Several miRNAs, which are involved in post-transcriptional regulation of gene
expression, have been linked to inflammation and fibrosis and may enhance the progression
of CKD [66,74,75]. One of the most studied miRNAs is miR-192, which plays a role in
the expression of profibrotic genes [75]. Upregulated expression of miR-192 leads to the
activation of TGF-β and Smad3 signaling pathways, which lead to renal fibrosis through
the deposition of collagen and fibronectin [75]. Similarly, the activation of TGF-β pathways
increases histone methylation and increased expression of genes involved in deposition of
extracellular matrix proteins [75].

2.2.9. Cellular Senescence

Cellular senescence appears to play an important role in the pathogenesis of
CKD [76,77]. The accumulation of senescent cells may be responsible for insufficient
repair capacity and functional loss. Senescent cells accumulate in the renal parenchyma,
leading to tissue deterioration, fibrosis, and aberrant signaling in different types of cell
populations [29,69,78]. Senescent cells of renal system express several markers, such as cell
cycle arrest proteins of G1/S and G2/M checkpoints such as p16INK4A, p21WAF/CIP1,
p27KIP1, and p53, but they do not express proliferation markers such as Ki67 [79–81].
Interestingly, selective ablation of senescent (p16INK4a-positive) cells in transgenic mice is
linked to diminished expression of TNF-α, IL-6, and IL-1α in many tissues, including the
kidney [79]. Cellular senescence has been linked to telomere shortening [82], which upreg-
ulates a DNA damage response and activates phosphatidylinositol 3 kinase-like kinases
and Rad3-related kinases that lead to p53 activation. Active p53 upregulates transcription
of pro-apoptotic genes and/or genes that inhibit cyclin-dependent kinase (i.e., p21cip1/waf1).
Activation of p21cip/waf1 may cause permanent cell cycle arrest [62,80].

Importantly, senescent cells have a specific secretome-defined, senescence-associated
secretory phenotype (SASP), which includes a broad range of pro-inflammatory cytokines,
chemokines, growth factors, and matrix-degrading factors (e.g., IL-6, IL-1α, IL-1β, chemokine
ligand 1 (GROα; CXCL1), connective tissue growth factor (CTGF), plasminogen activator
inhibitor 1 (PAI-1), C-C motif chemokine 2 (CCL2)) [79,80,83]. Recent studies report that
the expression of integrin β3 increased significantly in senescent cells, which led to the
activation of p53 and the secretion of TGF-β [84]. These molecules and others, such as TNF-
α, IL-6, and monocyte chemoattractant protein 1 (MCP-1), can promote an inflammatory
microenvironment and might be important drivers of inflammation-related injury and
enhance progression of CKD [83,85].

2.2.10. Inflammation

Inflammation and fibrosis contribute to the progression of CKD via many pathways
in glomeruli, tubules, and interstitium. In the final common pathway to end-stage renal
disease, nephron loss causes hyperperfusion and high glomerular capillary hydrostatic
pressure in remaining nephrons. This results in injury to the major cell types within
glomeruli: endothelial cells, podocytes, and mesangial cells [86]. Injured endothelial cells
detach from the basement membrane, express more leukocyte adhesion molecules, and
secrete more proinflammatory cytokines. Injured podocytes also detach from the basement

11



Int. J. Mol. Sci. 2022, 23, 11105

membrane, allowing proteinuria, associated with increased angiotensin II, aldosterone, and
TGF-β. Injured mesangial cells proliferate and synthesize extracellular matrix constituents,
MCP-1, CGTF, and TGF-β. Monocytes recruited to injured glomeruli become macrophages,
and glomerular inflammation leads to glomerulosclerosis [87].

Interstitial inflammation and fibrosis also contribute to the progression of CKD. Lym-
phocytes and macrophages infiltrate the renal interstitium. Lymphocytes are recruited
into the interstitium early. Monocytes are recruited into the interstitium, where they
become macrophages. Macrophage infiltration after nephron loss is chiefly in tubuloin-
terstitial regions. The CC chemokine receptor type 1 is important in interstitial but not
glomerular recruitment of leukocytes. Dendritic cells appear in the interstitium, with
peak concentration at one week after nephron loss. Mast cells are identifiable in areas of
tubulointerstitial inflammation and fibrosis [88]. Myofibroblasts secrete the components of
extracellular matrix, leading to fibrosis. The predominant source of these myofibroblasts is
from pericytes around blood vessels and resident fibroblasts, with a minor contribution
from de-differentiated proximal tubule cells [89].

In the progression of chronic kidney disease, the cell type probably most often central
to the various processes involved is the macrophage [90]. The mononuclear cell chemokine,
CCL2, mediates migration of monocytes to the injured kidney. CCL2 blockade attenu-
ates glomerular and interstitial infiltration of pro-inflammatory macrophages, but other
chemokines such as CX3CL1, CXCL16, and macrophage migration inhibitory factor (MIF),
also contribute to macrophage recruitment in kidney disease [85]. Opposing this recruit-
ment, the mononuclear cell chemokine C-C motif chemokine 5 (CCL5) constrains CCL2
expression, macrophage infiltration, and kidney damage and fibrosis in hypertension via
blood pressure-independent mechanisms. This balance illustrates the complex network of
overlapping chemokines working to maintain renal health [85].

Macrophages polarized to the M1 phenotype play a pathogenic role in inflammatory
renal injury, and macrophages polarized to the M2 phenotype play a pathogenic role in the
follow-on renal fibrosis. Recruited macrophages produce a range of cytokines, including
TNF-α and interferon-γ (IFN-γ), which increase M1 polarization and the progression of
CKD. Damage-associated molecular patterns (DAMPs) from renal parenchyma such as
high-mobility group protein B1 (HMGB1) and C-reactive protein (CRP) also augment the
renal accumulation of pro-inflammatory macrophages. Additionally, DAMPS released from
damaged renal tubular epithelial cells (RTEC) have been shown to increase the expression
of pattern recognition receptors (PRR) on healthy RTEC. This leads to the expression of
pro-inflammatory cytokines, which leads to further recruitment of inflammatory monocytes
and macrophages [91]. There is experimental evidence that macrophage polarization to a
pro-inflammatory phenotype, associated in turn with increased pro-inflammatory cytokines
and renal inflammation, is promoted by a high salt intake, suggesting that this is one of the
mechanisms by which a low-salt diet ameliorates the progression of CKD [92].

Macrophage phenotype is partly determined by prostaglandins in the microenviron-
ment. Arachidonic acid metabolism into prostaglandins plays a role in renal inflammation
and fibrosis. The lipoxygenase family of enzymes convert polyunsaturated fatty acids
into bioactive lipid eicosanoids such as hydroxyeicosatetraenoic acids, hydroxyeicosaoc-
tadecaenoic acids, leukotrienes, lipoxins, and resolvins [93]. The enzyme 15-lipoxygenase
worsens inflammation and fibrosis in a rodent model of chronic kidney disease. Silenc-
ing 15-lipoxygenase promotes an increase in M2c-like wound-healing macrophages in
the kidney and alters kidney metabolism, protecting against anaerobic glycolysis after
injury [93].

The presence of free fatty acids may drive some of the inflammation causing the
progression of chronic kidney disease. Renal tubular injury from free fatty acids may be
partly mediated by increased expression of the CD36 scavenger receptor due to increased
expression of the peroxisome proliferator-activated receptor (PPAR)-γ nuclear transcription
factor [94]. Renal tubular injury and inflammation due to increased circulating free fatty
acids could partly explain the accelerated progression of CKD in patients with insulin
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resistance (type 2 diabetes mellitus) and obesity. The decelerated progression of CKD
by sodium-glucose co-transporter 2 (SGLT2) channel inhibitors may be partly from at-
tenuated CD36 expression from downregulated PPAR-γ [94]. IL-33 may be an important
driver of progressive CKD [95]. IL-33 is a member of the IL-1 cytokine family and exerts
pro-inflammatory and pro-fibrotic effects via the suppression of tumorigenicity 2 (ST2)
receptor, which, in turn, activates other inflammatory pathways. Recent studies have
shown that a sustained activation of the IL-33/ST2 pathway promotes the development of
renal fibrosis [95]. This pathway is a potential target for therapeutic intervention.

Excess amino acids from the heavy nutritional load of a high-protein diet are thought
to increase renal inflammation and fibrosis primarily indirectly by increasing glomerular
hyperfiltration, but also partly by increasing proinflammatory gene expression. Later in
the course of chronic kidney disease, excess amino acids promote fibrosis by increasing
TGF-β. Whatever the mechanisms, a low-protein diet slows the progression of chronic
kidney disease [96].

2.2.11. Fibrosis

Renal fibrosis is the end result of nearly all progressive renal diseases. Fibrosis is a
maladaptive repair process associated with chronic inflammation. It is characterized by
progressive remodeling and destruction of renal tissue in an attempt to replace injured cells.
Although the initial stages of this repair process may be beneficial, prolonged activation of
growth factors and cytokines leads to the replacement of normal renal parenchyma with
collagen and other connective tissue fibers [97].

It is generally accepted that fibroblasts and myofibroblasts are key cells involved in
renal fibrosis. Under normal conditions, fibroblasts synthesize many of the constituents of
the extracellular matrix. It is well accepted that myofibroblasts are activated fibroblasts.
Renal injury leads to numerous stimuli that may cause transformation of fibroblasts to
myofibroblasts. These stimuli include the production of inflammatory cytokines (e.g., TGF-
β, platelet-derived growth factor (PDGF), fibroblast growth factor 2 (FGF-2)), hypoxia, and
cell contact with leukocytes and macrophages. Interestingly, renal fibroblasts maintain their
activated phenotype in a setting of fibrosis even if the initial cause is no longer present [98].

Published evidence suggests that renal epithelial cells play an important role in renal
fibrosis due to epithelial-to-mesenchymal transition [98–100]. This transition appears to be
induced by interleukin-like epithelial mesenchymal transition inducer (ILEI) in response
to TGF-β1 through Akt (protein kinase B) and ERK (extracellular signal-regulated kinase)
pathways [101]. Following this transition, renal tubular epithelial cells lose their normal
morphology, tight junctions, and epithelial cell markers (e.g., E-cadherin), and begin
expressing mesenchymal markers such as α-smooth muscle actin (α-SMA) and vimentin.
These alterations facilitate the progression of renal interstitial fibrosis and CKD [101].

PDGFs play an important role in the processes that lead to renal fibrosis [102]. PDGF
receptor-β (PDGFR- β) is a tyrosine-kinase receptor for PDGF-B and PDGF-D. Upon activa-
tion, PDGFR-β induces downstream signaling that triggers cell proliferation, migration,
and differentiation, leading to extracellular matrix deposition. There is experimental ev-
idence that PDGFR-β activation alone is sufficient to induce progressive renal fibrosis
and renal failure, key aspects of CKD [103]. PDGFR-β is a potential target for therapeutic
intervention to slow the progression of kidney disease.

3. Molecular Effects of Environmental Toxicants on CKD Progression

As CKD progresses and GFR decreases, the ability of patients to eliminate metabolic
wastes, xenobiotics, and toxicants declines significantly. Considering that the current
environment is contaminated with numerous toxicants, it is important to understand
how patients with a reduced ability to excrete toxicants are affected by environmental
nephrotoxicants. Of particular concern is exposure to nephrotoxic heavy metals that are
present throughout the environment. Today’s environment is heavily contaminated by
toxic metals such as arsenic, cadmium, and mercury; therefore, human exposure to one
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or more of these toxicants is nearly unavoidable. Indeed, the World Health Organization
included these three metals on the list of top ten chemicals of public health concern [104]. A
thorough understanding of the way in which these metals are handled by diseased kidneys
is necessary to manage this important global health problem.

3.1. Arsenic

Arsenic (As) is a naturally occurring metalloid found in the Earth’s crust [105]. As
may exist in inorganic (arsenopyrite, pentavalent arsenate, trivalent arsenite) and organic
(e.g., monomethylarsonic acid, dimethylarsonic acid, trimethylarsonic acid, arsenobetaine)
forms [106]. Inorganic As seeps into groundwater reservoirs via environmental weathering
of ores and contaminates underground aquifers. Inorganic As, in the form of arsenite
(As(OH)3) and arsenate (H3AsO4), is often found in water wells located in rocky terrain
around the world [107,108]. Anthropogenic activity has also contributed to increased
arsenic pollution through use of pesticides, handling of arsenate-containing wood preser-
vatives, and semiconductor manufacturing [109]. While it can be inhaled or absorbed via
dermal contact, human exposure occurs primarily via drinking water contaminated with
inorganic arsenic [110].

Exposure to As is a serious global health concern that is associated with numerous
health effects. Acute physiological effects of As exposure include various multiorgan
symptoms ranging from colicky abdominal pain to encephalopathy [111]. Chronic exposure
to arsenic is known to cause bladder, skin, and lung cancer. It is linked with kidney, liver,
and prostate cancer and may cause numerous other health effects [112,113]. A meta-analysis
of literature related to heavy metal exposure and CKD reported a link between exposure
to As and risk of proteinuria, an early sign of CKD [114]. Similarly, it has been reported
that exposure to heavy metals such as As may increase the risk of developing CKD [114].
Indeed, chronic exposure to As has been shown to result in glomerulonephritis, acute
tubular necrosis, albuminuria, and renal papillae necrosis [115,116].

Exposure to As can lead to significant oxidative stress, which can exacerbate renal
injury and enhance the progression of CKD (Figure 3). Studies in rats have shown that As
increases production of ROS, which enhances the expression of inflammatory cytokines
through the NF-κB pathway [117]. This induces apoptosis primarily by decreasing Bcl-2
and Bcl-xl (Bcl-2 associated protein) expression while concomitantly increasing expression
of p53 and Bax in As-treated rats [117]. Recent studies in mice showed that exposure
to As activates the MAPK/NF-κB and NRF2 pathways in kidney. While activation of
these pathways may improve cell survival, exposure to As also led to increased activity of
myeloperoxidase and increased expression of inflammatory cytokines, such as IL-1α, IL-6,
IL-12, and TNF-α, which may lead to an inflammatory response [118,119]. Furthermore,
elevated expression of inflammatory cytokines was shown to disrupt homeostasis of
helper T cell populations (Th1/Th2/Th17/Treg). The balance among T cells populations is
critical to maintain proper immune function. Exposure to As alters the balance and leads
to inflammation and immunosuppression [118,120]. Use of newer immunotherapeutics
and their impact on kidney function is a new and expanding area of research. Some
immunotherapeutics have been reported to exacerbate or cause renal damage [121]. The
complexity of renal function and inflammation makes this an interesting new area of
research with great potential.

Studies using cultured myoblasts indicate that As exposure leads to apoptosis through
pathways involving ROS, mitochondrial dysfunction, and endoplasmic reticulum stress [122].
A similar pathway may play a role in As-induced nephrotoxicity. Interestingly, trivalent
forms of As have been shown to inhibit the production of glutathione, which may lead
to unrestricted oxidative stress [123]. Arsenic can cause lipid peroxidation and damage
mitochondrial membranes, leading to the formation of peroxyl radicals and dimethylarsenic
radicals, and eventual cell death [123].
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Figure 3. Flowchart summarizing major effects of arsenic (As) exposure in relation to the progression
of CKD. As-induced injury is a complex, multifactorial process that cannot be summarized completely
in a single figure. Thus, while this figure includes major pathways of As-induced injury, it does not
cover all mechanisms and routes of injury.

3.2. Cadmium

Cadmium (Cd) naturally exists in zinc, lead, and copper ores as a divalent cation in
the Earth’s crust and marine environments at low concentrations and accumulates in air
water and soil through volcanic activity and erosion [124]. While trace amounts of Cd in
the environment are byproducts of these processes, the majority of environmental Cd is the
result of industrial and agricultural use [124]. Soluble Cd ions from phosphate fertilizers
can contaminate water and soil and subsequently accumulate in aquatic organisms or
plants such as tobacco, grains, and root vegetables [125,126]. Because of accumulation in
tobacco plants, individuals who smoke are exposed to significant levels of Cd through the
inhalation of cigarette smoke. Cigarettes may contain 1.8–2.5 μg/g Cd [127], and data from
the National Health and Nutrition Examination Study (NHANES) reported that smokers
had average blood and urine Cd levels of 0.376 μg/L and 0.232 μg/L, respectively [128].

Following exposure, Cd is absorbed readily by epithelial cells in the gastrointestinal
tract and lungs. Once ingested, ionized Cd2+ binds to albumin and the resulting complexes
are then transported to target organs, including the kidney, bone, liver, and lung. Cd is
taken up into hepatocytes via Ca2+ channels and membrane transporters [129]. Within the
cell, Cd has been shown to impair electron transport chain complexes II and III, which
impedes electron flow and generates ROS [112]. The generation of ROS promotes binding
of the metal-regulated transcription factor 1 (MTF-1) to metal response elements (MRE),
which subsequently activates transcription of metallothionein (MT) [110]. Intracellularly,
MT binds to Cd to create a MT–Cd complex, and a fraction of the complex is exported
into the circulation [130]. MT–Cd complexes are filtered freely by the glomerulus and
are reabsorbed by proximal tubular epithelial cells via multiple mechanisms, including
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megalin and cubilin receptor-mediated endocytosis, ZIP8 and ZIP14, and the divalent
metal transporter 1 (DMT1) [131,132].

Environmental and occupational exposure to low levels of Cd has been shown to
cause renal tubular injury [133]. Owing to its toxic renal effects, chronic exposure to Cd
increases the risk of developing CKD from 10% in the average population to 25% in exposed
individuals [134]. Analyses of NHANES data showed that individuals with blood Cd levels
over one mcg/L had a significantly higher association with CKD and albuminuria [135].
It is clear that exposure to Cd reduces GFR and impairs overall renal function. Here, we
summarize the molecular mechanisms that underlie these pathologies and contribute to
the development and/or progression of CKD (Figure 4).

Figure 4. Schematic to summarize major factors that contribute to progression of CKD following
exposure to cadmium (Cd). Additional factors not included here also contribute to Cd-induced
progression of CKD.

As discussed in the previous sections, diabetes is a major risk factor for developing
CKD. Exposure to Cd appears to increase the risk of developing diabetes in some indi-
viduals [136]. Diabetic mice (db/db) exposed to Cd were found to be hyperglycemic and
exhibited an increase in white adipose tissue and weight gain [137]. Interestingly, exposure
of these mice to Cd also decreased serum leptin levels, which may enhance appetite and
lead to weight gain. In contrast to these findings, a recent study using streptozotocin-
induced diabetic mice (C57BL/6) exposed to Cd showed that body weight decreased after
exposure [138]. This variation could be due to differences in the frequency and dose of
Cd exposure. This study, however, confirmed findings that exposure of hyperglycemic
animals to Cd enhances the risk of renal injury [138]. Specifically, in vitro studies using
cultured podocytes indicate that exposure to Cd under hyperglycemic conditions leads to
mitochondrial dysfunction and ROS. Podocyte viability is reduced, leading to apoptosis,
fibrosis, and decreased renal function [138]. These studies suggest that exposure of diabetic
individuals to Cd may exacerbate renal injury and lead to CKD or enhance the progression
of CKD by causing additional injury.

Hypertension is another major risk factor for the development of CKD. A meta-analysis
study of published literature found a positive association between hypertension and Cd
levels in blood and hair [139]. Indeed, Cd has been shown to decrease plasma levels of atrial
natriuretic peptide (ANP) [140], an important regulator of blood pressure. Cd appears to
reduce the affinity of the ANP receptor for ANP and also decreased the number of binding
sites available [141]. Reduced levels of ANP and reduced sensitivity of the receptor may
decrease the ability to regulate blood pressure, which may lead to hypertension and subse-
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quent renal injury. The development of hypertension is characterized by low ANP plasma
concentrations [142] and its suppressed ability to regulate blood pressure via inhibiting the
renin–angiotensin–aldosterone system. In addition to causing vasodilation of the afferent
arterioles, ANP binds to natriuretic peptide receptor-A, catalyzing the conversion of GTP
to cGMP. cGMP phosphorylates and allosterically binds to basolateral sodium-potassium
ATPase channels and apical cyclic nucleotide-gated, heterometric channels of transient
receptor potential V4 and P2 [143]. While the mechanism remains entirely unclear, damage
to the kidney’s response to ANP may potentially be mediated by Cd-induced oxidative
damage. In one study, increased production of thiobarbituric acid reactive substance after
exposure to Cd was accompanied by decreased glomerular filtration rate and increased
creatinine levels; upon bolus injection of ANP in compromised rats, high blood pressure
and low glomerular filtration rate remained remarkably uncorrected. Without the coun-
teraction of salt and fluid retention from ANP due to compromised receptor response, Cd
may play a role in exacerbating hypertensive conditions precipitating kidney injury and
eventual CKD [143].

In addition to the association with diabetes and hypertension, exposure to Cd has been
shown to cause generalized cellular injury in renal epithelial cells. A major consequence of
Cd exposure is intracellular oxidative stress. Studies using male Sprague Dawley rats found
swelling, deformation, and vacuolation in mitochondria of renal tubular epithelial cells. In
addition, expression of superoxide dismutase 2 (SOD2), found in mitochondria, decreased,
indicating an inability to counteract the production of ROS. Indeed, increased cellular con-
tent of ROS was accompanied by increased expression of cytoplasmic superoxide dismutase
1 (SOD1). Interestingly, expression of catalase was reduced, which would prevent cells from
responding appropriately to oxidative stress [144]. Other studies reveal the association of
Cd exposure to substantial activity reduction in antioxidant enzymes, including superoxide
dismutase, catalase, and glutathione reductase, that may amplify the progression of chronic
kidney disease from oxidative species overwhelming antioxidants [145].

In addition to oxidative stress, Cd has been shown to induce ER stress and autophagy
(via BNIP3) in HK2 cells and SD rats [146]. Studies in cultured rat pheochromocytoma
cells (PC-12) showed that exposure to Cd enhanced autophagy [147]. In contrast, studies in
mice exposed to Cd showed that protein components of autophagosomes (e.g., p62, Sirt6,
and LC3-II) accumulated in the cytoplasm of renal tubular cells rather than participate in
the formation of autophagosomes. This resulted in the inhibition of autophagy and the
initiation of apoptosis [148]. Similarly, a study in cultured proximal tubular cells reported
that treatment with Cd led to the accumulation of p62 in the cytoplasm and the inhibition of
autophagy. Furthermore, it was reported that elevated levels of p62 led to increased nuclear
translocation of Nrf2 [149]. Persistent activation of Nrf2 can lead to lysosomal dysfunc-
tion, which prevents fusion of lysosomes and autophagosomes [150]. Cd may also induce
apoptosis in renal epithelial cells through p-53 mediated, DNA damage autophagy modu-
lator (DRAM) and BAX signaling [151]. Cd has also been shown to activate inflammatory
cytokines, such as NF-κb, TNF-α, and iNOS, and induce necroptosis [152,153].

Exposure to Cd has also been shown to disrupt cadherin-dependent cell adhesion in
proximal tubular cells. Alterations in cellular adhesion have been shown to alter the mem-
brane localization of the Na+K+-ATPase, which can lead to alterations in transport [154].
Similarly, other studies in proximal tubules showed that exposure to Cd decreased expres-
sion of SGLT1 and SGLT2. This decrease was attributed to the replacement of Zn in the Sp1
DNA binding domain, which reduced activation of SGLT1 and SGLT2 promoters [155].

Cd is a toxic metal to which humans continue to be exposed throughout their lives.
Continued studies related to Cd-induced cellular injury in renal tubular epithelial cells are
necessary to understand how exposure to this metal affects patients with renal disease.

3.3. Mercury

Mercury (Hg) is a toxic metal found in various environmental and occupational set-
tings. It may exist in an elemental (metallic), inorganic, and/or organic form. Elemental
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mercury (Hg0) is particularly unique because it exists as a liquid at room temperature.
Inorganic mercury is usually found as mercurous (Hg1+) or mercuric (Hg2+) ions salts.
Organic forms of mercury include phenylmercury, dimethylmercury, and monomethylmer-
cury (MeHg), which is the most common form encountered by humans. The majority of
human exposure is due to the ingestion of contaminated food. Upon ingestion, MeHg is
absorbed readily by enterocytes along the gastrointestinal tract [1], after which they can
enter systemic circulation and be delivered to target organs. Within biological systems, a
fraction of MeHg is slowly transformed to Hg2+ [156–159].

Exposure to all forms of Hg has been shown to have significant renal effects (Figure 5).
Experimental models (uninephrectomy) of early-stage CKD suggest that acute renal injury
is more pronounced in uninephrectomized rats exposed to a nephrotoxic dose of HgCl2
than in corresponding sham rats [160–162]. It was found that mercury-induced proximal
tubular necrosis was more extensive in 50% nephrectomized animals than in sham animals.
Additionally, the urinary excretion of cellular enzymes and plasma proteins, including
lactate dehydrogenase, γ-glutamyltransferase, and albumin, was greater in uninephrec-
tomized animals than in sham animals [162,163]. Interestingly, when 75% nephrectomized
rats were used as models of late-stage CKD, it was found that the accumulation of mercury
per g kidney is significantly greater in 75% nephrectomized rats than in sham rats, suggest-
ing that cellular accumulation of Hg may be greater in the remnant renal mass from 75%
nephrectomized animals than in kidneys of sham animals [164].

Figure 5. Flowchart outlining major mechanisms involved in mercury (Hg)-induced progression of
CKD. Other factors not specified here also play a role in the progression of CKD induced by exposure
to Hg.

In humans, chronic exposure to mercury has been associated with glomerulonephritis,
particularly membranous nephropathy [165,166]. Membranous nephropathy is character-
ized by tissue damage due to activation of membrane attack complexes (MAC) by antigen–
antibody complexes deposited on the glomerular basement membrane (GBM) [167]. This
damage results in podocyte damage and disruption of the anionic charge barrier, leading to
massive proteinuria [167]. Analyses of patient biopsies found that patients with Hg-induced
membranous nephropathy exhibited more mesangial deposits and smaller podocyte foot
processes than patients with idiopathic membranous nephropathy. Interestingly, podocyte
effacement was less severe in Hg-induced cases than in idiopathic cases [168]. In vitro
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studies have shown that exposure to Hg leads to autoimmune disease characterized by
anti-GBM antibodies, glomerular deposits of immunoglobin G (IgG), proteinuria, and
acute tubulointerstitial nephritis [169–171]. Studies in Brown Norway rats have shown
that exposure to HgCl2 leads to a T-cell dependent autoimmune syndrome that leads to
the production of anti-laminin antibodies that interact with the GBM [172,173]. Exposure
to HgCl2 leads to the appearance of non-antigen-specific CD8+ T-cells [174]. Additional
studies in Brown Norway rats showed that RT6+ T cells decreased, which inversely cor-
responded with the autoimmune response to the GBM [175]. Escudero et al. showed
that the HUTS-21 epitope of the beta-1 integrin on lymphocytes appears to be involved
in Hg-induced nephritis by promoting lymphocyte infiltration into renal interstitium and
deposition of anti-GBM antibodies [176].

Exposure to Hg may also play a role in the development of hypertension. A study
of non-Hispanic Asians using NHANES data found that higher blood Hg levels were
associated with hypertension [177]. Studies using spontaneously hypertensive rats (SHR)
found that exposure to Hg accelerated the development of hypertension by increasing
the production of nitric oxide and other ROS [178,179]. However, it appears that Hg also
induces vasoprotective mechanisms such as increased plasma levels of nitric oxide and
hydrogen peroxide to counteract other vasoconstrictive effects [179]. In addition, plasma
levels of angiotensin-converting enzyme (ACE) were found to be increased in SHR rats
following exposure to Hg [180], which can lead to vasoconstriction and hypertension. In a
recent review, Habeeb et al. outlined the molecular mechanisms by which Hg exposure
leads to hypertension [181]. Hg has been shown to increase atherosclerosis as well as
stimulate the proliferation of vascular smooth muscle cells, which would further increase
the risk of hypertension.

The effects of Hg on renal tubule epithelial cells can be detrimental to total renal
function. Studies in cultured proximal tubular cells have demonstrated that exposure to
Hg induces significant cellular alterations [182,183]. Specifically, the most profound modifi-
cations were noted as increased oxidative stress, cytoskeletal rearrangements, increased
intracellular calcium, and reduced cellular viability.

In the mitochondria, mercury-induced oxidative stress has been shown to disrupt the
overall structure, leading to swelling, destruction of mitochondrial membrane potential,
altered membrane, and increased release of Cytochrome C [184]. Exposure of human
embryonic kidney epithelial (HEK-293T) cells to HgCl2 revealed a decrease in cell viability
due to a downregulation in the expression of the silent information regulator (Sirt1) and
PGC-1α signaling pathway, a key mechanism in mitochondrial homeostasis [185].

Cytoskeletal alterations have been detected following exposure of normal rat kidney
cells (NRK-52E) to MeHg [186]. These alterations are a result of epigenetic modulation of
matrix metalloproteinase 9 (MMP9) via demethylation of its regulatory site. The subsequent
increased expression of MMP9 led to loss of cell-to-cell adhesion and disturbances in
cytoskeletal proteins such as F-actin, vimentin, and fibronectin [186]. Similarly, exposure of
NRK-52E cells to HgCl2 also led to loss of cytoskeleton integrity [182].

The ER is another cellular target in acute HgCl2 toxicity. Experiments in NRK-52E
cells showed that ER stress, as indicated by expression of GRP78 (78-kDa glucose regulated
protein) and CHOP (C/EBP homologous protein), is a marker of renal cell injury [187].
GRP78 is an ER chaperone, which is upregulated upon stress; however, if the ER experiences
prolonged stress, CHOP, a transcription factor specializing in regulation of apoptosis-related
genes, will also be upregulated. Both of these proteins are positively correlated with renal
damage. In addition, HgCl2 has been shown to enhance the activity of Caspase 3 and
the expression of IRE1a (inositol-requiring enzyme 1), GADD-153 (growth arrested and
DNA damage-inducible gene 153), and Caspase 12, resulting in the death of tubular and
glomerular cells [188].

Exposure to Hg also affects the activity of various transporters, which may lead
to tubular injury and renal disease. Studies in Wistar rats exposed to a low dose of
HgCl2 showed that Hg inhibited the Na+/H+ exchanger (NHE3) in proximal tubular cells.
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It was suggested that Hg enhanced phosphorylation of NHE3 and thereby reduced its
activity [189]. NHE3 is the main isoform of the Na+/H+ exchanger in the proximal tubule
and it plays a major role in the reabsorption of sodium from the lumen. Alterations in the
activity of NHE3 could indirectly affect reabsorption and secretion of important molecules
and fluid. In addition, HgCl2 has been shown to inhibit Na-K-ATPase [190], which would
alter solute gradients necessary for water reabsorption and lead to increased urinary output,
a common sign of renal injury. Mercury has also been shown to bind to cysteine residues
in aquaporin 1 (AQP1) [191], located in the proximal tubule and thin limbs in the loop of
Henle [192], and inhibit its activity. AQP1 facilitates reabsorption of 70% of water from the
ultrafiltrate entering the proximal tubule [193]. Therefore, the inhibition of AQP1 is also a
likely cause of increased urinary output following Hg intoxication.

Collectively, the results of these studies suggest that kidneys of animals with reduced
renal mass are more susceptible to the toxic effects of Hg. Similarly, individuals who have
reduced renal function, due to CKD or other disease processes, may be more susceptible to
renal injury following exposure to a nephrotoxicant such as Hg.

4. Summary

The pathogenesis and progression of CKD result from numerous physical and molec-
ular changes that create a complex intracellular environment. Physical changes due to
hypertrophy and hydrostatic forces may cause injury to cells and lead to an inability of
the cells to manage small intracellular changes. Increased oxidative stress, ER stress, DNA
modifications, mitochondrial dysfunction, and many other cellular and molecular changes
lead to dysregulation of intracellular processes, cellular injury, and eventual cell death.
Exposure to environmental toxicants such as heavy metals may lead to additional cellular
injury and enhance the progression of CKD. Because of the complexity of the CKD, elimi-
nating one path of pathogenesis may enhance pathogenesis via a different route. Stopping
the progression of CKD will likely require a combination of multiple therapies, but each
component of combination therapy will likely cause its own negative effects. The only
reasonable and attainable goal may be slowing down the progression of this disease.
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Abstract: Chronic kidney disease (CKD) has been recognized as a global public health problem.
Despite the current advances in medicine, CKD-associated morbidity and mortality remain unac-
ceptably high. Several studies have highlighted the contribution of inflammation and inflammatory
mediators to the development and/or progression of CKD, such as tumor necrosis factor (TNF)-
related biomarkers. The inflammation pathway driven by TNF-α, through TNF receptors 1 (TNFR1)
and 2 (TNFR2), involves important mediators in the pathogenesis of CKD. Circulating levels of
TNFRs were associated with changes in other biomarkers of kidney function and injury, and were
described as predictors of disease progression, cardiovascular morbidity, and mortality in several
cohorts of patients. Experimental studies describe the possible downstream signaling pathways
induced upon TNFR activation and the resulting biological responses. This review will focus on
the available data on TNFR1 and TNFR2, and illustrates their contributions to the pathophysiology
of kidney diseases, their cellular and molecular roles, as well as their potential as CKD biomarkers.
The emerging evidence shows that TNF receptors could act as biomarkers of renal damage and as
mediators of the disease. Furthermore, it has been suggested that these biomarkers could significantly
improve the discrimination of clinical CKD prognostic models.

Keywords: CKD; inflammation; TNF-alpha; TNFR; biomarkers

1. Chronic Kidney Disease—A Public Health Issue

In the last decade, chronic kidney disease (CKD) has been recognized as a global public
health problem, due to its increasing incidence and prevalence rates [1,2]. Additionally,
CKD is a significant contributor to early morbidity and mortality worldwide, as well as an
important risk factor for cardiovascular diseases (CVD). In 2017, CKD was the 12th leading
cause of death, globally, rising from 17th in 1990 [3].

CKD is a pathological condition that results from a gradual and permanent loss of
renal function over time, characterized by the presence of kidney dysfunction and injury
markers, over a period of at least three months. According to the ‘2012 Kidney Disease:
Improving Global Outcomes’ (KDIGO) guidelines, the severity of CKD is classified into
five stages, according to glomerular filtration rate (GFR) and urinary albumin excretion [4].
Increased CKD severity is indicated by lower GFR and/or increased albuminuria levels.

The etiology of CKD depends on the setting, with diabetes and hypertension being the
two major causes of kidney injury in developed countries [3]. However, irrespective of the
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primary disease cause, CKD initiation and progression involves different pathophysiologi-
cal pathways leading to kidney function decline [5], which involves a complex interaction
between hemodynamic, metabolic, immunologic, and inflammatory mechanisms.

CKD is associated with a decreased quality of life, increased risk of hospitalization,
cardiovascular complications and mortality, independently of other risk factors [1,3,6,7].
Importantly, CKD and its related comorbidities are largely preventable and manageable,
if detected at an initial stage. Thus, early identification of CKD is essential, not only to
predict and prevent CKD progression, but also to further improve patients’ survival and
reduce associated morbidities. Hence, more sensitive and earlier biomarkers of detection
are necessary to achieve that goal, since the traditional biomarkers only increase when a
significant filtration capacity has already been lost and kidney damage is advanced [8].

Several studies in the literature suggest that activation of inflammatory processes in
the early stages of CKD drives kidney function impairment [5], meaning that the assessment
of inflammatory markers might help in earlier diagnosis of CKD. Associations between
biomarkers of inflammation and changes in GFR have been widely reported. Moreover,
inflammation is a risk factor for CKD-associated morbidity and appears to contribute to
cardiovascular mortality in CKD patients [9–12].

2. Inflammation as an Essential Component of CKD

The persistent low-grade inflammatory status that characterizes CKD plays a key
role in the pathophysiology of the disease. Inflammation starts early in the onset of renal
diseases [13,14] and worsens with disease progression [15], being particularly marked in
hemodialysis patients [16]. Interestingly, inflammation can be identified either as a trigger
or a consequence of CKD. The etiology of inflammation is multifactorial and can result
from a primary cause of disease (diabetes, obesity) [17], from renal dysfunction comor-
bidities (uremia, metabolic acidosis, intestinal dysbiosis, vitamin D deficiency, oxidative
stress) [17–19], and/or from dialysis procedures (intercurrent infections and thrombotic
events) [20].

Inflammation is a well-established risk factor of both morbidity and mortality in CKD
patients [21–23], leading to renal function deterioration and fibrosis. CKD patients present
low to moderate levels of circulating inflammatory mediators [24,25] as a result of a dereg-
ulation of their synthesis, increased release, and/or impaired renal clearance [15,26]. It is
broadly accepted that inflammation plays a role in CKD progression, but the association
between disease initiation and the establishment of inflammation is debatable. Glomeru-
lar hypertrophy, endothelial dysfunction, podocytes damage, proteinuria, and tubular
cells injury are some of the identified kidney insults that can trigger the development of
inflammation [27].

The initial inflammatory response occurs to overcome renal injury, promote tissue
remodeling and wound healing. However, when this process outreaches the physiological
limit, a chronic inflammatory state may arise, with undesirable systemic consequences [14].
The dysregulated immune response results in a continuous activation of inflammatory
mediators, contributing to renal scarring and fibrosis [24], the final common pathological
manifestation of renal diseases.

The inflammatory state is characterized by activation of inflammatory cells, releasing
an array of acute phase proteins, cytokines, and chemokines [19,25], which are able to inter-
act with renal parenchymal cells and resident immune cells, and trigger the recruitment and
activation of circulating monocytes, lymphocytes, and neutrophils, into renal tissue [13,14].
The activation of inflammatory response and the infiltration of inflammatory cells induce
cellular transdifferentiation into myofibroblasts, which are responsible for the production
and deposition of extracellular matrix components and cytoskeletal components, which
leads to renal remodeling. In renal fibrosis, myofibroblasts seem to be derived from differ-
ent cell types, such as tubular epithelial cells, interstitial fibroblasts, macrophages, as well
as pericytes and endothelial cells [28]. The imbalance in matrix formation/degradation
leads to accumulation of an extracellular matrix, which might lead to glomerulosclerosis
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and/or tubulointerstitial fibrosis and a consequent GFR decline [25,29]. Under chronic
inflammatory activation, resident kidney cells exhibiting a proinflammatory phenotype,
coupled with the activated immune cells, are responsible for perpetuating the ongoing
inflammatory process, leading to renal fibrosis. Once renal fibrosis sets in, CKD progression
is irreversible, irrespective of the initial cause [29]. Kidney hypoxia/ischemia, inflamma-
tion, and oxidative stress are simultaneously a cause and an effect of renal damage and
fibrosis. Those events form a vicious cycle in CKD progression.

Cytokines and acute phase proteins are simultaneously key mediators and biomarkers
of inflammation. Even though their circulating concentrations show a tendency to increase
with the worsening of disease, the rate and magnitude of the increase depends on the
molecule itself. It has been shown in several CKD models, that the classical proinflamma-
tory signaling pathway, the NF-kB system [18,30], is activated by multiple inflammatory
mediators, mainly by tumor necrosis factor alpha (TNF-α).

3. The TNF Signaling Pathway

Tumor necrosis factor alpha (TNF-α), also known as TNF superfamily member
2 (TNFSF2) or simply TNF, is a pleiotropic cytokine that can mediate the inflammatory
response, regulate immune function by promoting immune cells activation and recruitment,
and may trigger cell proliferation, differentiation, apoptosis, and necroptosis [31]. TNF-α
is primarily produced by activated immune cells, and its increase in the circulation can
be detected within minutes after the pro-inflammatory stimuli [32]; TNF-α can also be
expressed by activated endothelial cells [33], fibroblasts [34], adipose tissue [35], cardiac
myocytes [36], and neurons [37]. Abnormally elevated production, and/or sustained higher
values of TNF-α, have been associated with autoimmune diseases, such as rheumatoid
arthritis, multiple sclerosis, inflammatory bowel diseases [38,39], and chronic inflammatory
disease states, such as sepsis, CKD, obesity, and diabetes [35,40,41].

TNF-α can be found in two bioactive homotrimeric forms: as a 26 kDa transmembrane
peptide, or as a 17 kDa soluble form that is released into circulation upon cleavage by
the metalloproteinase TNF-α converting enzyme (TACE) [31,42]. The pleotropic actions
of TNF-α are mediated by either one of its two TNF receptors, TNFR1 and TNFR2 [32],
which engage shared and distinct downstream signaling pathways; therefore, both exhibit
common and divergent biological functions. While TNFR1 is basally expressed across
all human cells [43] and is more efficiently triggered by soluble TNF-α, TNFR2 is mostly
expressed in immune cells, endothelial cells, and neurons and has more affinity for the
TNF-α membrane-bound form [44]. Besides its independent functions, TNFR2 acts as a
ligand presenting TNF-α to TNFR1, potentiating its response [45]. Through the activity of
TACE enzymes, TNFR1 and TNFR2 membrane receptors can also be converted into soluble
forms, which act as antagonists of TNF-α [46].

TNF-α exerts both homeostatic and pro-inflammatory roles. However, TNF-α binding
to TNFR1 mostly promotes inflammation and tissue injury [47], while binding to TNFR2
has been mainly implicated in immune modulation and tissue regeneration. TNFR2 is also
essential for epithelial-to-mesenchymal transition and cell proliferation [47,48]. Thus, the
immunoregulatory functions of TNF-α involve multiple mechanisms and depend on the
regulation and relative expression of the two receptors, as well as their shedding [49].

TNFR1 and TNFR2 present different intracellular domains [50] that can interact with
common and diverse downstream signaling molecules [47]. Figure 1 illustrates the TNFR1
and TNFR1 signaling pathways. The role of each receptor is context-dependent and can
also be cell or tissue specific.
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Figure 1. TNFR1 (a) and TNFR2 (b) mediated signaling pathways. Akt, protein kinase B; AP-1,
activator protein-1; ASK-1, apoptosis signal-regulating kinase-1; c-FLIP, cellular FLICE-inhibitory
protein; cIAP1/2, cellular inhibitor of apoptosis protein 1 or 2; Etk, endothelial/epithelial protein
tyrosine kinase; FADD, Fas-associated death domain; IKK, inhibitor of kappa B kinase; IκB, NF-κB
inhibitor; JNK, c-jun kinase; LUBAC, linear ubiquitin chain assembly complex; MAPK, mitogen
activated protein kinase; MLKL, mixed lineage kinase domain-like protein; NEMO, NF-κB essential
modulator; NF-kB, nuclear factor kappa B; NIK, NF-κB inducing kinase; PI3K, phosphatidylinositol
3-kinase; RIPK1/3, receptor interacting serine/threonine-protein kinase 1 or 3; SODD, silencer of
death domains; TAB, TAK-binding proteins; TAK1, transforming growth factor-beta-activated kinase
1; TNFR1, tumor necrosis factor receptor 1; TNFR2, tumor necrosis factor receptor 2; TNF-α, tumor
necrosis factor alpha; TRADD, TNF receptor-associated death domain; TRAF1/2, TNF receptor-
associated factor 1 or 2.

3.1. TNFR1 Signaling Pathways

The pathways triggered upon TNFR1 activation are better known. TNFR1 contains an
intracellular death domain (DD) that, in the absence of ligand, interacts with a cytosolic
silencer of death domains (SODD) [50]. Upon binding to TNF-α, the inhibitory protein
SODD is released and the DD of TNFR1 is recognized by the TNF receptor-associated
death domain, TRADD, which recruits two additional adaptor proteins, TNF receptor-
associated factor 1 or 2 (TRAF1/2) and receptor interacting serine/threonine-protein kinase
1 (RIPK1) [51–53]. The assembling of different signaling pathways that activate distinct
downstream responses will depend on the ubiquitination state of RIPK1 [54]. Thus, RIPK1
is the major regulator of the cellular decision between TNF-mediated pro-survival signaling
or death.

Ubiquitinated RIPK1 allows the activation of complex I, comprising TRADD, RIPK1,
TRAF2, cellular inhibitor of apoptosis protein 1 or 2 (cIAP1/2), and linear ubiquitin chain
assembly complex (LUBAC) [55,56]. Both cIAPs and LUBAC promote poly-ubiquitination
of RIPK1 [55,56], which leads to the recruitment of two complexes: transforming growth
factor-beta-activated kinase 1 (TAK1) complex, comprising TAK-binding proteins (TAB)
2 and 3; and inhibitor of kappa B kinase (IKK) complex, involving two kinases IKKα

and IKKβ, and the regulatory subunit NF-κB essential modulator (NEMO, also known as
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IKKγ) [57]. The recruitment of these two complexes (TAK1 and IKK) leads to the activation
of mitogen activated protein kinases (MAPKs) and the canonical NF-κB pathway.

The activation of the IKK complex requires NEMO ubiquitination, by LUBAC [56,58],
and IKKβ phosphorylation, by TAK1 [55,59]. In turn, the phosphorylated IKKβ initiates
phosphorylation and proteosomal degradation of NF-kB inhibitor (IκB), unmasking the
p65 subunit of NF-κB and enabling the translocation of the NF-κB heterodimer, composed
of a p65 and a p50 subunit, into the nucleus, where it activates the transcription of various
proinflammatory, anti-apoptotic, and pro-survival genes [60]. Another TAK1-dependent
mechanism that upregulates proinflammatory gene expression involves the phosphory-
lation of mitogen activated protein kinases (MAPKs), such as c-jun kinase (JNK) and
p38 [59,61], which further induces activator protein-1 (AP-1) transcription factor [62].

Alternatively, TNF-A binding to TNFR1 can induce two types of programmed cell
death, apoptosis or necroptosis, when death-inducing signaling complexes (IIa, IIb, or
IIc) are assembled in the cytosol [43]. TNF-TNFR1 mediated NF-κB signaling induces cell
survival and requires polyubiquitination of RIPK1 bound to TRADD [63,64]. Therefore,
when RIPK1 is not ubiquitinated, it dissociates from complex I, which favors the formation
of death complexes. In these NF-κB inhibited conditions, TRADD recruits Fas-associated
death domain (FADD) [53], a pro-caspase 8 dimer, and a heterodimer of pro-caspase 8 and
the long form of cellular FLICE-inhibitory protein (c-FLIP) [57], forming complex IIa.

The depletion of the cIAP1 and 2 also reduces, or prevents, RIPK1 ubiquitination [65],
resulting in apoptosis, through complex IIb. This cytoplasmic complex, formed by nonubiq-
uitinated RIPK1 and FADD, recruits RIPK3, pro-caspase 8 dimer, and c-FLIP-pro-caspase
8 heterodimer, and induces apoptotic cell death, similarly to complex IIa [57].

Furthermore, the aggregation of RIPK1 and RIPK3 leads to the activation of mixed
lineage kinase domain-like protein (MLKL) [66,67], through complex IIc. Several mecha-
nisms by which phosphorylated MLKL induces necrotic cell death have been proposed [68],
such as mitochondrial fragmentation and/or plasma membrane rupture with a subsequent
influx of positively charged ions.

Ubiquitination of the proteins involved in TNFR1-signaling cascades has a major
role in determining TNF-induced downstream outcomes. Ubiquitination status of RIPK1
determines whether TNF-TNFR1 signaling mediates cell survival or apoptosis, since RIPK1
ubiquitination prevents complex IIa and IIb from assembling. Several ubiquitin-modifying
proteins that act on RIPK1 have been identified. The ubiquitin-modifying enzyme A20 is
able to bind and remove polyubiquitin chains from RIPK1 and LUBAC, blocking NF-kB
activation. Cylindromatosis (CYLD) is another deubiquitylating enzyme that acts on several
proteins, such as TRAF2, RIPK1, and IKKγ, to regulate the NF-kB and JNK pathways [43,69].
In addition, cellular degradation or depletion of cIAPs prevents RIPK1 ubiquitination.

3.2. TNFR2 Signaling Pathways

Unlike TNFR1, TNFR2 does not have a DD, being unable to recruit TRADD [53]. Upon
TNF-α binding, TNFR2 interacts directly with TRAF 1 or TRAF2, which recruits cIAP1 and
2, along with LUBAC [70,71]. Accordingly with the events triggered by TNFR1 signaling,
the ubiquitin chains formed by LUBAC allow the recruitment of TAK1 and IKK complexes;
therefore, activating the canonical NF-κB signaling pathway.

However, TNFR2 may also trigger non-canonical NF-κB signaling [72], by promoting
activation of the NF-κB inducing kinase (NIK) [73]. In the absence of stimuli, NIK is ubiqui-
tinated by intracellular TRAF/cIAPs complexes, and undergoes proteasomal degradation.
However, upon TNF-α binding, the subsequent recruitment of these complexes by TNFRs,
leads to NIK stabilization and activation. Activated NIK phosphorylates and induces the
processing of p100, a protein that acts as an IκB-like molecule, which allows the nuclear
translocation of p52/RelB [73]. This evidence confirms earlier studies that showed that the
TNFR2 signaling involved in NF-kB activation occurs independently of TNFR1 signaling,
which highlights distinct molecular pathways not shared with TNFR1 [74].
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Furthermore, TNFR2 is able to activate JNK and protein kinase B (Akt) pathways [75,76].
TNFR2-mediated JNK activation seems to be TRAF2-dependent [76]. TNFR2 associates
with apoptosis signal-regulating kinase-1 (ASK-1), an upstream MAPK critical for JNK
activation [77]. TNFR2 mediated endothelial/epithelial protein tyrosine kinase (Etk) acti-
vation, subsequently stimulates phosphatidylinositol 3-kinase (PI3K) and its effector Akt,
promoting pro-survival and reparative cascades [78]. These pathways are likely to be
involved in the TNF-dependent activation of mesenchymal stem cells and T cells [44].

In endothelial cells, TNFR2 also signals through interferon regulatory factor-1 (IRF1),
inducing interferon-β (IFN-β), promoting the transcription of inflammatory cytokines and
monocytes recruitment during a TNF-induced inflammatory response [79].

TNFR2 can induce cell death indirectly by crosstalk with TNFR1. Depletion of TRAF2
by TNFR2 inhibits the NF-kB and MAPK signaling pathways mediated by TNFR1, favoring
the formation of death complexes [80].

When TNFR1 and TNFR2 are co-expressed in the same cells, intracellular crosstalk
between both signaling pathways seems to be mainly shaped by intracellular constraints,
such as the availability of downstream effectors of each pathway, such as TRAF2 and
ASK-1 [81,82]. However, there are other factors that contribute to the complexity of this
cross-talk, such as the differential expression of both receptors in different cell types and
the fact that the two signaling pathways are linked by positive and negative feedback
mechanisms [44].

4. Involvement of TNF Receptors on Renal Deterioration

The inflammation pathway driven by TNF-α is important in the pathogenesis of
CKD [83,84]. However, the role of TNF-α and its receptors in renal diseases is not com-
pletely clarified. Upon an inflammatory stimulus, TNF-α was shown to be overproduced
in podocytes, mesangial cells, proximal tubules, glomerular cells, and also in infiltrating
macrophages [84], amplifying the overall injury response. While TNFR1 is generally found
in glomerular and peritubular endothelial cells, TNFR2 expression in renal cells has been
shown to be transcriptionally induced after renal injury [84,85].

In this review, we summarize the more important results from published studies on
the contribution of TNF-α and its receptors to the development and/or progression of
CKD (Tables 1 and 2). A search in Pubmed was conducted, including animal and human
studies, using the keywords “renal disease”, “chronic kidney disease”, or “CKD”, and the
biomarkers name “TNF-α”, “TNFR1”, and “TNFR2”, to search the title and/or abstract.
From the retrieved articles, and after title and abstract screening, we selected studies that
evaluated the validity of these biomarkers in CKD diagnosis and prognosis, in different
renal disease models and patients with different backgrounds. Furthermore, we searched
for additional publications in the references of the selected articles.

4.1. Studies Addressing TNF-α and TNFRs in Animal Models

Animal studies are the primary source of evidence for the role of TNF-α in the devel-
opment of kidney diseases (Table 1). In the classical 5/6 nephrectomy CKD model, NF-kB
is activated and other proinflammatory genes are upregulated [86]. The systemic adminis-
tration of TNF-α in rat models of anti-glomerular basement membrane antibody-mediated
nephritis worsened the severity of glomerular injury by increasing neutrophil influx, albu-
minuria, and the prevalence of glomerular capillary thrombi [83]. TNF-α blockade reduced
proteinuria, inflammation status, and renal scaring in mice [87] and rat [88] models of
glomerulonephritis. It was also shown that TNF-α blockade prevented the development of
crescents in a rat model of crescentic glomerulonephritis [88] and reduced renal tubular cell
apoptosis, caspase activity, and several markers of renal fibrosis, in a model of unilateral
ureteral obstruction [89,90].

Studies addressing the deletion of TNFR1 and/or TNFR2 genes, in animal models,
also illustrated the contributions of the TNFRs in the pathophysiology of kidney diseases.
The deletion of TNFR1 was associated with an increase in GFR, in an angiotensin II-
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induced model of hypertension [91]. Data from the same study showed that renal TNFR2
mRNA expression is increased in hypertensive TNFR1 knockout mice, along with increased
urinary albumin excretion, compared to wild type mice and to TNFR1 knockout mice
without induced hypertension. The authors suggested that TNFR2 has a leading role in the
development of albuminuria [91]. Accordingly, TNFR2 knockout mice subjected to immune
complex-mediated glomerulonephritis did not exhibit increased albuminuria and were
protected from renal injury, despite preserving intact the immune system response [92].
In a model of unilateral ureteral obstruction, both TNFR1 and TNFR2 knockout mice
showed a significantly reduced relative volume of the cortical interstitium, in the obstructed
kidney, compared with the wild-type mice, as a result of the decreased deposition of
pro-fibrotic proteins [93]. Additionally, the individual knockout of TNFR1 or TNFR2
resulted in decreased inflammation, demonstrated by the reduced activation of the NF-κB
pathway. TNFR deletion was found to have comparable favorable effects in kidney disease
development in several other animal studies [94–97].

TNFR participation in diabetic kidney disease has been the subject of specific research.
Previous studies reported that the TNF-α inhibition protects against tubular injuries [97]
and prevents renal hypertrophy [98] in diabetic rats. A diabetic mice model treated with a
TNF-α inhibitor, Etanercept, showed improvements in albuminuria, decreased expression
of inflammatory molecules, and decreased macrophage infiltration into the kidney [99];
renal levels of TNFR2, but not TNF-α or TNFR1, were decreased compared to non-treated
mice [99]. The authors suggested that diabetic nephropathy is predominantly associ-
ated with the inflammatory action of TNF-α via the TNFR2 pathway. Other works also
demonstrated that the administration of TNF antagonists inhibits salt retention, renal
hypertrophy [98], and albuminuria [100], suggesting that TNF inhibition may slow the
progression of diabetic nephropathy.

Transcriptomics further showed that both oxidative stress and inflammation play a
role in the pathogenesis of CKD, and are correlated with cellular alterations that lead to
systemic complications [101]. In ischemia–reperfusion mice models, proximal tubule cells
at a late injury stage that mimic chronic progression confirmed a marked activation of the
TNF, NF-κB, and AP-1 signaling pathways [102].

Table 1. Association of TNF-α and TNF receptors with renal dysfunction and disease in animal models.

Year Study Model Methods Study Outcomes Reference

1989
Anti GBM nephritis

rat model
Pretreatment with

human TNF-α

Pretreatment of rats with TNF-α increased the
glomerular neutrophil influx and exacerbated
glomerular injury, judged by the increased
albuminuria and the prevalence of glomerular
capillary thrombi.

[83]

1998
Anti-GBM nephritis

mice model
Tnf -α knockout mice

In TNF-deficient mice, the influx of
lymphocytes was reduced, the development
of proteinuria was delayed and the formation
of crescents was almost completely
prevented.

[87]

1999 UUO mice model
Tnfr1 and Tnfr2

knockout

Individual knockout of the TNFRs genes
resulted in significantly less NF-kB activation
compared with the WT. Tnfr1 knockout
showed a significant reduction in Tnf-α
mRNA levels compared with WT or Tnfr2
knockout mice.

[93]

2001
Rat model of crescentic

glomerulonephritis
TNF-α blockade with

sTNFR1

Treatment with sTNFR1 caused a marked
reduction in albuminuria, reduced glomerular
cell infiltration, activation, and proliferation,
and prevented the development of crescents.

[88]
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Table 1. Cont.

Year Study Model Methods Study Outcomes Reference

2003
Mice model of

cisplatin-induced acute
renal failure

Tnfr1 and Tnfr2
knockout

Tnfr2-deficient mice developed less-severe
renal dysfunction and showed reduced
necrosis, apoptosis, and leukocyte infiltration
into the kidney, and lower renal and serum
TNF levels compared with either
Tnfr1-deficient or WT mice.

[94]

2003
Streptozotocin
(STZ)-induced

diabetic rats

Administration of a
TNF antagonist

(TNFR:Fc)

Administration of a TNF antagonist reduces
urinary TNF-α excretion and prevents
sodium retention and renal hypertrophy.
TNF-α contributes to early diabetic
nephropathy, and its inhibition may attenuate
early pathological changes.

[98]

2005
Rat model of

nephrotoxic nephritis
Administration of

anti-TNF-α antibody

Neutralization of endogenous TNF-α reduces
glomerular inflammation, crescent formation,
and tubulointerstitial scarring, with
preservation of renal function.

[103]

2005
Anti-GBM nephritis

mice model
Tnfr1 or Tnfr2 knockout

Lack of Tnfr1 resulted in excessive renal T cell
accumulation and an associated reduction in
apoptosis of these cells. Tnfr2-deficient mice
were completely protected from
glomerulonephritis, despite an intact systemic
immune response.

[92]

2005 UUO rat model
TNF-α blockade with

PEG-sTNFR1

Treatment with PEG-sTNFR1 reduced tissue
Tnf-α and protein production, renal tubular
cell apoptosis, and caspase activity.

[89]

2007 UUO rat model
TNF-α blockade with

PEG-sTNFR1

Renal obstruction induced increased tissue
TNF-α and several markers of renal fibrosis,
whereas treatment with PEG-sTNFR1
significantly reduced each of these markers of
renal fibrosis.

[90]

2007
Rat model of kidney

transplantation
Treatment with

cyclsporine

In rats with acute allograft rejection,
significantly elevated expression of TNFR2
was observed in tubular epithelial cells,
podocytes, B cells, and
monocytes/macrophages. TNFR2 expression
levels were associated with renal function.

[104]

2007
STZ-induced diabetic

rats

Administration TNF-α
inhibitors, Infliximab

and FR167653

TNF-α inhibition with infliximab and
FR167653 decreased urinary albumin
excretion, suggesting the role of TNF-α in the
pathogenesis of diabetic nephropathy, with
TNF-α inhibition is a potential therapeutic
strategy.

[100]

2008 UUO mice model Tnf-α knockout

Tnf -deficient mice showed an increase of
extracellular matrix in the kidneys and
infiltrating macrophages, explained by the
increased TNFR2 expression level.

[105]

2009 SLE prone mice models
Tnfr1, Tnfr2 and double

Tnfr1/2 knockout

Doubly-deficient mice developed accelerated
pathological and clinical nephritis, while mice
deficient in either TNFR, alone, did not differ
from each other or from WT controls.

[106]
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Table 1. Cont.

Year Study Model Methods Study Outcomes Reference

2010
ANG II-dependent

mice model of
hypertension

Tnfr1 knockout

Angiotensin II inhibited renal Tnfr1 mRNA
accumulation, while increasing that of Tnfr2.
Deletion of Tnfr1 was associated with
increased albuminuria and creatinine
clearance, in response to ANG II infusion.

[91]

2013
Anti-GBM nephritis

mice model
Tnf-α, Tnfr1 and Tnfr2

knockout

Tnfr2 deficiency resulted in a reduction in
renal macrophage but not neutrophil
accumulation, while Tnfr1 deletion prevented
the influx of both leukocyte subsets.

[79]

2013
TNF-induced

inflammation mice
model

Tnfr1, Tnfr2 and double
Tnfr1/2 knockout

TNF-induced glomerular leukocyte
infiltration was abrogated in Tnfr1-deficient
mice, whereas Tnfr2-deficiency decreased
mononuclear phagocytes infiltrates, but not
neutrophils.

[107]

2014
Mice models of LPS- or

TNF-induced acute
endotoxemia

Tnfr1 knockout

LPS and TNF-treated WT models showed
alterations of glomerular endothelium,
increased albuminuria, and decreased GFR.
The effects of LPS on the glomerular
endothelial surface layer, GFR, and
albuminuria were diminished in Tnfr1
knockout mice.

[108]

2014
Type 2 diabetic model
of the KK-Ay mouse

TNF-α inhibition with
Etanercept (ETN)

Renal mRNA and/or protein levels of Tnfr2,
but not Tnf-α and Tnfr1, in ETN-treated mice
were significantly decreased. ETN may exert
a renal protective effect via inhibition of the
inflammatory pathway activated by TNFR2
rather than TNFR1.

[99]

2017

Mice with CaOx
nephrocalcinosis-

related
CKD

Tnfr1, Tnfr2 and double
Tnfr1/2 knockout

WT mice developed progressive CKD, while
Tnfr1-, Tnfr2-, and Tnfr1/2-deficient mice
lacked intrarenal CaOx deposition and
tubular damage, despite exhibiting similar
levels of hyperoxaluria.

[95]

2019
STZ-induced diabetic

rats

Treatment with
adalimumabe, a TNF-α

inhibitor

TNF-α inhibition reduced albuminuria,
glomerular injury, and tubular injury in
STZ-induced diabetic rats. TNF-α inhibition
reduced the NLRP3 inflammasome in tubules
and decreased expression of tubular IL-6 and
IL-17A mRNA.

[97]

2020
Rodent models of
2,8-DHA crystal

nephropathy

Tnfr1 and Tnfr2
knockout

Deletion of Tnfr1 significantly reduced
tubular inflammation, thereby ameliorating
the disease course. In contrast, genetic
deletion of Tnfr2 had no effect on the
manifestations of 2,8-DHA nephropathy.

[96]

2021
Ischemia-reperfusion

mice model
Clamping of the renal

pedicles

Proximal tubular cells exhibited a profibrotic
and proinflammatory profile, and a marked
transcriptional activation of NF-κB and AP-1
signaling pathways.

[102]

Abbreviations: ANG II, angiotensin II; AP-1, activator protein 1; CaOx, calcium oxalate; DHA, 2,8-
dihydroxyadenine; ETN, Etanercept; GBM, glomerular basement membrane; LPS, lipopolysaccharide; NF-κB:
factor nuclear kappa B; SLE, systemic lupus erythematosus; sTNFR1, soluble tumor necrosis factor receptor 1;
STZ, Streptozotocin; TNFR1, tumor necrosis factor receptor 1; TNFR2, tumor necrosis factor receptor 2; TNF-α,
tumor necrosis factor alpha; UUO, unilateral ureteral obstruction; WT, wild type.
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4.2. Studies Addressing TNF-α and TNFRs in Human Kidney Disease and Related
Clinical Outcomes

In clinical studies, circulating TNFR1 and TNFR2 were shown to be increased in
several cohorts of patients, with different CKD etiologies and diverse age-groups and races
(Table 2). Despite being responsible for engaging different downstream signaling pathways,
the strength of associations with renal function is similar for both receptors.

The first study assessing the serum levels of a TNFR (unidentified either as TNFR1 or
TNFR2) in CKD patients was published in 1994, and showed a strong correlation between
the receptor levels and serum creatinine, in a group of 26 non-dialyzed CKD patients [109].
TNFR1 and TNFR2 were further associated with eGFR and with albuminuria in several
subsequent studies [110–113]. In a prospective cohort that included 984 CKD patients,
eGFR was negatively correlated with the serum levels of TNFR1 and TNFR2 [113]. To
a lesser extent, both biomarkers were also positively correlated with urinary protein-to-
creatinine ratio. Furthermore, in a cohort of patients, with a diverse set of kidney diseases
and undergoing native kidney biopsy, TNFR1 and TNFR2 plasma levels were associated
with underlying histopathologic lesions and adverse clinical outcomes, such as disease
progression and death [114].

In a group of 106 biopsy-proven IgA nephropathy patients, higher serum levels of
TNFR1 and TNFR2 were present in patients with more severe renal interstitial fibrosis [112].
Increased circulating levels of TNF receptors were similarly described as prognostic markers
of idiopathic membranous nephropathy [115] and contrast-induced nephropathy [116].
Patients with systemic lupus erythematosus (SLE) have also been studied, with urinary
TNFR1 [117] and serum TNFR2 [118] levels being elevated in cases of lupus nephritis.

The predictive value of TNFRs was mostly described in diabetic nephropathy, as
reviewed by Murakoshi et al. (2020) [119]. Several results from the Joslin Kidney Center
studies showed that the TNFRs seem to be candidate biomarkers of renal function decline
in both type 1 [120] and type 2 [121] diabetic patients. Moreover, in type 1 diabetic patients,
the increased circulating levels of TNFR1 and TNFR2 were the strongest determinants
of CKD progression, preceding the onset of microalbuminuria and/or its progression to
macroalbuminuria [122]. Higher baseline circulating levels of TNFR1 and TNFR2 were
associated with a higher risk of eGFR worsening in patients with both early and estab-
lished diabetic nephropathy [123]. A systematic review and meta-analysis highlighted the
reliability of TNFRs in predicting diabetic kidney disease progression. The results seem to
be consistent across different cohorts of diabetic patients [124–127]. A recently published
study, evaluated a composite risk score termed KidneyIntelX for predicting the progression
of diabetic kidney disease, in a large multinational cohort. KidneyIntelX comprises clinical
variables and the circulating levels of three biomarkers, TNFR1, TNFR2, and kidney injury
molecule 1 (KIM-1). KidneyIntelX successfully stratified patients for disease progression,
showing that, after 1 year, a greater reduction in eGFR was observed in patients with higher
changes in KidneyIntelX risk scores, independently of the baseline risk score value and the
treatment option [128].

CKD patients have an increased risk of mortality due to CVD, which is independent of
the traditional risk factors, possibly due to the chronic inflammatory state. Both circulating
TNFRs were described as predictors of CVD risk [113,129] and all-cause mortality [129,130]
in CKD populations, independently of eGFR and albuminuria, and irrespective of the cause
of kidney disease. Some studies [131–133] have also addressed the prognostic value of
circulating TNFRs in HD patients. Despite TFNRs being substantially linked with other
inflammatory markers, Carlsson et al. observed no significant connection between either
TNFRs and death, in a longitudinal cohort analysis of 207 prevalent HD patients [131];
two more recent studies, including one from our team, reported that circulating levels of
TNFR1 and TNFR2 are independent predictors of all-cause mortality in ESKD patients
under chronic HD [132,133] (REF 2017 and 2021), although for cardiovascular mortality,
the significance was only observed for TNFR1 [132].
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In the last 15 years, proteomic and transcriptomic studies have proven useful in dis-
covering new insights into the TNF-α signaling pathway in CKD, as well as the associated-
comorbidities. In a proteomic analysis of human serum from patients with CKD, TNF-α
was associated with disease severity [134,135], as well as with vascular changes [134]. The
circulating extracellular vesicles of CKD patients showed a pro-inflammatory profile, that
included markers of the TNF signaling pathways. Niewczas et al. measured 194 circulating
inflammatory proteins using aptamer-based proteomics analysis of different cohorts of
diabetic patients [136]. The results showed that, out of the 194 measured proteins, 17 were
TNFR superfamily-related, and also that TNFR1 and TNFR2 were strong predictors of
renal function decline [136]. Accordingly, Ihara et al. showed that a profile of multiple
circulating TNF receptors, including TNFR1 and TNFR2, was associated with early pro-
gressive renal decline in type 1 diabetes [137]. Tubular cells of IgA nephropathy patients
also overexpressed genes of the inflammatory TNF signaling pathway [138].

4.3. Anti-TNF-α Theraphy in Patients with Impaired Kidney Function

The huge amount of scientific evidence linking TNF signaling with the pathophys-
iology of CKD raises questions regarding the utility and safety of therapeutic strategies
targeting TNF-α in humans with impaired kidney function.

Nephrotoxicity is a rare side effect of anti-TNF-α medications, and a few reports of this
occurrence have been described in the literature. Premužić et al. reported an association of
TNF-α inhibitors (adalimumab and golimumab) and the development of IgA nephropathy
in three patients with both rheumatoid arthritis and diabetes, but without history of renal
disease [139]. Moreover, Stokes et al. showed that a subset of patients on anti-TNF-α
therapy, who had no prior evidence of renal diseases, developed glomerulonephritis. This
was supported by serologic abnormalities and by the presence and formation of auto-
antibodies [140].

However, other studies demonstrated the therapeutic benefit of TNF-α blocking in
improving renal inflammation and function. In patients with rheumatoid arthritis and
CKD, the administration of anti-TNF-α was associated with less renal function decline [141].
In addition, the use of anti-TNF-α agents showed promising results in renal vasculitis [142]
and kidney transplant recipients with rheumatic disease [143].

There is a limitation to the beneficial effects of anti-TNF-α agents, which seems to be
related to their ability to induce autoimmunity by disrupting TNF-α normal immune regu-
lation. Their use in clinical practice would require surveillance for complications. Indeed,
the biological functions of cytokines are complex, and, thereby, blocking of cytokines might
induce other unexpected and unclear effects in vivo. Furthermore, the effects of anti-TNF-α
agents might be modulated by other factors, such as their distribution into diseased tissues,
and degradation by proteases. Given the potential benefits of these therapies, a deeper un-
derstanding of the TNF signaling pathway and the mechanisms of action of the anti-TNF-α
agents and their correlation with the clinical settings is needed for a more appropriate
and personalized selection of therapeutic agents, and even for the development of new
biological preparations, to be applied in the treatment of inflammatory diseases.
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Table 2. Association of TNF-α and TNF receptors with renal dysfunction and disease, as well as with
adverse clinical outcomes in human studies.

Year Study Type Study Population Biomarkers Study Outcomes Reference

1994 Cross-sectional

26 non-HD CKD patients, 61
HD patients, 43 renal

transplant recipients and 34
healthy controls

Serum levels of TNFR?

All patient groups showed
significantly higher TNFR levels
compared to the control group. A
correlation of TNFR and
creatinine levels was only found
in the group of non-dialyzed CKD
patients.

[109]

2005 Retrospective cohort

687 individuals from the
CARE trial study, with CKD

and previous
myocardial, infarction,

Serum levels of TNFR2

Higher TNFR2 is independently
associated with faster rates of
kidney function loss in CKD.
Inflammation may mediate the
loss of kidney function among
subjects with CKD and
concomitant coronary disease.

[110]

2007 Cross-sectional 38 patients with SLE and 15
healthy controls Urinary levels of TNFR1

Urinary TNFR1 levels were
elevated in patients with lupus
nephritis and correlated with
proteinuria and SLE disease
activity index scores.

[117]

2007 Prospective cohort 3075 adults aged 70 to 79 Serum levels of TNF-α,
TNFR1 and TNFR2

In an elderly cohort of patients
with eGFR ≥ 60 mL/min/1.73 m2,
cystatin C was strongly associated
with TNF-α and the TNFRs.

[144]

2008 Cross-sectional
6814 participants free of

cardiovascular disease, from
the MESA study

Circulating levels of TNFR1

Creatinine-based eGFR had
significant correlations with
TNFR1, in both participants with
and without CKD.

[145]

2009 Cross-sectional 96 human renal
allograft biopsies Renal TNFR2 expression

In human renal transplant
biopsies, there was an increase in
the number of TNFR2-positive
podocytes, in tubular epithelial
cells, B cells, and
monocytes/macrophages.

[104]

2009 Cross-sectional 667 participants with diabetes Serum levels of TNF-α,
TNFR1 and TNFR2

Elevated concentrations of serum
markers of the TNF-α pathway
were strongly associated with
decreased renal function in T1D
patients without proteinuria.

[146]

2010 Prospective cohort

55 patients with
biopsy-proven primary

glomerulonephritis and 20
healthy controls

Urinary levels of TNFR1

Elevated TNFR1 urinary levels
predicted renal function decline
and advanced renal interstitial
fibrosis in patients with primary
nephropathy.

[147]

2010 Cross-sectional
3294 participants from the

Framingham Offspring Study,
291 of them with CKD

Serum levels of TNF-α and
TNFR2

A significant proportion of
variability in TNFR2
concentration was explained by
CKD status and higher cystatin C
quartiles. Higher concentrations
of TNF and TNFR2 were
associated with CKD status,
higher cystatin C, and higher
UACR.

[148]

2011 Prospective cohort 4926 patients followed for
15 years Serum levels of TNFR2

For the risk of developing
incident CKD among those who
were CKD-free at baseline, only
TNFR2 and IL-6 levels, but not
CRP, were positively associated
with incident CKD.

[149]

2012 Prospective cohort 3939 participants with
established CKD Plasma levels of TNF-α

Biomarkers of inflammation
(cytokines and acute phase
proteins) were higher in
participants with lower levels of
kidney function and higher levels
of albuminuria.

[9]
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Table 2. Cont.

Year Study Type Study Population Biomarkers Study Outcomes Reference

2012 Prospective cohort
628 patients with T1D,

normal renal function, and no
proteint2uria

Serum levels of TNFR1
and TNFR2

Elevated serum concentrations of
TNFR1 and TNFR2 were strongly
associated with early renal
function loss, progression to CKD
stage 3 or higher, in patients with
T1D who had normal renal
function.

[120]

2012 Prospective cohort 410 patients with T2D Serum levels of TNFR1
and TNFR2

Elevated concentrations of
circulating TNFRs in patients
withT2D at baseline were very
strong predictors of the
subsequent progression to ESRD
in subjects with and without
proteinuria.

[121]

2012 Prospective cohort
12 patients with active lupus

nephritis, 14 with inactive
SLE, and 14 healthy subjects

Serum levels of TNF-α
and TNFR2

TNFR2 serum levels were
elevated in all patients with active
lupus nephritis and declined after
clinical remission.

[118]

2013 Prospective cohort

84 glomerulonephritis
patients under

immunosuppressive therapy
and 18 healthy controls

Serum and urine levels of
TNFR1 and TNFR2

Urinary levels, but not serum
levels, of TNFR1 and TNFR2 were
effective in predicting a favorable
response to immunosuppressive
treatment in patients with
primary glomerulonephritis.

[150]

2014 Prospective cohort
Patients with T1D and

normoalbuminuria (286) or
microalbuminuria (248)

Serum levels of TNF-α,
TNFR1 and TNFR2

In both groups, the strongest
determinants of renal decline
were baseline serum
concentrations of uric acid and
TNFRs. Renal decline was not
associated with sex or baseline
serum concentration of the other
measured markers.

[122]

2014 Prospective cohort
113 patients with

biopsy-proven iMN and 43
healthy volunteers

Serum levels of
TNFR1 and TNFR2

Estimated glomerular filtration
rate and proteinuria tended to
worsen as the TNFRs levels
increased. Renal tubular TNFRs
expression was associated with
circulating TNFRs levels.

[115]

2014 Prospective cohort 522 T2D patients with DKD Serum levels of TNFR1

TNFR1 is a strong prognostic
factor for all-cause mortality in
T2D with renal dysfunction, and
its clinical utility is suggested in
addition to established risk
factors for all-cause mortality.

[130]

2014 Prospective cohort 429 patients with T1D and
overt nephropathy Plasma levels of TNFR1

Circulating levels of TNFR1 were
highly correlated with eGFR,
especially in patients with an
eGFR < 60 mL/min/1.73 m2.
Circulating levels of the TNFR1
also remained associated with
ESRD after adjusting for the
competing risk of death.

[151]

2014 Prospective cohort
349 T1D patients with

proteinuria and CKD staged
1–3

Serum levels of TNFR2

Serum TNFR2 was the strongest
determinant of renal decline and
ESRD risk. The rate of eGFR loss
became steeper with rising
concentration of TNFR2, and
elevated HbA1c augmented the
strength of this association.

[152]
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Table 2. Cont.

Year Study Type Study Population Biomarkers Study Outcomes Reference

2015 Prospective cohort 223 biopsy-proven primary
IgA nephropathy patients

Serum levels of TNFR1
and TNFR2

Both TNFRs levels were
significantly higher in patients
with eGFR < 60 mL/min/1.73 m2

than in patients with higher eGFR.
Both TNFRs were associated with
renal function decline,
independent of age and uric acid
levels.

[153]

2015 Prospective cohort 262 patients admitted for a
CAG and/or a PCI

Serum levels of TNFR1
and TNFR2

Markedly elevated concentrations
of circulating TNFRs were
correlated with the occurrence of
contrast-induced nephropathy
(CIN) and significantly associated
with prolonged renal dysfunction,
regardless of the development of
CIN.

[116]

2015 Prospective cohort 131 patients with CKD at
stages 4 and 5

Serum levels of TNFR1
and TNFR2

Both TNFRs were independently
associated with all-cause
mortality or an increased risk for
cardiovascular events in
advanced CKD, irrespective of the
cause of kidney disease.

[129]

2015 Prospective cohort
347 patients with newly

diagnosed biopsy-proven
primary IgA nephropt2athy

Plasma levels of TNFR1
and TNFR2

eGFR decreased and proteinuria
worsened proportionally as
TNFR1 and TNFR2 levels
increased. Tubulointerstitial
lesions, such as interstitial fibrosis
and tubular atrophy, were
significantly more severe as
concentrations of circulating
TNFRs increased, regardless of
eGFR levels.

[154]

2015 Prospective cohort 193 Pima Indians with T2D Serum levels of TNFR1
and TNFR2

Elevated serum concentrations of
TNFR1 or TNFR2 were associated
with increased risk of ESRD in
American Indians with type 2
diabetes, after accounting for
traditional risk factors including
UACR and mGFR.

[155]

2015 Cross- sectional
106 biopsy-proven IgA

nephropathy patients and 34
healthy subjects

Serum and urinary levels of
TNFR1 and TNFR2

Elevated serum TNFR1 or TNFR2
levels were significantly
associated with the severity of
renal interstitial fibrosis after
adjusting for eGFR, UPCR, and
other markers of tubular damage.

[112]

2015 Prospective cohort 207 patients undergoing HD Serum levels of TNFR1
and TNFR2

Prevalent hemodialysis patients
had several-fold higher levels of
sTNFRs compared to previous
studies in CKD stage-4 patients.
However, no consistent
association between TNFR and
mortality was observed.

[131]

2016 Prospective cohort
2220 Chinese patients aged

50–70 years old with eGFR >
60 mL/min/1.73 m2

Plasma levels of TNFR2

Elevated levels of TNFR2 were
independently associated with a
greater risk of kidney function
decline in middle-aged and
elderly Chinese.

[156]

2016 Prospective cohort 83 Pima Indians with T2D Serum levels of TNF-α,
TNFR1 and TNFR2

TNFR1 and TNFR2 significantly
correlated inversely with the
percentage of endothelial cell
fenestration and the total
filtration surface per glomerulus.
Thus, TNFRs may be involved in
the pathogenesis of early
glomerular lesions in DN.

[124]
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Table 2. Cont.

Year Study Type Study Population Biomarkers Study Outcomes Reference

2016 Prospective cohort 86 patients with CKD stages
2–4

A panel of biomarkers,
including TNF-α

The panel of proteomic
inflammatory and mineral and
bone disorder biomarkers showed
a better performance in detecting
early CKD stages, disease
progression, and vascular
changes, than each single
biomarker.

[134]

2016 Prospective cohort 3430 participants with eGFR
of 20–70 mL/min/1.73 m2 Plasma levels of TNF-α

Elevated plasma levels of TNF-α
and decreased serum albumin
were associated with rapid loss of
kidney function in patients with
CKD.

[10]

2016 Prospective cohort 543 patients with stage 5 CKD Serum levels TNF-α

TNF-α could, independently of
other biomarkers, predict
all-cause mortality, but not
clinical CVD.

[157]

2016 Prospective cohort 607 Swedish patients
with T2D

Circulating levels of TNFR1
and TNFR2

Higher levels of both TNFR1 and
TNFR2 were associated with
prevalent diabetic kidney disease,
as well as with worsened kidney
function and higher urinary
albumin/creatinine ratio.

[127]

2017

Nested case-control

380 participants with early
DKD (190 matched

case-control pairs) from the
ACCORD study

Plasma levels of TNFR1
and TNFR2

At baseline, median levels of
TNFR1 and TNFR2 were roughly
two-fold higher in the advanced
than in the early cohort. TNFR1
and TNFR2 levels were associated
with higher risk of eGFR decline
in T2DM persons with both early
(ACCORD) and established
(VA-NEPHRON-D) DKD. In both
cohorts, patients who reached the
renal outcome had higher
baseline TNFRs levels.

[123]

Prospective cohort
1256 participants with

advanced DKD from the
VA-NEPHRON-D Cohort

2017 Prospective cohort 984 patients with CKD Serum levels of TNFR1
and TNFR2

TNFR1 and TNFR2 predicted
CVD risk, even after adjustment
for clinical covariates, such as
urinary protein/creatinine ratio,
eGFR, and high-sensitivity CRP.

[113]

2017 Prospective cohort 1.135 French patients
with T2D Serum levels of TNFR1

In addition to established risk
factors, TNFR1 improves risk
prediction of loss of renal function
in patients with T2D.

[125]

2017 Prospective cohort 319 patients receiving
maintenance hemodialysis

Serum levels of TNF-α,
TNFR1 and TNFR2

Elevated TNFRs levels were
associated with an increased risk
of cardiovascular and/or
all-cause mortality, independently
of other studied covariates, in
patients undergoing HD.

[132]

2017 Prospective cohort 122 patients with
confirmed DN

Renal tissue expression of
TNFR1 and TNFR2

No correlations were found
between glomerular or tubular
expressions of TNFRs, and
clinical parameters, including
GFR decline slopes.

[158]
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Table 2. Cont.

Year Study Type Study Population Biomarkers Study Outcomes Reference

2018 Prospective cohort
453 Indigenous Australians
with and without diabetes

and/or CKD
Serum levels of TNFR1

Circulating levels of TNFR1 were
associated with greater kidney
disease progression,
independently of albuminuria
and eGFR, in Indigenous
Australians with diabetes.

[126]

2018 Prospective cohort

594 Japanese patients with
T2D and eGFR >

30 mL/min/1.73 m2 (stages 1
to 3)

Serum levels of TNF-α,
TNFR1 and TNFR2

Circulating TNF-related
inflammatory biomarkers were
associated with urinary
albumin/creatinine ratio and
eGFR. Among the biomarkers, the
association of TNFRs with eGFR
was the strongest after adjustment
for relevant covariates.

[111]

2018 Prospective cohort
2399 patients with CKD and

no history of
cardiovascular disease

Plasma levels of TNF-α

A composite inflammation score
with 4 biomarkers (IL-6, TNF-a,
fibrinogen, and albumin) was
associated with a graded increase
in risk for incident atherosclerotic
vascular disease events and death
in patients with CKD.

[23]

2018 Prospective cohort 2871 participants
multiethnic cohort Serum levels of TNFR1

Elevated serum TNFR1
concentrations were associated
with faster declines in eGFR over
the course of a decade in a
multiethnic population,
independently of previously
known risk factors for kidney
disease progression.

[159]

2019 Prospective cohort 525 diabetic participants of 3
independent cohorts

194 proteins, including
TNFR1 and TNFR2

Kidney risk inflammatory
signature (KRIS) comprising 17
circulating inflammatory proteins,
including TNFR1 and TNFR2,
were associated with incident
ESRD in diabetic patients.

[136]

2019 Systematic review
and Meta-analysis

6526 participants from 11
cohorts for TNFR1

measurements and 5385
participants from 10

prospective for
TNFR2 measurements

Circulating levels of TNFR1
and TNFR2

Circulating TNFR-1 and TNFR-2
are reliable predictors of DKD
progression.

[160]

2019 Prospective cohort 47 patients with diabetes and
eGFR > 60 mL/min/1.73 Serum levels of TNFR1

In patients with an early decline
in renal function, TNFR1 values
increased as eGFR decreased,
over an 8-year period. In contrast,
there were no significant changes
in soluble TNFR1 levels in
patients with stable renal
function.

[161]

2020 Prospective cohort
165 case participants from the

ADVANCE trial and 330
matched control

Plasma levels of TNFR1
and TNFR2

Elevated circulating TNFR1 and
TNFR2 levels were associated
with poor kidney outcome.

[162]

2020 Cross-sectional 26 adults with terminal stage
CKD and 10 healthy controls

Serum levels of 27 cytokines,
including TNF-α

Serum levels of TNF-α were
increased 6 to 12 times in patients
with CKD, as compared to
controls. TNF-α levels positively
correlated with complement
systems components.

[135]

2020 Prospective cohort
894 CRIC Study participants

with diabetes and an eGFR of
< 60 mL/min/1.73 m2

Plasma levels of TNFR1
and TNFR2

Higher plasma levels of TNFR1
and TNFR2 were associated with
increased risk of progression of
DN. TNFR2 had the highest risk
after accounting for the other
biomarkers.

[163]
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Table 2. Cont.

Year Study Type Study Population Biomarkers Study Outcomes Reference

2020 Prospective cohort
651 children with 1–16 years
old with an eGFR of 30–90

mL/min/1.73 m2

Plasma levels of TNFR1
and TNFR2

Children with a plasma TNFR1 or
TNFR2 concentration in the
highest quartile were at
significantly higher risk of CKD
progression, compared with
children with a concentration for
the respective biomarker in the
lowest quartile.

[164]

2021 Prospective cohort 139 adults with CKD stages 1
to 5

Serum levels of 11 markers,
including TNFR1 and TNFR2

Patients with high TNFR1,
coupled with low complement 3a
desarginine, almost universally
(96%) developed the composite
renal and mortality endpoint.

[165]

2021 Prospective cohort
346 T1D patients, 198 with
macroalbuminuria and 148

with microalbuminuria

25 TNF family proteins,
including TNFR1 and TNFR2

Levels of TNR1 and TNFR2 were
associated with increased risk of
early progressive renal decline in
T1D diabetic patients with macro
and microalbuminuria.

[137]

2021 Prospective cohort
523 CKD patients undergoing
kidney biopsy with a diverse

set of kidney diseases

Plasma levels of TNFR1
and TNFR2

Both TNFR1 and TNFR2 were
associated with tubulointerstitial
and glomerular lesions; each
doubling of TNFR1 and TNFR2
was associated with an increased
risk of CKD progression, but only
TNFR2 was associated with risk
of death.

[114]

2021 Prospective cohort 2553 patients with T2D and
normoalbuminuria

Plasma levels of TNFR1
and TNFR2

Each doubling of baseline TNFR1
and TNFR2 was associated with a
higher risk of kidney outcome
(40% reduction in eGFR or kidney
failure), in
normoalbuminuric patients.

[166]

2021 Prospective cohort
3523 participants from the

CANVAS
placebo-controlled trial

Plasma levels of TNFR1
and TNFR2

Each doubling in baseline TNFR1
and TNFR2 was associated with a
higher risk of kidney outcomes.
Early decreases in TNFR1 and
TNFR2 during treatment were
associated with a lower risk of
disease progression.

[167]

2021 Cross-sectional 499 patients with T2D and
eGFR ≥ 60 mL/min/1.73 m2

Serum and urinary TNFR1
and TNFR2 levels

Kidney measures appear to be
strongly associated with serum
TNFRs, rather than urinary
TNFRs in patients with type 2
diabetes and normal
renal function.

[168]

2021 Prospective cohort
594 participants with T2D

and eGFR < 60 mL/min/1.73
m2

Plasma levels of TNFR1
and TNFR2

TNFR1 and TNFR2 were
associated with risk of incident
kidney failure needing RRT, in
adults with diabetes and an eGFR
< 60 mL/min/1.73 m2, after
adjustment for established
risk factors.

[169]

2021 Cross-sectional

5 human renal biopsy
specimens from IgA

nephropathy patients and 1
healthy control

Transcriptomic analysis of
single-cell RNA

Tubular cells of IgA nephropathy
patients were enriched in
inflammatory pathways,
including TNF-α signaling.

[138]

2021 Prospective cohort 289 ESRD patients under
chronic HD therapy

Several biomarkers
circulating levels,
including TNFR2

TNFR2 levels were an
independent predictor of
all-cause mortality (1-year
follow-up study). Circulating
levels of cfDNA emerged as the
best predictor of mortality.

[133]
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Table 2. Cont.

Year Study Type Study Population Biomarkers Study Outcomes Reference

2022 Prospective cohort
1325 participants from the

CANVAS trial with
prevalent DKD

KidneyIntelX score, including
plasma levels of TNFR1

and TNFR2

Changes in the KidneyIntelX
score from baseline to 1 year were
associated with future risk of
CKD progression, independently
of the baseline risk score and
treatment arm.

[128]

Abbreviations: ACCORD, Action to Control Cardiovascular Risk in Diabetes trial; ADVANCE, Action in
Diabetes and Vascular Disease; CAG, coronary angiography; CARE, The Cholesterol and Recurrent Events
trial; cfDNA, cell-free DNA; CIN, contrast-induced nephropathy; CKD, chronic kidney disease; CRIC, chronic
Renal Insufficiency Cohort; CRP, C-reactive protein; CVD, cardiovascular disease; DN, diabetic nephropathy;
eGFR, estimated glomerular filtration rate; ESRD, end-stage renal disease; Hba1c, hemoglobina glicada; HD,
hemodialysis; IgAN, IgA nephropathy; IL-6, Interleukin-6; iMN, idiopathic membranous nephropathy; KRIS,
kidney risk inflammatory signature; MESA, Multi-ethnic study of atherosclerosis; mGFR, measured glomerular
filtration rate; PCI, percutaneous coronary intervention; SLE, systemic lupus erythematosus; T1D, type 1 diabetes;
T2D, type 2 diabetes; TNFR1, tumor necrosis factor receptor 1; TNFR2, tumor necrosis factor receptor 2; TNF-α,
tumor necrosis factor alpha; UACR, urinary albumin-to-creatinine ratio; UPCR, urinary protein-to-creatinine ratio;
VA-NEPHRON, Veterans Administration NEPHROpathy iN Diabetes study.

5. Considerations for Future Research

Despite recent breakthroughs in CKD care, the rates of morbidity and mortality are
still unacceptable. Chronic inflammation is a common feature in kidney diseases, regardless
of its etiology, and which plays a key role in disease pathophysiology, progression, and
development of associated complications. Unresolved inflammatory processes generally
lead to renal fibrosis and ESRD.

The role of TNF-α in the pathogenesis of kidney diseases depends on the engagement
of receptor-specific and/or common signaling cascades. The differential expression of both
receptors in different cell types, and the fact that soluble and transmembrane TNF-α present
different affinities to each receptor, are other factors that contribute to the complexity of
TNF-α signaling.

Circulating TNFRs have been associated with renal damage in several animal and
human studies. Based on the available data, increased levels of TNFRs associate with
decreased eGFR and increased albuminuria. Overall, TNFRs have proven to be useful
and effective in predicting renal function decline and CKD progression, as well as CKD-
associated morbidity and mortality, among different cohorts of patients in both cross-
sectional and longitudinal studies. The consistency of the published literature evidences
their potential role as prognostic and risk-predictive biomarkers in CKD, along with the
traditional markers already used in clinical practice.

The mechanisms by which the TNFRs initiate and perpetuate renal damage are not
completely understood. In fact, there is evidence that TNF-α is not the only molecule
involved in the regulation of its receptors during renal function decline [84], suggesting
that other molecules and chemokines act as potential downstream effectors on TNFRs.
Moreover, the interplay between TNFR1 and TNFR2, the role of each receptor in specific
kidney diseases (particularly in more rare diseases), and their prognostic value in patient
outcomes deserve further investigation.

To date, there are no anti-inflammatory treatments for CKD patients. Treating inflam-
mation and preventing the progression of renal fibrosis is complex, due to the crosstalk
between the inflammatory signaling pathways. The approved therapeutic use of anti-TNF
monoclonal antibodies is currently limited to autoimmune diseases, such as rheumatoid
arthritis, Chron’s disease, or psoriatic arthritis [170]. Considering the relevance of the TNF
signaling pathways in CKD pathophysiology, studies on the efficacy of the existing TNF
biologics in renal diseases would be useful. Furthermore, individual inhibition of TNFR1
or TNFR2 may further clarify the balance of proinflammatory/immunomodulatory roles
for each of these receptors.

Future research should focus on validating the promising findings in large, multi-
centered studies, with standardized methodologies, to allow their translation into clinical
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practice. TNFRs could be important tools to improve CKD patient’s characterization and
management, with direct implications for strategies to prevent or postpone the progression
of CKD. This may possibly result in a better prognosis for patients, as well as in financial
benefits; lowering healthcare costs in CKD management.
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Abstract: Primary focal segmental glomerulosclerosis (FSGS), along with minimal change disease
(MCD), are diseases with primary podocyte damage that are clinically manifested by the nephrotic
syndrome. The pathogenesis of these podocytopathies is still unknown, and therefore, the search for
biomarkers of these diseases is ongoing. Our aim was to determine of the proteomic profile of urine
from patients with FSGS and MCD. Patients with a confirmed diagnosis of FSGS (n = 30) and MCD
(n = 9) were recruited for the study. For a comprehensive assessment of the severity of FSGS a special
index was introduced, which was calculated as follows: the first score was assigned depending on
the level of eGFR, the second score—depending on the proteinuria level, the third score—resistance
to steroid therapy. Patients with the sum of these scores of less than 3 were included in group 1, with
3 or more—in group 2. The urinary proteome was analyzed using liquid chromatography/mass
spectrometry. The proteome profiles of patients with severe progressive FSGS from group 2, mild
FSGS from group 1 and MCD were compared. Results of the label free analysis were validated
using targeted LC-MS based on multiple reaction monitoring (MRM) with stable isotope labelled
peptide standards (SIS) available for 47 of the 76 proteins identified as differentiating between at
least one pair of groups. Quantitative MRM SIS validation measurements for these 47 proteins
revealed 22 proteins with significant differences between at least one of the two group pairs and
14 proteins were validated for both comparisons. In addition, all of the 22 proteins validated by
MRM SIS analysis showed the same direction of change as at the discovery stage with label-free
LC-MS analysis, i.e., up or down regulation in MCD and FSGS1 against FSGS2. Patients from the
FSGS group 2 showed a significantly different profile from both FSGS group 1 and MCD. Among the
47 significantly differentiating proteins, the most significant were apolipoprotein A-IV, hemopexin,
vitronectin, gelsolin, components of the complement system (C4b, factors B and I), retinol- and
vitamin D-binding proteins. Patients with mild form of FSGS and MCD showed lower levels of
Cystatin C, gelsolin and complement factor I.

Keywords: urine proteome; FSGS; MCD; podocyte dysfunction; mass spectrometry

1. Introduction

Primary focal segmental glomerulosclerosis (FSGS) and minimal change disease
(MCD) are diseases with primary damage to podocytes (primary podocytopathies), clini-
cally manifested by high proteinuria and nephrotic syndrome [1,2]. FSGS is characterized
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by the presence of sclerosis in parts (segmental) of at least one glomerulus (focal) in a
kidney biopsy specimen, when examined by light microscopy, immunofluorescence, or
electron microscopy. Minimal change disease (MCD) is the leading cause of the nephrotic
syndrome in children (approximately 90 percent) and in a minority of adults (approxi-
mately 10 percent) [3]. Light microscopy in case of MCD shows only a minor abnormality
in the glomeruli, immunohistological methods display no deposits of immunoglobulins
and complements, and electron microscopy reveals a diffuse loss of podocyte foot processes.
Development of the nephrotic syndrome is due to the damage of the podocyte, foot process
effacement and detachment of the podocyte from the glomerular basement membrane
(GBM). As a result, proteins pass through the defects of the GBM and proteinuria develops.
The onset of both diseases—FSGS and MCD, is usually acute with a severe nephrotic
syndrome. A decrease in kidney function at the onset of the disease is diagnosed in 25–50%
of patients, hematuria in 50%, and arterial hypertension in 20% of patients with FSGS [2,4].

Patients with MCD, as well as some patients with FSGS, respond well to steroid
therapy [5]. However, 25–50% have steroid resistance—a severe form of FSGS. Severe
FSGS is characterized by high proteinuria, renal impairment in the initial stages, and an
unfavorable prognosis on the progression of renal dysfunction [2,4,6–8].

In primary FSGS, a putative circulating factor that is toxic to the podocyte causes
generalized podocyte dysfunction. Secondary FSGS generally occurs as an adaptive phe-
nomenon due to the reduction of the nephron mass or direct toxicity from drugs or viral
infections. The circulating factor in FSGS and MCD is still unknown, and therefore the
study of specific mechanisms that are involved in podocyte damage is ongoing. This
knowledge could improve our understanding of the pathogenetic mechanisms of these
diseases. Approaches based on mass spectrometry (MS) are the most objective and sensitive
tools that have already provided most of the currently known information on the content
of peptides and proteins in urine in various nephropathies [9–12]. The urinary proteome
contains mainly (up to 70%) proteins and peptides of renal origin [13,14]. In general, this
approach is the most appropriate for the search for potential biomarkers and mechanisms
related to the development and progression of kidney diseases.

The aim of our study was to characterize changes in the urinary proteomic profiles of
patients with different course of focal segmental glomerulosclerosis and minimal change
disease to determine their specific biomarkers.

2. Results

2.1. Optimization of the Urine Preparation Protocol for Proteomic Analysis

All clinical urine samples were characterized by proteinuria of varying severity
(Table 1). In order to select the optimal method of urine sample preparation for LC-MS/MS
analysis 3 previously published methods for concentrating, purifying and hydrolyzing
proteins were tested: (1) precipitation of proteins with ice-cold acetone [15]; (2) concentra-
tion and hydrolysis of proteins on filters (filter-aided sample preparation (FASP), Microcon
(Millipore) filters were used) [16]; (3) ultrafiltration to purify proteins from low molecular
weight components of urine [17]. The main criteria for the optimization of urine sample
preparation were the robustness and ease of reproducibility of all steps; and the second the
effectiveness of the protocol in the view of the number of detected proteins. It was decided
not to use the third method due to its excessive laboriousness and poor reproducibility of
the ultrafiltration stage for urine samples with proteinuria.
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Table 1. Calculation of the FSGS severity index.

Parameters Score

eGFR CKD-EPI, mL/min/1.73 m2

>60 0
45–59 1
35–45 2
<35 3

Proteinuria, g/24 h
>2 0
2–3 0.5
3–4 1
4–5 1.5
5–6 2
6–7 2.5
>7 3

Steroid resistance
Absent 0
Present 1

Comparison of the two remaining methods of sample preparation showed that more
different proteins was detected using the acetone precipitation method (Table 2, Figure 1).
The first protocol allowed to detect the highest number of proteins in the test samples
with proteinuria (5, 7, 10 mg/mL of total protein) and was used for further studies with
minor modifications.

Table 2. Efficiency of urine proteins extraction by two methods (Acetone precipitation by ice-cold
acetone protein precipitation; FASP—protein concentration and hydrolysis on filters). The number of
identified proteins is indicated in Table.

Method Sample 1 (5 mg/mL) Sample 1 (7 mg/mL) Sample 1 (10 mg/mL)

Acetone precipitation 439 520 530
FASP 362 456 441

Figure 1. Venn diagram comparing different methods of urine sample preparation for proteomic
analysis (D—ice-cold acetone protein precipitation method; F—protein concentration and hydrolysis
on filters (FASP)).

2.2. Label Free Analysis of the Urine Proteome for Patients with FSGS and MCD

Comparison of proteomic profiles of patients with FSGS and and MCD showed no
significant differences in the protein levels (Figure 2).
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Figure 2. Hierarchical clustering of proteins identified in urine samples of patients with MCD and
FSGS. The box denotes log2-transformed values of peak intensity.

However, the FSGS group in total showed a high variability between the patients
inside the group. Thus for a comprehensive assessment of this cohort, a special index was
introduced, which was calculated as follows: the first score was assigned depending on the
level of eGFR, the second—depending on the severity of proteinuria, the third—steroid
resistance of the nephrotic syndrome. Steroid-resistance was defined as the absence of a
decrease in proteinuria levels after 16 weeks of prednisolone therapy or a decrease by less
than 50% of the baseline level.

The renal function was considered “saved”, if the estimated glomerular filtration rate,
determined by the CKD-EPI formula (eGFR CKD-EPI), was above 60 mL/min/1.73 m2;
and “impaired”—if it was less.

Using this index the patients with FSGS were subdivided into two groups: with a sum
of scores of less than 3—mild FSGS (1), and with 3 or higher—severe progressive FSGS
(2) (Table 1).

These two subgroups did not differ significantly in the severity of the nephrotic
syndrome and renal dysfunction at the onset of the disease. However, in the follow-ups, the
patients of the second group were characterized by a more severe FSGS course, meaning
impaired renal function and steroid resistance. A wide range of urine proteins was detected
at elevated levels in group 2 (Figure 3). For example, an increase in urinary excretion of
complement components C3, C4B, factor B, as well as components of the membrane attack
complex C8a and C9 were found. The detection of retinol-binding protein 4 and vitamin D-
binding proteins in the urine is a consequence of tubulo-interstitial inflammation and injury
of the tubular epithelium secondary to glomerular proteinuria [18–21]. Simultaneously with
the interstitial inflammation, the accumulation of extracellular matrix (ECM) components
and tubulo-interstitial fibrosis are also activated. Alpha-2-HS-glycoprotein can be attributed
to the group of proteins responsible for active processes of ECM accumulation, expression
of receptors on cells, and ECM protein metabolism (Figure 3).
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Figure 3. Hierarchical clustering of proteins identified in urine samples of patients with FSGS in
group 1 and group 2. The box denotes log2-transformed values of peak intensity.

Considering patients with FSGS separately, we found some minor differences in the
protein profiles of patients with saved and impaired renal function. In particular, patients
with impaired renal function showed higher levels of thyroid hormone-binding protein, β2-
microglobulin, vitamin D-binding protein, alpha-2-HS-glycoprotein (fetuin A) (Figure 4).

Proteins that differ between FSGS group 2 and MCD are by 83% identical to those
differentiating the two FSGS groups (Figure 5). It can also be seen that like FSGS group 1 pa-
tients samples from MCD patients also have elevated levels of osteopontin and the inhibitor
of phosphoinositide-3 kinase, while complement proteins, apolipoproteins, hemopexin,
vitronectin, and other proteins in urine remain low (Figure 6).
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Figure 4. Hierarchical clustering of proteins identified in urine samples of FSGS patients with saved
and impaired renal function. The color gradient denotes the log2-transformed ratio of the mean peak
intensity values measured in the two groups.

Figure 5. Proteins that differ between FSGS sub groups (1 and 2) and MCD.

Results of the label free analysis were validated using targeted LC-MS based on
multiple reaction monitoring (MRM) with stable isotope labelled peptide standards (SIS)
available for 47 of the 76 proteins identified as differentiating between at least one pair
of groups (Supp. Table S1). Quantitative MRM SIS validation measurements for these
47 proteins revealed 22 proteins with significant differences between at least one of the two
group pairs and 14 proteins were validated for both comparisons (Table 3). Also all of the
22 proteins validated by MRM SIS analysis showed the same direction of change as at the
discovery stage with label-free LC-MS analysis, i.e., up or down regulation in MCD and
FSGS1 against FSGS2. Moreover, it is worth to note that the absolute values of the measured
proteins fold changes between groups for the two quantitation methods (label-free vs. MRM
SIS) in their orders of magnitude are in good agreement (Supp. Table S1).
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Figure 6. Hierarchical clustering of proteins identified in urine samples of patients with FSGS in
group 2 and MCD. The color gradient denotes the log2-transformed ratio of the mean peak intensity
values measured in the two groups.

The most important function and source of proteins are presented in Table 4. The
levels of the most significant proteins in arbitrary units in FSGS group 1, FSGS group 2 and
MCD are shown in Figures 7–9.
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3. Discussion

In the present study a wide variety of proteins was identified and quantitated using
two mass-spectrometric approaches in urine samples of patients with FSGS and MCD.
No significant differences were found between the proteomic profiles of patients with
MCD and a general FSGS group. However, we found that the differences in the urinary
protein profiles in FSGS patients were highly dependent on the severity of the disease—thus
the patients were subdivided into those with mild FSGS—normal kidney function and
steroid-sensitive NS, and those characterized by severe proteinuria, impaired renal function
and steroid-resistant NS. These two groups showed significant differences in the levels
of 68 proteins. The group with a severe progressive FSGS showed a number of abundant
kidney-derived proteins in urine.

Apolipoproteins, vitronectin, hemopexin and gelsolin reflect the process of active
damage to podocytes [24–26,32,34,38–40,46–51]. Apolipoprotein A-1 (ApoA-1), a small
28 kDa high-density lipoprotein (HDL) component, is considered as a putative permeability
factor [32,34,50]. In a study by Puig-Gay N. et al. an increase in ApoA-1b in the urine
was noted immediately before the onset of proteinuria in patients with FSGS recurrence in
the transplant [32]. This protein is absent in the urine of healthy individuals and in most
patients with glomerular proteinuria caused by other glomerulopathies [34,50]. Our data
also suggests a potential role of ApoA in the pathogenesis of primary FSGS. In terms of
response to therapy, our data is consistent with that of Kalantari et al. who differentiated
steroid-sensitive and steroid-resistant patients with a confirmed FSGS by urine proteome
analysis. Among 21 proteins, ApoA-1 was one of the most significant marker between
steroid-sensitive and steroid-resistant forms. An increase in ApoA-1 is associated with
hyperlipidemia and low-density lipiprotein oxidation [51].

Like Kalantari et al. and other groups of researchers, we established the role of ApoA-
1 and some other urinary proteins in diagnosis of FSGS [32,51,52], however, we took a
different approach in the study and introduced a specific index that allows us to evaluate
not only the response to steroid therapy, but also and the level of proteinuria and kidney
function. This approach has been more effective in separating FSGS patients by urinary
proteome to two groups. In addition, the group of patients with mild FSGS is comparable to
those with MCD, while the proteomic profile of the FSGS group 2 is significantly different,
and apparently, this model can be used to assess the severity of the disease.

Among the biomarkers of podocyte damage, we found an increase in the level of
hemopexin, which is a glycoprotein with the highest affinity for hem [24]. Hemopexin is cur-
rently considered as one of the possible circulating factors of idiopathic FSGS. Hemopexin
binds free methemoglobin, further recognized by CD91 on hepatocytes or macrophages in
the spleen, liver, and bone marrow [25]. Cell culture studies have shown that hemopexin
can induce the redistribution of the actin cytoskeleton in podocytes and development of
proteinuria [24–26].

An increase in the urinary excretion of vitronectin in FSGS patients is also of interest,
since vitronectin activates β3-integrins, molecules that ensure the fixation of podocytes
to the GBM. In case of FSGS, the loss of vitronectin may be associated with the process
of podocyte detachment from the glomerular basement membrane [38]. Elevated serum
gelsolin aggravates the development of proteinuria and renal dysfunction by F-actin rear-
rangement, foot process effacement and cell movement [39,40]. These markers of podocyte
dysfunction were elevated only in severe steroid-resistant FSGS.

In group 1, patients with mild FSGS, other factors of podocyte dysfunction are detected
in the urine—galectin-3—binding protein. It is suggested that this protein is elevated in
the kidney tissue in MCD and in the urine in lupus nephritis, and it appears to have a
pro-inflammatory function [44,45].

Compared to other glomerulopathies, complement activation processes are not well
understood in FSGS. In the second FSGS group we found a significant increase in urinary
excretion of complement components C4b, C9, as well as factor B, I and a decrease in
CD59, an inhibitor of the membrane attack complex, which indicates the possible role of
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complement activation associated with stronger damage. Our data is consistent with the
results of a study by Huang J. et al., who showed the possibility of systemic complement
activation in FSGS patients with increased levels of C3a, C5a, and C5b-9 in blood plasma
and urine [43]. Activation of the alternative complement pathway in FSGS may be asso-
ciated with a poor prognosis [30,31]. On the other hand, an increase in the level of some
complement components in the urine may be the result of loss due to severe glomerular
filter damage. For a more accurate asessement of complement system disorders in FSGS,
the study these components in the blood of these patients is required.

The intensity of accumulation of ECM components is reflected by the excretion of
fetuin A, β2 microglobulin, and immunoglobulin chains in the urine of patients with
FSGS [37]. The same changes in the protein profiles indicating the damaging processes on
tubular cells and accumulation of ECM in the interstitium can be noticed in patients with
FSGS with impaired renal function resistant to steroid therapy in our study. An equally
important component of disease progression and lack of response to steroid therapy is
tubulointerstitial fibrosis and tubular damage in FSGS, which are reflected by an increase
in the level in the urine of lumican and cystatin C. These processes are also evidenced by
an increase in vitamin D-binding protein and retinol-binding protein 4 in the urine of FSGS
patients with impaired renal function [18–21,37]. Simultaneously with the processes of
interstitial inflammation, the mechanisms of accumulation of ECM components are acti-
vated [18–20]. Our data confirms the results of experimental studies [23,27–29,52]. A study
of urinary proteins dynamic changes was conducted on a focal segmental glomeruloscle-
rosis rat model (adriamycin-induced nephropathy) and showed that levels of Fetuin-A
and alpha 1 microglobulin may be promising markers for early detection of FSGS. Thus,
some proteins or their combinations can change with the disease progression [52]. Inter-
alpha-trypsin inhibitor heavy chain H1 and H2 activate the CD44+ parietal epithelial
cells, the main profibrogenic cells in the glomeruli, and thus are a powerful stimulus for
glomerulosclerotic processes [27–29].

Many urine proteins are of serum origin and enter the urine through the damaged
glomerular filter. However, these proteins can cause additional damage and pathology
progression. For example, components of the complement system or plasminogen. The
conversion of plasminogen to plasmin in urine can activate the epithelial sodium channels
and cause sodium retention in the renal tubules—one of the mechanisms of renal edema [23].
Interestingly, in case of MCD and mild FSGS with a favorable prognosis, some of the
proteins found in the urine seem to be of a protective nature, such as for example plasma
protease C1 [35].

Perez et al. analyzed urinary peptide profiles using magnetic bead-based technology,
combined with MALDI-TOF mass spectrometry, in 44 patients diagnosed with MCD and
FSGS. In this work the low molecular weight fraction of urine, containing peptides of
proteins were analyzed, while in our work the high-molecular protein fraction was isolated.
The authors showed that FSGS patients had higher levels of uromodulin fragments and
lower concentrations of fragments of A1AT [53]. In 2017 Perez V. et al. also ran a study
that included 24 patients with MCD and 25 patients with FSGS and analyzed their urine
proteome using two-dimensional gel electrophoresis in combination with MS to detect
urinary biomarkers capable of differentiating MCD and FSGS. They showed that urine
concentrations of alpha-1 antitrypsin, transferrin, histatin-3, and 39S ribosomal protein L17
were decreased in the FSGS group, and the calretinin level was increased as compared to
the MCD group [54]. We did not find any significant differences between the MCD and
the general FSGS groups. However, we found an increase in alpha-1 antitrypsin, and other
proteins in patients with severe FSGS as compared with those with MCD and mild FSGS,
who showed similar profiles of urine proteins.

Thus, we have identified a wide range of proteins that differ in patients with mild
course of steroid-sensitive FSGS/MCD and FSGS patients with a progressive steroid-
resistant NS. Proteins excreted in the urine reflect damage to several parts of the nephron—
podocytes, tubulo-interstitium, accumulation of ECM, complement activation. Patients
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with MCD and FSGS with steroid-sensitivity and a favorable course of progress showed sim-
ilar urine protein profiles, while severe progressive FSGS with steroid-resistant nephrotic
syndrome were characterized by the early activation of the complement system and profi-
brogenic mechanisms and accumulation of extracellular matrix components at the onset of
the disease.

4. Materials and Methods

4.1. Clinical Characteristics of the Patients

Patients with a confirmed diagnosis of FSGS (n = 30) and MCD (n = 9) were recruited
for the study, 20 men and 19 women, aged 19 to 69 years, median 37 years [27,57]. The
exclusion criteria were: active urinary infection, diabetes mellitus, obesity, severe arterial
hypertension, liver disease, rheumatic systemic diseases, stage 5 chronic kidney disease.
Impaired renal function (eGFR CKD-EPI < 60 mL/min/1.73 m2) was detected in 16 patients,
saved kidney function—in 23 (eGFR CKD-EPI > 60 mL/min/1.73 m2).

The characteristics of the examined patients are presented in Table 5.

Table 5. Characteristics of the patients.

Parameters FSGS 1 (n = 30) MCD 2 (n = 9)

Age, years 40 (27.3; 57.8) 35 (28; 59)
Gender (male), n (%) 18 (60) 2 (22.2)
Arterial hypetension, n (%) 22 (73.3) 2 (22.2)
Proteinuria, g/24h 3.66 (2.50; 5.00) 3.24 (2.03; 3.5)
Serum albumin, g/L 26.55 (20.85; 33.68) 29.3 (20.00; 35.80)
Serum protein, g/L 50.8 (40.86; 58.23) 61.4 (46.5; 65.3)
Nephrotic syndrome, n (%) 21 (70) 9 (100)
Creatinine, mkmol/L 109.31 (77.57; 152.65) 85.9 (71.8; 115.9)
eGFR2 CKD-EPI 3,mL/min/1.73 m2 64.68 (41.4; 97.09) 73 (55.58; 105.00)
eGFR< 60 mL/min/1.73 m2, n (%) 12 (40.0) 4 (44.4)
Steroid-resistant NS, n (%) 14 (46.7) 0

1 Focal segmental glomerulosclerosis, 2 Minimal change disease, 3 Estimated glomerular filtration rate using the
CKD-EPI formula. The table shows the median, in brackets—the 1st and 3rd quartiles.

4.2. Urine Sample Preparation for LC-MS/MS

First morning urine samples were collected from all examined patients. The middle
portion of freshly passed morning urine was collected in 10 mL test tubes, centrifuged at
3000 rpm for 15 min, the supernatant was frozen in 1 mL aliquots and stored at −20 ◦C.

Urine aliquots with a volume of 0.1 mL were quickly thawed and 0.5 mL of cold acetone
was added to precipitate proteins overnight at −20 ◦C. Then the samples were centrifuged
at 20,000× g for 10 min, the supernatant was removed, the precipitate was dissolved
in 50 μL of 8 M urea/200 mM Tris-HCL, pH 8.5. The proteins were restored with 5 mM
dithiotreitol for 30 min at 37 ◦C, alkylated with 20 mM iodoacetamide in the dark for 30 min.
Before hydrolysis, 200 μL of deionized water was diluted, trypsin (Trypsin Gold, Promega,
Madison, WI, USA) was added in an enzyme-protein ratio of 1:25, incubated overnight at
37 ◦C. The reaction was stopped by adding formic acid to the final concentration of 1%.
Peptides were centrifuged at 18,000× g, the supernatant was left for desalting. Desalting
was carried out by solid-phase extraction using plates (Oasis HLB 96-well Microelution
Plate, Waters, Beverley, MA, USA). The eluate was lyophilized and dissolved in 0.1% formic
acid to a concentration of 0.5mg/mL for further LC-MS/MS analysis.

4.3. Label-Free Untargeted LC-MS/MS Urine Proteomic Analysis

The resulting tryptic peptide mixture was analyzed using liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS) method based on a nano-HPLC
Dionex Ultimate3000 system (Thermo Fisher Scientific, Madison, WI, USA) and a timsTOF
Pro (Bruker Daltonics, Billerica, MA, USA) mass spectrometer. A packed emitter column
(C18, 25 cm × 75 μm 1.6 μm) (Ion Optics, Parkville, Australia) was used to separate peptides
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at a flow rate of 400 nL/min by gradient elution from 4% to 90% of phase B during 40 min.
Mobile phase A consisted of 0.1% formic acid in water and mobile phase B consisted of
0.1% formic acid in acetonitrile.

Mass spectrometric analysis was performed using the parallel accumulation serial
fragmentation (PASEF) acquisition method. An electrospray ionization (ESI) source was
operated at 1500 V capillary voltage, 500 V end plate offset and 3.0 L/min of dry gas at
temperature of 180 ◦C. The measurements were carried out in the m/z range from 100 to
1700 Th. The ion mobility was in the range from 0.60 to 1.60 V s/cm2. The total cycle time
was 1.88 s and the number of PASEF MS/MS scans was set to 10.

Targeted quantitative LC-MS/MS using multiple reaction monitoring (MRM) with stable
isotope labelled peptide standards (SIS).

Targeted quantitative LC-MS analysis was carried out using synthetic stable-isotope
labeled internal standard (SIS) and natural (NAT) synthetic proteotypic peptides for mea-
surements of the corresponding proteins in urine. The selected 22 SIS and NAT synthetic
peptides had been previously validated for use in LC/MRM-MS experiments [55]. LC-
MS parameters, such as the LC gradient and the MRM parameters (Q1 and MRM scans)
were adapted and optimized based on the previous studies [56]. The SIS peptide mixture
was spiked in each urine sample at a balanced concentration which was optimized in
experiments with dilution series of urine samples with proteinuria. Standard curves were
generated using NAT and SIS peptide standards with a pooled urine sample as matrix.

All samples were analyzed in duplicate by HPLC-MS system consisting of an Ex-
ionLC™ (UHPLC system (ThermoFisher Scientific, Waltham, MA, USA) coupled online to
a SCIEX QTRAP 6500+ triple quadrupole mass spectrometer (SCIEX, Toronto, ON, Canada).
The loaded sample volume was 10 μL per injection. HPLC separation was carried out using
Zorbax Eclipse Plus C18 RRHD column (150 × 2.1 mm, 1.8 μm) (Agilent, Santa Clara, CA,
USA) with gradient elution. Mobile phase A was 0.1% FA in water; mobile phase B was
0.1% FA in acetonitrile. LC separation was performed at a flow rate of 0.4 mL/min using
a 53 min gradient from 2 to 45% of mobile phase B. Mass-spectrometric measurements
were carried out using the MRM acquisition method. The electrospray ionization (ESI)
source settings were as follows: ion spray voltage 4000 V, temperature 450 ◦C, ion source
gas 40 L/min. The corresponding transition list for MRM experiments with retention times
values and Q1/Q3 masses for each peptide were adapted from the previous studies [56].

Skyline Quantitative Analysis software (version 20.2.0.343, University of Washington)
was used for quantitative analysis.

4.4. Data Analysis

The data obtained were analyzed using PEAKS XPro software (BSI, North Waterloo,
ON, Canada) according to the following parameters: parent mass error tolerance −20 ppm;
fragment mass error tolerance −0.03 Da; enzyme—trypsin; missed cleavages—3; fixed
modifications—Carbamidomethyl (C); variable modifications—Oxidation (M), Acetylation
(N-term). The search was carried out using the SwissProt Human database. False discovery
rate threshold was set to 0.01. Scripts written in R version 3.3.3 [58] and RStudio 1.383 [57]
were used for statistical processing of the results.

5. Conclusions

Thus, the proteomic profile of urine from patients with FSGS and MCD is character-
ized by a large number of excreted proteins, but no significant differences between these
two forms were revealed. However, the FSGS patients showed high variability inside the
group and clustered into two subgroups, which could be reliably distinguished basing
on the proteomic profile. Results of the label free analysis were validated using targeted
LC-MS based on multiple reaction monitoring (MRM) with stable isotope labelled peptide
standards (SIS) available for 47 of the 76 proteins identified as differentiating between
at least one pair of groups. Quantitative MRM SIS validation measurements for these
47 proteins revealed 22 proteins with significant differences between at least one of the
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two group pairs and 14 proteins were validated for both comparisons. In addition, all
of the 22 proteins validated by MRM SIS analysis showed the same direction of change
as at the discovery stage with label-free LC-MS analysis, i.e., up or down regulation in
MCD and FSGS1 against FSGS2. In patients with severe FSGS 2, the urine proteome
panel reflects damage to podocytes (Vitronectin, Hemopexin, Gelsolin, Apolipiprotein A),
complement activation (Complement component C4b, C9, Complement factor B and I),
and accumulation of the extracellular matrix and tubular damage (Cystatin C, Vitamin
D-binding protein, Retinol-binding protein 4, Alpha-2-HS-glycoprotein, Plasma protease
C1 inhibitor, Lumican, Clusterin).
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ESI Electrospray ionization
eGFR Estimated glomerular filtration rate
FASP Filter-aided sample preparation
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HDL High-density lipoprotein
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LC/MRM-MS Liquid chromatography/Multiple reaction monitoring—mass spectrometry
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MRM Multiple reaction monitoring
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NAT Natural synthetic proteotypic peptides
NS Nephrotic syndrome
PASEF Parallel Accumulation—Serial Fragmentation method
PEDF Pigment epithelium-derived factor
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TIF Tubulointerstitial fibrosis
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Abstract: Chronic Kidney Disease (CKD) is a debilitating disease associated with several secondary
complications that increase comorbidity and mortality. In patients with CKD, there is a significant
qualitative and quantitative alteration in the gut microbiota, which, consequently, also leads to
reduced production of beneficial bacterial metabolites, such as short-chain fatty acids. Evidence
supports the beneficial effects of short-chain fatty acids in modulating inflammation and oxidative
stress, which are implicated in CKD pathogenesis and progression. Therefore, this review will provide
an overview of the current knowledge, based on pre-clinical and clinical evidence, on the effect of
SCFAs on CKD-associated inflammation and oxidative stress.

Keywords: chronic kidney disease; short-chain fatty acids; oxidative stress; inflammation; uremic toxins

1. Introduction

The human intestinal tract hosts different microbial communities playing a pivotal
role in maintaining health conditions. Gut microbiota imbalance can also exacerbate some
actions promoting a cascade of metabolic abnormalities and vice versa. In numerous dis-
eases, such as obesity, type 2 diabetes, as well as cardiovascular and auto-immune diseases,
a marked alteration in microbiota composition and functions occurs [1,2]. Moreover, in
Chronic Kidney Disease (CKD) patients, the gut microbiota is quantitatively and quali-
tatively changed with respect to healthy subjects contributing to uremic syndrome and
CKD-related complications [3–5]. In CKD patients, microbiota metabolite changes exert
major consequences. In fact, metabolites generally proven to promote health—particularly
short-chain fatty acids (SCFAs)—are reduced while uremic toxins, such as indoles, am-
monia, and trimethylamine N-oxide, produced by gut microbiota, accumulate—both for
their overproduction and for the reduced excretion by impaired kidney function—thus
enhancing CKD development and progression [6–9]. Lowered SCFAs production results in
impaired CKD due to gut dysbiosis and also a decreased consumption of dietary fibre that,
on the one hand, reduces SCFAs production and, on the other are, involved in increased
amino nitrogen, which can be transformed into uremic toxins by gut microbiota [10]. The
accumulation of these gut-derived compounds correlates with systemic inflammation and
protein wasting and enhances cardiovascular complications in these patients [11]. The dys-
biotic gut microbiome in CKD is associated with immune dysregulation, insulin resistance,
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cardiovascular disease, as well as local (gut) and systemic inflammation and oxidative stress
conditions [12–15]. Thus, there has been a great interest in potentially healthy microbiota
metabolites such as SCFAs, which levels result in impaired CKD.

SCFAs are produced in the distal small intestine and the colon by anaerobic bacteria
and are the end products of fermentation from complex carbohydrates that are indigestible
by the human host [16]. The three major SCFAs, consisting of one to six carbon atoms,
produced by gut bacteria are acetic (two carbons), propionic (three carbons), and butyric
acids (four carbons). SCFAs contribute to the health of the gut (microbiome and mucosa)
and the overall health of the host, with properties including anti-diabetic, anti-cancer,
antibacterial, anti-inflammatory, and anti-oxidative effects [17,18]. On the other hand, lower
SCFA levels contribute to different diseases such as inflammatory bowel disease [19,20],
rheumatoid arthritis, and multiple sclerosis [21,22]. Moreover, SCFAs supplementation
exerts anti-inflammatory actions, both at the intestinal and cardiovascular levels [23,24],
and influences immune reactions [25–27]. Considering the anti-inflammatory potential of
SCFAs, their reduced levels in CKD, and that the CKD is associated with systemic, chronic
microinflammation and oxidative stress conditions that contribute to both the disease
progression and to its related complications, SCFAs and SCFAs producing microorganisms
could be one of the missing pieces of the puzzle in CKD-associated inflammation and
oxidative stress. This review will provide an overview of the current knowledge on the
effect of SCFAs on CKD-associated inflammation and oxidative stress.

2. Short-Chain Fatty Acids (SCFAs)

Short-chain fatty acids (SCFA) are the end products of microbial fermentation activity.
Dietary fibre escapes digestion and absorption in the small intestine and is metabolised
in the colon and cecum, from which mainly acetate, propionate, butyrate, and formate
are generated; while lactate is obtained from the fermentation of selected non-digestible
carbohydrates, which are often also rapidly metabolised into acetate, propionate, and
butyrate [28,29]. Within the intestinal microbial flora, the bacterial species most involved
in SCFAs production are Butyricicoccus spp., Faecalibacterium prausnitzii, Roseburia spp.,
Bacterioides spp. and Bifidobacterium, converting dietary fibre in the gut into monosaccha-
rides through a series of reactions mediated by specific enzymes. Acetate can be produced
via acetyl–CoA or the Wood–Ljungdahl pathway; propionate is produced by the conver-
sion of succinate to methylmalonyl-CoA via the succinate pathway or can be synthesised
from acrylate with lactate as a precursor via the acrylate pathway and via the propanediol
pathway; butyrate is formed either via the classical pathway by reduction by phospho-
transbutyl kinase and butyrate kinase, or via the butyryl-CoA/acetate CoA-transferase
pathway. In addition, some microbes in the gut can use both lactate and acetate to syn-
thesise butyrate [30,31]. However, when fermentable fibres are scarce, microbes exploit
less favourable energy sources for SCFAs production, such as amino acids from dietary
or endogenous proteins, or dietary fat, also producing branched-chain fatty acids [32,33].
Although the intestinal lumen is the main site of SCFA production, their concentration
varies both throughout the intestinal tract and systemically [34]. Butyrate is absorbed by the
intestinal epithelium and consumed locally because it is the main energy source of colono-
cytes [35], while propionate and acetate cross the portal vein so that the former is metabolised
in the liver [36], and the latter remains the most abundant SCFAs in the peripheral circulation,
reaching organs such as the brain, pancreas, muscle, and adipose tissue, where it regulates
several physiological functions [37]. In fact, SCFAs also play a key role in organs outside the
digestive tract because numerous transmembrane proteins, receptors and transporters that
specifically bind SCFAs and other monocarboxylic acids are expressed in a wide variety of
cells [38,39]. Thus, SCFAs are associated with human health benefits for both their metabolic
and/or structural properties and their signalling properties.
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Mechanism, Role and Functions of SCFAs

SCFAs are versatile molecules involved in cell signalling in a wide range of physi-
ological and pathological conditions [40]. Numerous pieces of evidence report that the
disruption of SCFAs generated by the gut microbiota is associated with diseases, including
inflammatory bowel disease, obesity, diabetes mellitus type 1 and 2, autism, major depres-
sion, colon cancer, and renal diseases [41,42]. The functions of SCFAs are mainly related
to their activation of free fatty acid receptors (FFARs) belonging to the family of orphan
G-protein-coupled receptors (GPCRs) and olfactory receptors (Olfr) or as histone deacety-
lase inhibitors (HDACs). FFARs are G-protein-coupled transmembrane receptors that bind
fatty acids with carbon chains of different lengths. In particular, SCFAs are ligands of the
GPR41 and GPR109A receptors coupled to the Gi/0 protein and the GPR43 receptor cou-
pled to both Gi/0 and Gq proteins. GPR109A responds predominantly to butyrate, which
also has a high affinity for the GPR43 receptor, while propionate is a potent agonist for both
GPR41 and GPR43; acetate is more selective for the GPR43 receptor. Furthermore, both
acetate, propionate, and butyrate also bind to the Olfr78 receptor [39,43]. In addition to their
metabolic and structural roles, SCFAs possess several metabolic and signalling properties.
Indeed, after intestinal microbial fermentation, they can act locally (Table 1; [44–46]). In the
intestine, butyrate is used more as an energy source for colonocytes and can be converted
into glucose by intestinal gluconeogenesis, leading to satiety and a decrease in hepatic
glucose production. Butyrate binds to the GPR109A receptor, which is mainly expressed
intestinally on the apical membrane of colonic and small intestinal epithelial cells, and
whose activation is responsible for both the activation of the NLRP3 inflammasome, which
is essential for intestinal homeostasis, and anti-inflammatory effects through increased IL
(Interleukin)-18. Butyrate also binds to the GPR109A expressed on dendritic cells (DCs)
and induces the differentiation of naive T cells into Th1 and Th17 cells and the increase in
IL-10 in T-Reg cells, providing an anti-inflammatory function and enhancing the intestinal
immune response. Moreover, in the intestine, but to a lesser extent, acetate and propionate
bind to the GPR43 receptor, whose signalling functions are mediated by the Gq protein to
induce the release of pancreatic peptide YY (PYY) and Glucagon-like peptide 1 (GLP-1)
and influence satiety and intestinal transit. The binding of propionate and acetate to the
intestinal receptor GPR43 also induces the activation of the transcription factor forkhead
box P3 (FOXP3) by regulatory T lymphocytes, resulting in cell expansion and differenti-
ation into mast cells, neutrophils, and eosinophils, respectively, implementing intestinal
immunity. Then, SCFAs bind to the receptors on the immune cells of the lamina propria and
enteric nervous system cells, where propionate activates the GPR41 receptor and stimulates
motility and secretory activity in the colon and intestine [24,47–50]. In addition to acting
locally, SCFAs from the gut can also be absorbed into the bloodstream either through anion
exchange between SCFAs and HCO3 or through the membrane by a diffusive process
promoted by the pH gradient during the diffusion of protonated SCFAs [51]. Systemically,
however, acetate concentrations are higher than propionate and butyrate, and the functions
of SCFAs mainly depend on the binding to the GPR43 and GPR41 receptors, inducing bene-
ficial effects throughout the body. The GPR43 receptor has a potential role in inflammation
and is most highly expressed in immune cells, adipose tissue and the subset of large renal
vessels, renal afferent arteriole and juxtaglomerular apparatus, where it is involved in the
regulation of renin secretion. The GPR41 receptor is expressed in the peripheral nervous
system and adipose tissue and at low levels in the spleen, lymph nodes, bone marrow,
peripheral blood mononuclear cells, and blood vessel endothelial cells. In the bone marrow,
the activation of GPR41 induces the hematopoiesis of DCs, and in the brain, it reduces the
permeability of the blood-brain barrier, increases neurogenesis, and stimulates microglia
activity. In the peripheral nervous system, it induces sympathetic activation through the
release of norepinephrine, leading to an increase in heart rate, energy expenditure, and
satiety. However, these events are also associated with a number of hepatic events, such
as increased hepatic insulin sensitivity and the activation of AMPK-dependent signalling,
reduced gluconeogenesis, and reduced lipid accumulation. GPR43, GPR41, and GPR109A
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promote anti-lipolytic activity through increased glucose and lipid metabolism. SCFAs
are also inhibitors of intracellular HDAC [48,52,53]. SCFAs enter the cell by diffusion
and/or the transport mediated by sodium channel-coupled transporter protein SLC5A8
and, through HDAC inhibition, act on epigenetic modulation. In particular, butyrate and
propionate as HDAC inhibitors in the intestine and colon protect against colorectal cancer
and inflammation. Systemically, however, HDAC inhibition influences gene expression
to exhibit anti-tumour, anti-fibrotic, and anti-inflammatory activities. In the lungs, for
example, acetate reduces asthma symptoms and increases T-reg cells through HDAC9
inhibition [54,55].

Table 1. Acetate, propionate, and butyrate are formed in the human colon in an estimated ratio of
approximately 3:1:1. Different bacteria are involved in SCFAs production, and once produced, SCFAs
are able to bind to different receptors. In the table are indicated the receptors for which each SCFA
has a major affinity and their intestinal and non-intestinal expression.

SCFAs Producers Binding Intestinal Expression
Non Intestinal

Expression

Acetate

Akkermansia muciniphila,
Bacterioides spp., Bifidobacterium
spp., Prevotella spp.,
Ruminococcus spp., Blautia
hydrogenotrophica, Clostridium
spp., Streptococcus spp.

GPR43

Colonic, Small
intestinal epithelium,
Colonic lamina propria
cells, Leukocytes in
small intestinal

Polymorphonuclear
cells, Adipocytes,
Skeletal muscle, Heart,
SpleenOlfr78

Propionate

Bacterioides spp.,
Phascolarctobacterium
succinatutens, Dialister spp.,
Veilonella spp., Megasphera
elsdenii, Coprococcus catus,
Ruminococcus obeum,
Salmonella spp.,
Roseburia inulinivorans

GPR43

Colonic, Small
intestinal epithelium,
Colonic lamina propria
cells (mast cells),
Pancreas, Gut
enteroendocrine cells
located in the crypts
and lower part of
the villi

Spleen, Bone marrow,
Lymph nodes, Adipose
tissue, Periportal
afferent system,
Peripheral nervous
system, Peripheral
blood mononuclear cellsGPR41

Olfr78

Butyrate

Coprococcus viene, Coprococcus
eutacus, Anaerostipes spp.,
Coprococcus catus, Eubacterium
rectale, Eubacterium hallii,
Faecalibacterium prausnitzii,
Roseburia spp.

GPR109A

Apical membrane of
colonic/small intestinal
epithelium,
Macrophages,
Monocytes,
Neutrophils,
Dendritic cells

Adipocytes (white and
brown), Epidermal
Langerhans cells,
Retinal pigment
epitheliumGPR41

GPR43

3. Chronic Kidney Disease (CKD)

Chronic kidney disease (CKD) is a growing global problem associated with a high
risk of morbidity and mortality. This condition adversely affects both human health and
the expenditure of healthcare systems worldwide [56,57]. The international guidelines pro-
vided by KDIGO define CKD as an abnormality in kidney structure or function, present for
>3 months, with health implications. CKD is an irreversible clinical condition associated with
a definitive alteration of renal function and structure, with a slow and progressive evolution.
In addition, due to the long course of CKD, one or more episodes of Acute Kidney Disease are
observed, superimposed on CKD [58,59]. The loss of renal function and the progression to end-
stage renal failure are evidenced by the loss of tubular cells and their replacement by collagen
scars, as well as the high density of infiltrating macrophages [59–61]. In addition, in kidneys
with CKD, the activation of the renin-angiotensin system and a reduced number of glomeruli
also induce hyperfiltration and increased tubular oxygen consumption, worsening the
imbalances between oxygen demand and release [62]. However, the progressive loss of
renal function is linked to inflammation, the overproduction of reactive species, decreased
antioxidant defences in endothelial cells (EC), the stimulation of cross-talk between EC and
macrophages, and the increased expression of adhesion molecules (E-selectin, P-selectin,
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ICAM-1, and VCAM-1) with infiltration by monocytes and macrophages into the activated
endothelium. Neutrophils are the first cells to accumulate in the renal parenchyma, further
releasing reactive molecules, proteinases, elastases, myeloperoxidases, cationic peptides,
cytokines, and pro-inflammatory chemokines to recruit and activate other neutrophils
but also natural killer cells, monocytes, and macrophages, exacerbating renal damage
through a synergistic interaction [63–65]. These events, which can occur in both the renal
cortex and medulla, are therefore associated with a wide range of detrimental effects such
as altered renal blood flow, sodium/fluid retention, inflammation, fibrotic changes, and
proteinuria [66]. An event that frequently occurs with declining kidney function is the reten-
tion of toxic metabolites that are not excreted and subsequently accumulate in the systemic
circulation. These metabolites are called uremic toxins, and they lead to uremic syndrome,
which, in addition to the progressive loss of kidney function, is associated with symptoms
such as nausea, vomiting, fatigue, anorexia, muscle cramps, itching, altered mental status and
others, leading to a reduced quality of life, morbidity, and mortality [67]. Uremic toxins can be
classified according to their physico-chemical characteristics, such as water-soluble free solutes
with a low molecular weight (<500 Da; e.g., Guanidine, Creatinine, Urea, Trimethylamine
N-oxide, Inorganic phosphorus), protein-bound uremic toxins (<200 Da; e.g., Indoxyl Sul-
fate (IS), p-Cresyl Sulfate (pCS), Indole-3-acetic acid, Phenol Quinolinic acid, Putrescine),
and medium molecules (≥500 Da; e.g., β2- microglobulin, Leptin, IL-6, β-trace protein,
Parathyroid hormone). Despite the fact that most of these metabolites are eliminated by
dialysis, except the plasma protein-bound [68], the resulting accumulation of uremic toxins
is associated with CKD progression and related complications, such as cardiovascular,
central nervous system, gastrointestinal, and other areas, also trigger inflammation and
oxidative stress and impaired immune response [69–78].

Gut Microbiota and SCFAs in CKD

The complex functions of the gut microbiota are related to other organs and result
in the formation of an ‘-axis’ between them [79]. The gut microbiota plays an important
role in kidney homeostasis, regulating the gut-kidney axis [80], and intestinal dysbiosis is
implicated in the pathogenesis of various renal disorders, including urinary tract infections
(UTIs) that are also related to the “intestinal bloom of uropathogens” with a prevalence of
the uropathogenic Escherichia coli [81,82]. These infections can also evolve into pyelonephri-
tis as a complication of an ascending urinary tract infection that spreads from the bladder
to the kidneys and their collecting systems, which still results in the significant morbidity
and mortality associated with the severe cases of this disease [83]. A marked gut dysbiosis
is also commonly observed in CKD patients and results from qualitative and quantitative
changes in the composition and metabolic activities of the gut microbiota [84]. This may be
due to both the use of antibiotics and drugs (e.g., iron-containing or resin-based phosphate
binders) and changes in diet, including a decrease in resistant starch and/or fibre content
or restriction of fruits and vegetables, as well as a decrease in colonic transit time in patients
with uremia [85,86]. Furthermore, during CKD, the colon becomes the main route for uric
acid and oxalate secretion. The influx of urea, uric acid, and oxalate into the colon affects the
composition and metabolism of the gut microbiota, promoting the overgrowth of urease-
producing bacteria and changes in the growth of the bacterial communities themselves [23].
Thus, an increase in Phyla Actinobacteria, Firmicutes and Proteobacteria microbes and a de-
crease in Bifidobacteria and Lactobacilli and SCFA levels have been reported in the course of
CKD and in patients with end-stage renal disease [4,87]. These aspects reflect the evidence
that SCFA levels progressively decrease during the different stages of CKD and, ultimately,
in dialysis patients [88]. SCFAs produced by bacteria in the kidney protect tubular cells
from oxidative stress and mitochondria biogenesis, reduce renal ischaemia-reperfusion
injury, inflammation, reactive molecules, and immune and apoptotic cell infiltration in
damaged kidneys [89]. Thus, the dysbiotic microbiota produces both a large amount of
NH3/NH4OH that influences the pH of the intestinal lumen and toxic metabolites such as
indoles and phenols that are further metabolised in the liver and intestine into pCS, IS, and
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TMO. Generally, pCS accumulates in tubular cells and binds to OAT receptors located on
the basolateral membrane of renal proximal tubular cells and generates reactive oxygen
species, whereas IS binds to OAT receptors and activates NF-κB and AP-1-dependent gene
transcription, inducing inflammation and nephrotoxicity [90]. Thus, these toxic metabolites
may lead to accelerated renal damage by both promoting the progression of oxidative stress
and inflammation and by promoting the alteration of the gut microbiota, which, by further
producing gut-derived toxins, also alters the function of the intestinal epithelial barrier. At
the same time, these toxic metabolites are absorbed through the damaged intestinal barrier
and released into the systemic circulation. Indeed, there is considerable evidence to suggest
that gut dysbiosis may contribute to the progression of some of the events that occur over
the course of CKD, such as oxidative stress, endotoxemia, inflammation, and an increased
prevalence of comorbidities [91–94]. Thus, it seems clear that there is a close relationship
between the gut microbiota and renal function that is implicated in renal physiology and
disease conditions.

4. Inflammation and Oxidative Stress in CKD

Chronic inflammation is a common comorbid condition in CKD. The increased produc-
tion and reduced clearance of pro-inflammatory cytokines, oxidative stress, and acidosis
contribute to the chronic inflammatory state but also to metabolic alterations and chronic
and recurrent infections, especially in dialysis patients. Furthermore, metabolic alterations
and intestinal dysbiosis create additional inflammatory stimulation with the involvement of
the cells of the innate immune response system [95–97]. Among the inflammatory markers
in CKD, IL-1, IL-6, TNF (Tumor Necrosis Factor)-α, C-reactive protein (CRP), adipokines,
adhesion molecules, and the CD40 ligand are particularly important and associated with
many complications (e.g., malnutrition, coronary calcification, atherosclerosis, atrial fib-
rillation, left ventricular hypertrophy, heart failure, insulin resistance, oxidative stress,
endothelial dysfunction, mineral and bone diseases, anaemia, and erythropoietin resis-
tance). In addition to being produced by lymphocytes, these pro-inflammatory factors are
produced by visceral adipose tissue, which becomes dysfunctional during CKD by express-
ing a high level of pro-inflammatory cytokine mRNA [98]. Alongside the levels of these
cytokines, there is also an increase in pro-inflammatory enzymes such as cyclooxygenase-2
(COX-2) and inducible nitric oxide synthase (iNOS), which are positively regulated by
the activation of NF-κB in CKD [99,100]. Several studies have also demonstrated that
uremic toxins, such as IS, are able to increase the levels of TNF-α and IL-6, causing an
exacerbation of the inflammatory state and favouring oxidative stress [101,102]. Indeed, ox-
idative stress is also frequently observed in the early stages of chronic renal failure onwards
and, in addition to being a non-traditional risk factor for all causes of mortality, tends to
exacerbate during the course of the disease and can sometimes persist to a certain degree
after kidney transplant [103,104]. Oxidative stress is responsible for several pathological
conditions that are considered risk factors for CKD, such as diabetes, hypertension, and
atherosclerosis, and is also responsible for the progression of kidney damage, which leads
to renal ischemia, glomerular damage, cell death, and apoptosis, which also exacerbate the
severe inflammatory processes already underway [105,106]. Oxidative stress is a condition
of imbalance between the excessive production of oxidants and the reduced capacity of
antioxidant systems, which leads to metabolic dysregulation and the oxidation of lipids,
DNA, and proteins, as well as affecting the cellular activity and inhibiting the activity of
cytoprotective enzymes [102,107]. Oxidative stress is linked to the production of highly
reactive intermediates, reactive oxygen (ROS), and nitrogen (RNS) species, whose excessive
generation is associated with impaired electron transport chains, reduced ATP synthesis,
mitochondrial dysfunction, cell damage, apoptosis, and even damage to all of the cellular
constituents [108]. Mitochondria are mainly responsible for the production of reactive
molecules through the electron transport chain, especially ROS, which are also able to
improve the inflammatory response. Indeed, during the pathogenesis of kidney disease,
mitochondria in damaged cells become one of the main sources of excess ROS, which in

82



Int. J. Mol. Sci. 2022, 23, 5354

turn implements the activation of transcription factors NF-κB, AP-1, and p53, exacerbating
the production of pro-inflammatory cytokines and chemokines such as IL-1β, IL-6, IL-8,
IL-1, and TNF-α, monocyte chemoattractant protein-1 (MCP-1), interferon-invasive protein-
10 (IP-10), molecules of adhesion such as selectin, ICAM, VCAM, ELAM, inflammatory
enzymes, such as iNOS and COX-2, and further ROS/RNS [109–113]. The main markers
of oxidative stress that have significantly elevated levels in the blood and/or circulating
tissues in patients with CKD are malondialdehyde (MDA), a low-density oxidized lipopro-
tein, advanced glycation end products, and l’8-hydroxide-oxyguanosine. For example, the
interaction between AGE and the RAGE receptor induces the activation of the MAP kinase
transduction pathway, leading to the nuclear translocation of NF-κB and the activation
of second messengers, resulting in an increase in cytokines, pro-inflammatory enzymes,
and adhesion molecules [114–116]. Thus, as oxidative stress can further exacerbate inflam-
mation, inflammation and oxidative stress are important mediators in the development
and progression of kidney disease and associated complications, where one generates and
amplifies the other, and the antioxidant systems are severely compromised [94]. In fact,
this condition also depends on the reduced activation of antioxidant responses, such as
the transcription factor Nrf2 (Erythroid-related nuclear factor 2), the main cellular defence
factor that regulates the genes coding for antioxidant and detoxifying proteins and enzymes.
Generally, Nrf2 is in a quiescent state sequestered by the cytosolic repressor Keap1 (Kelch-
like ECH-associated protein 1), which also promotes its rapid proteasomal degradation;
in contrast, under oxidative and electrophilic stress conditions, Nrf2 is released by Keap1,
which in this case acts as an electrophilic sensor and, together with the small Maf protein
(sMAF), binds to the antioxidant response element (ARE) in the promoter region of genes
coding for phase II and antioxidant enzymes to counteract oxidative stress [117–119]. In
addition, Nrf2 also directly suppresses the expression of pro-inflammatory NF-κB target
genes by binding to their promoters and inhibiting their transcription [120]. However, in
the course of CKD, the excessive production of ROS reduces the activation of Nrf2, and
its deficiency increases the susceptibility to kidney damage. Indeed, several studies have
shown that during CKD, Nrf2 has a renoprotective effect by controlling uremic inflamma-
tion and improving antioxidant defences, leading to a reduction in renal fibrosis, tubular
damage, and renal hypoxia [121].

SCFAs, Inflammation and Oxidative Stress

SCFAs produced by the intestinal microbiome are able to act on inflammation and
oxidative stress through complex mechanisms of regulation, and, moreover, they also
regulate the immune response. SCFAs suppress inflammation in many organs by reducing
the migration and proliferation of immune cells and cytokine levels and by inducing apop-
tosis [122]. Through the inhibition of HDAC, they influence the inhibition of the nuclear
factor, NF-κB, and the transcription of genes that code for pro-inflammatory cytokines.
Furthermore, they are also able to reduce the inflammatory response through the reduction
in neutrophil recruitment, with increased levels of TGF-β and IL-10 and reduced levels
of IL-6, IL-1β, NO, and TNF-α. At the same time, SCFAs promote the production of T
cells that release IL-10 and T-reg to prevent inflammatory responses and act on DCs to
limit the expression of T cell activating molecules, resulting in the generation of tolerogenic
rather than inflammatory T cells, thus reducing inflammatory responses. SCFAs can also
modulate the immune response due to a direct effect on T cells, binding to GPR41, GPR43,
and GPR109A receptors and activating Olfr78 receptor signalling to regulate T lymphocyte
function by increasing the generation of Th1 and Th17 cells to improve immunity (Figure 1).
Butyrate, for example, has shown both an inhibitory effect on the formation of NLRP3
inflammasomes and an improvement in tight junction function in intestinal and vascular
endothelial cells [123,124]. Moreover, butyrate, through HDAC inhibition, was able to
modulate the immune response by reducing iNOS levels and NF-κB activation [125].
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Figure 1. Overview of the effect of the SCFAs on inflammation. In the intestinal lumen, SCFAs induce
the secretion of IL-18, MUC2 and antimicrobial peptides from intestinal epithelial cells, induce IgA
secretion from B lymphocytes and regulate tight junction expression. SCFAs bind to GPR41, GPR43,
GPR109A receptors and activate Olfr78 receptor signalling to regulate T cell function increasing the
generation of Th1 and Th17 cells and promoting the production of T cells that release IL-10 and
T regs. SCFAs act on DCs to limit the expression of T cells activating molecules, resulting in the
generation of tolerogenic T cells rather than inflammatory T-cells. SCFAs also reduce neutrophil
recruitment, with increased levels of TGF-β, IL-10 and decreased levels of IL-6, IL-1β, NO, and
TNF-α. Instead, through HDAC inhibition, they influence the inhibition of nuclear factor NF-κB, to
inhibit inflammation. Abbreviations: DCs, Dendritic Cells; SCFAs, Short-chain Fatty Acids; GPCRs,
G-Protein-coupled Receptors; HDAC, Histone Decetylase; NO, Nitric Oxide; TGF-β, Transforming
Growth Factor beta; TNF-α, Tumor Necrosis Factor alpha; IL, Interleukin; Mucin, MUC2; NF-κB,
Nuclear Factor Kappa-light-chain-enhancer of Activated B cells.

Furthermore, numerous studies have shown that SCFAs, particularly butyrate and
propionate, were also able to modulate the Keap1-Nrf2-dependent cellular signalling
pathway to maintain redox homeostasis through both direct and indirect mechanisms
(Figure 2; [125–130]). Butyrate, through the recognition of the GPR109A receptor, induces
the activation of the nuclear factor Nrf2, which encodes antioxidant enzymes for the
inactivation of ROS [108]. Furthermore, butyrate has a synergistic action on the activation
of Nrf2 because, by spreading in the cell lumen, it inactivates HDAC and consequently
increases the production of histone H3K9ac thus inducing an epigenetic modification on
the Nrf2 promoter, as demonstrated through various studies [125,126,131–133]. Acetate,
propionate, and butyrate can synergistically activate the translocation of Nrf2 through the
recognition of GPR41 and GPR43 receptors [134–136].
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Figure 2. Direct and indirect mechanism of SCFAs on Nrf2 activation for modulation of oxidative
stress. Binding of SCFAs to GPRC receptors induces direct activation of the nuclear factor Nrf2.
Butyrate, on the other hand, also has a synergistic effect on Nrf2 activation because it diffuses into the
cell lumen and, through HDAC inhibition, increases the production of histone H3K9ac, thus inducing an
epigenetic modification on the Nrf2 promoter, indirectly activating Nrf2-dependent gene translocation
and transcription. Abbreviations: AMPK, Activated Protein Kinase; HDAC, Histone Deacetylase; Nrf2,
Nuclear Erythroid-Related Factor 2; ARE, Antioxidant Response element; HO-1, Heme Oxygenase-1;
NQO1, NAD(P)H Quinone Dehydrogenase-1; NF-κB, Nuclear Factor Kappa-light-chain-enhancer of
Activated B cells; SOD1, Superoxide Dismutase 1; GST, Glutathione S-transferase.

5. Effects of SCFAs in CKD

CKD is linked to inflammation, oxidative stress, and dysbiosis of the immune system.
These factors contribute to the progressive deterioration of renal function, loss of blood
pressure control, metabolic dysfunction, and a loss of functional integrity of the intestinal
epithelial barrier. Furthermore, the perpetuation of systemic inflammation and oxidative
stress, together with the accumulation of toxic metabolites, are responsible for the onset of
all comorbidities associated with CKD, such as changes in the cardiovascular, pulmonary,
ocular, central nervous, musculoskeletal, gastrointestinal, mitochondrial, and immune
systems [73,137–142]. However, in recent years, the gut microbiota has been assumed to
play a central role in renal disease through the production of SCFAs, which have been shown
to ameliorate renal damage by modulating inflammatory and immune responses [140–142].
Numerous studies, both pre-clinical and clinical, have already demonstrated the potential
beneficial effect that SCFAs could have in the course of CKD, even improving some of the
secondary complications that occur.

5.1. Pre-Clinical Observations

In vitro studies in cellular models were used to assess the relationship between SCFAs
and inflammation and oxidative stress. Huang et al. evaluated the effect of SCFAs on
oxidative stress and inflammation induced by high levels of glucose and lipopolysaccharide
(LPS) in mouse glomerular mesangial cells (CMG) (SV-40 MES 13) in the presence of acetate
and butyrate or GPR43 agonist. The results indicated that both the treatment with SCFA
and the treatment with the GPR43 agonist reduced MCP-1, IL-1β, and ICAM-1 levels.
Moreover, both acetate and butyrate and the agonist GPR43 inhibited the generation of
ROS and MDA and reversed the decrease in SOD induced by high levels of glucose and
LPS. These pieces of evidence support the hypothesis that both SCFAs and the GPR43
signalling pathway may act as potential therapeutic targets in inflammation and oxidative
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stress in glomerular mesangial cells [143]. Andrade-Olivera and colleagues also confirmed
that SCFAs modulated the inflammatory process. In renal tubular epithelial cells (TECs)
stimulated with an inflammatory cocktail (LPS, zymosan, and TNF-α) and treated with
butyrate, propionate, and acetate indicated that SCFAs reduce NF-κB activation, nitric
oxide production, and ROS production in TECs. Furthermore, the translocation of hypoxia-
inducible factor (HIF)-1 α transcription factor to the nucleus, a hallmark of hypoxia, was
also reduced due to the role of SCFA. Therefore, treatment with SCFAs seems to counteract
the inflammatory response and hypoxia in renal tubular epithelial cells. SCFAs could also
modulate the inflammatory response, regulating immune cells and reducing the expression
of the costimulatory molecules, CD80 and CD40, in bone marrow dendritic cells (DCs),
and reducing CD8+ and CD4+ cell proliferation after treating antigen-presenting cells
(APCs) from RAGKO mice with LPS, with or without SCFAs, for 24 h. Other studies
performed in animal models of renal disease evaluated the effects of SCFA. In particular,
acetate showed to have beneficial effects in preserving the structure of the kidney, reducing
ROS, cytokines, and chemokines. Then, low mRNA levels of toll-like receptor 4, and its
endogenous ligand, lower the activation of the NF-κB pathway, wherein low levels of
activated neutrophils and macrophages, a low frequency of infiltrating macrophages, and a
low frequency of activated DCs were observed. Acetate also increased the expression of
GPR43 by modulating the expression of genes encoding for enzymes involved in epigenetic
modifications and inhibited the activity of HDACs [144]. Butyrate appears to modulate
the inflammatory response in vitro, also modifying the profibrotic cytokine transforming
growth factor beta (TGF- β1) generation on immortalised human renal proximal tubular
epithelial cells (HK-2 cells). There is strong evidence that this cytokine is involved in renal
fibrosis in all renal diseases, and butyrate reduces the basal generation of TGF-β1 in renal
tubular epithelial cells; in addition, butyrate mediates its effect through the inhibition of
ERK/MAP kinase. This evidence was useful in confirming the role of butyrate in preventing
renal fibrosis through the reduction of TGF-β1 and provided a useful basis for subsequent
studies on dietary supplementation with Acacia(sen) SUPERGUM™ (gum arabic) that,
increasing systemic levels of butyrate, may therefore have a potential beneficial effect in
renal disease through the suppression of TGF-β1 activity [145–148]. SCFAs are, therefore,
able to directly modulate some of the pro-inflammatory and oxidative stress parameters, as
also demonstrated by other studies [149,150].

The effect of SCFAs in modulating inflammation and oxidative stress response was also
reported in in vivo studies in animal models of chronic renal failure, which also correlated
with a number of secondary complications.

Acute Kidney Injury (AKI) is an important risk factor for CKD. Therefore, Liu et al.
used a mouse model of folic acid nephropathy to examine the effect of dietary fibre, from
which SCFAs are derived after microbial fermentation, on the development of AKI and,
consequently, on the progression of CKD. Wild-type and knockout mice for GPR41, GPR43,
or GPR109A receptors in which folic acid nephropathy had been induced were fed fibre-rich
diets or treated with SCFAs. The gut microbiota was examined by RNA sequencing, and
an increase in Bifidobacterium and Prevotella was observed, which also increased the concen-
tration of SCFAs in both faeces and serum. After 28 days, the animals showed improved
kidney function, fewer tubular lesions, and fewer interstitial fibrosis; chronic inflammation
was evaluated by the gene expression analysis of various inflammatory parameters, such
as TLR-2, TLR-4, pro-inflammatory cytokines (e.g., TNF-α, IL-6, IL-18, IL-1β, IL-4, IL-10,
and IFNγ), and anti-inflammatory cytokine IL-10, the activation of NLRP3 inflammasome,
chemokines (e.g., CXCL2, CCL2, and CXCL10), TGF-β1 expression and pro-inflammatory
enzymes (e.g., iNOS). The SCFAs treatment led to similar protection through the inhibition
of HDAC and GPR41-, GPR43-, and GPR109A-dependent signalling. Thus, both dietary
manipulation and SCFAs have been shown to significantly reduce the damage of AKI and,
thus, the risk of CKD progression [151]. Diabetic nephropathy is a chronic inflammatory
condition that often overlaps with CKD, in the pathogenesis of which oxidative stress
and NF-κB signalling are mainly observed. Huang et al. evaluated the role of acetate,
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propionate, and butyrate both in vitro on GMC cells (SV-40 MES 13) and in different an-
imal models such as mice with type 2 diabetes (T2D) induced by streptozotocin (STZ),
diabetic nephropathy (DN), and GMC cells of high-glucose mice, but also in a high-fat
diet (HFD). In GMCs, SCFAs inhibited oxidative stress by reducing ROS and MDA and
increased SOD, reduced NF-κB activation, enhanced the interaction between β-arrestin-2
and I-κBα, and reduced the release of MCP-1 and IL-1 β. For in vivo studies, however,
the kidneys were used for the pathology assessment, and biochemical analyses were per-
formed. The results showed that SCFAs, particularly butyrate, improved hyperglycaemia
and insulin resistance, reduced proteinuria, serum creatinine, urea nitrogen and cystatin C,
inhibited mesangial matrix accumulation and renal fibrosis, and blocked NF-κB activation
in mice by GPR43-mediated signalling. SCFAs ameliorated the renal damage of DT2 and
demonstrated antioxidant and anti-inflammatory effects mediated by the overexpression
of GPR43 [152]. These results were also confirmed by another study. Diabetes was induced
by STZ in wild-type C57BL/6 and GPR43 or GPR109A knockout mice, and then they were
fed fibre-rich diets followed by sodium acetate, sodium propionate, and sodium butyrate.
After 12 weeks, stool, urine, and plasma samples were collected and examined. The results
indicated that diabetic mice fed a high-fibre diet had less albuminuria, glomerular hyper-
trophy, podocyte lesions, and fibrosis and were less likely to develop diabetic nephropathy
and, consequently, CKD. The fibre also promoted the expansion of SCFA-producing bac-
teria such as Prevotella and Bifidobacterium, which increased the faecal and systemic SCFA
concentrations, and reduced the expression of genes encoding for inflammatory cytokines,
chemokines, and fibrosis-promoting proteins in diabetic kidneys. In vitro studies used
TEC cells and podocytes isolated from C57BL/6 mice, both treated with either acetate,
propionate, or butyrate. The results indicated that SCFAs modulated inflammation by
reducing the chemokines CCL2 and CXCL10 and the cytokines IL-6 and TNF-α. In addition,
the expression of the fibrosis-related genes TGF-β and fibronectin was also reduced [153].
These effects depended on the modulation of inflammation by SCFAs through the GPR41
and GPR43 receptors, as also shown in other studies. Indeed, butyrate, through the acti-
vation of the GPR109A receptor in renal podocytes, influences the gene transcription of
pro-inflammatory cytokines and controls inflammatory responses. This GPR109A receptor
phenotype in renal podocytes was associated with an increase in podocyte-related proteins
and a normalised pattern of acetylation and methylation at the promoter sites of genes
that are essential for podocyte function. Thus, the protective effect of butyrate-dependent
GPR109A signalling ameliorated proteinuria by preserving the podocytes on the glomerular
basement membrane and attenuating glomerulosclerosis and tissue inflammation [154,155].
There is a large body of evidence that CKD is associated with impaired function and de-
creased integrity of the intestinal epithelial barrier. Indeed, chronic low-grade inflammation
and marked alteration of the intestinal microbiota can be observed in the intestine, which,
by further producing toxic metabolites, promotes increased inflammation and its progres-
sion to the systemic level. Hung et Suzuki conducted a study in which they evaluated
whether fermentable dietary fibre (DF), such as unmodified guar gum (GG) and partially
hydrolysed GG (PHGG), could cause an increase in SCFA concentrations and, consequently,
restore intestinal barrier permeability and function, thereby also improving inflammation
in cases of CKD. Thirty-three seven-week-old male mice were fed a diet supplemented
with adenine for 14 days to induce CKD and were subsequently examined. Twenty-seven
of these mice were then divided into three groups (CKD, CKD+GG, and CKD+PHGG),
while six mice received a control diet. Pro-inflammatory parameters, such as TNF-α and
IL-1β, tight junction proteins, such as zonula occludens (ZO)-1, ZO-2 and occludin, serum
urea and creatinine, intestinal barrier permeability, SCFA levels, and bacterial populations
were examined. The results indicated that in the mice fed with GG and PGHH, not only
was inflammation reduced, but high caecal levels of SCFAs, intestinal barrier function, and
bacterial population composition, in particular Lactobacillus, were also improved. Thus,
SCFAs, produced through the intestinal fermentation of PHGG and GG and transported
into the circulatory system, have been shown to suppress inflammation and renal fibrosis

87



Int. J. Mol. Sci. 2022, 23, 5354

directly [156]. In another study, the effects of the prebiotic fibre, xylooligosaccharide (XOS),
on renal function and gut microbiota in mice with adenine-induced CKD were evaluated.
The mice were fed adenine for 3 weeks to induce CKD and then fed XOS for a further
3 weeks. The results indicated that XOS reduced the renal damage in CKD mice, improved
intestinal bacterial populations, increased the caecal production of SCFAs and reduced the
levels of the uremic toxin IS [157].

The study sections and results are summarised in Table 2.

Table 2. Pre-clinical studies report a related improvement in SCFA levels both in in vitro and
animal models.

Pre-Clinical Studies Treatment Parameters Evaluated Effect References

Mouse glomerular
mesangial cells
(SV-40 MES 13)

Acetate,
Butyrate,
GPR43 agonist

Cell viability assays,
detection of ROS, MDA
and SOD, MCP-1,
IL-1β and ICAM-1

Butyrate, Acetate, and
GPR43 agonist reduced
inflammatory markers

Huang et al., 2017 [132]

Renal tubular
epithelial cells

Butyrate, Propionate,
Acetate

NF-κB activation,
NO production,
ROS production SCFAs reduced

inflammation and
hypoxia and also
modulated immune
response

Andrade-Olivera et al.,
2015 [133]

Bone marrow
dendritic cells

Molecules CD80
and CD40

Antigen-presenting
cells from RAGKO
mice

Proliferation of CD8+
and CD4+ cells

Male C57BL/6 mice
with AKI

Apoptosis assessment,
immunohistochemical
analysis, mitochondrial
DNA, DNA
methylation, NF-κB
levels, TLR-4, IL-6,
IFN-γ, TNF-α, TGF-β1,
MCP-1, IL-1β,
GSS/GSSH ratio

Acetate reducing ROS,
cytokines and
chemokines; Low
mRNA levels of TLR-4,
lower activation of the
NF-κB pathway, low
levels of activated
neutrophils and
macrophages, a low
frequency of infiltrating
macrophages and a low
frequency of activated
DCs were observed.
Acetate also increased
the expression of
GPR43 and inhibited
the activity of HDACs

Immortalised human
renal proximal tubular
epithelial cells
(HK-2 cells)

Butyrate
TGF-β1 levels and
expression

Butyrate reduces the
basal generation of
TGF-β1 through
inhibition of the
ERK/MAP kinase

Matsumoto et al.,
2006 [137]
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Table 2. Cont.

Pre-Clinical Studies Treatment Parameters Evaluated Effect References

Wild-type and
knockout C57BL/6
mice for GPR41, GPR43,
or GPR109A receptors
with diabetic
nephropathy

Propionate,
Butyrate

Assessment of serum
creatinine, histological
examination of renal
tissues, evaluation of
microbial composition,
and SCFA levels, gene
expression analysis of
TLR-2, TLR-4, NLRP3,
TNF-α, IL-6, IL-18,
IL-1β, IL-4, IL-10, IFNγ,
CXCL2, CCL2, CXCL10,
iNOS, KIM1, MMP2,
MMP9, TGFβ1,
HDAC1-11, and
GAPDH

Reduced inflammation
and kidney injury,
increased
Bifidobacterium and
Prevotella that
increased faecal and
serum SCFA
concentrations

Liu et al., 2021 [140]

Mouse glomerular
mesangial cells
(SV-40 MES 13)

Acetate, Propionate,
Butyrate

Cell viability assays,
detection of ROS, MDA
and SOD, Western blot
analysis or ELISA for
GPR43, β-arrestin-2,
NF-κB, p65, MCP-1,
IL-1β, I-κBα, GAPDH

Butyrate restored high
glucose concentrations,
oxidative stress, NF-κB
signalling, and
interaction between β

-arrestin-2 and I-κB
α-induced GPR43

Huang et al., 2020 [141]
Eight-week-old male
C57BL/6 mice with
type 2 diabetes induced
by streptozotocin,
diabetic nephropathy

Acetate,
Propionate,
Butyrate

FBG levels, ACR, FINS,
BUN, SCr, serum
cystatin C, TC, TG, LDL
and LDL-C, renal
glomerular histology,
immunohistochemical
staining for GPR43,
β-arrestin-2, NF-κB,
p65, MCP-1

Butyrate improved
hyperglycemia,
improved insulin
resistance of T2D,
prevented renal
dysfunction in T2D,
inhibited DT2-induced
renal NF-κB activation
and regulated GPR43-
β -Arrestin2-signalling

Renal tubular epithelial
cells and podocytes
were isolated from
C57BL/6 mice

Acetate,
Propionate,
Butyrate

mRNA expression of
IL-6, IFN-γ, TNF-α,
CCL2, CXCL10

Butyrate and
propionate significantly
inhibited inflammation

Li et al., 2020 [142]Wild-type and
knockout C57BL/6
mice lacking genes for
GPR43 or GPR109A
with diabetic
nephropathy

Fibre-rich diets,
Sodium Acetate,
Sodium Propionate,
and Sodium Butyrate

Immunohistochemical
analysis, histological
analysis, real-time PCR
for TLR-2, TLR-4, IL-6,
IFN-γ, TNF-α, CCL2,
CXCL10, TGF-β1,
fibronectin, and
GAPDH, bacterial
DNA sequencing
analysis, analysis of
SCFA levels

Increased Prevotella
and Bifidobacterium,
increased SCFA,
modulation of
inflammation in renal
tubular cells and
podocytes under
hyperglycemic
conditions
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Table 2. Cont.

Pre-Clinical Studies Treatment Parameters Evaluated Effect References

33 7-week-old male
ICR with CKD
adenine-induced

DF, GG, PHGG

Evaluation of TNF- α,
MCP-1, IL-1β, IL-6,
Tgfb1, Col1A1, Acta2,
TLR-4 and Myd88
mRNA levels,
expression levels of
ZO-1, ZO-2, occludin,
JAMA, claudin 3,
claudin 4, and claudin
7, serum creatinine and
urea analysis,
immunohistochemistry
analysis, microbiota
composition analysis,
SCFA levels, IgA of the
mucosa and the mucus
itself

Colonic barrier
protection and reduced
endotoxemia,
restoration of tight
junction protein
expression and
localisation, increased
Bifidobacterium,
increased propionic
and butyric acid
production correlated
with a reduction in
pro-inflammatory
parameters

Hung et Suzuki,
2018 [145]

Seven-week-old male
C57BL/6J mice with
CKD adenine-induced

XOS

Col1A1, Cgtf, IL-6,
TNF-α, Arg, Ym1, Defa,
Pla2g2a, Reg3γ, caecal
SCFAs, histological
analysis of renal tissue

Reduced gene
expression of markers
observed in CKD,
including lColA1 and
Cgtf, IL-6 and the M2
macrophage marker,
Defa5, reduced IS and
pCS and increased
SCFA-producing
bacteria, and improved
renal function

Yang et al.,
2018 [144]

Male isogenic Balb/c
mice and C57BL/6
with nephropathy

Diet of high amylose
butyrate-releasing corn
starch

Immunohistochemical
analysis, DNA
expression, analysis
TGF-β1, Fsp1, ActaII,
Col4α1, Mmp9, Timp1,
urinary albumin
analysis, monoclonal
antibody generation for
GPR109A and GPR43,
analysis of SCFAs
concentrations,
measurement of
pro-inflammatory
cytokines, isolation and
polarisation of bone
marrow-derived
macrophages, HDAC
activity, DNA
methylation

Butyrate attenuates
inflammation and renal
fibrosis through its
receptors GPR109A,
GPR43, and GPR41

Felizardo et al.,
2019 [143]

Abbreviations: ROS, Reactive Oxygen Species; SOD, Super Oxide Dismutase; MDA, Malondialdehyde; IL, Interleukin;
MCP-1, Monocyte Chemoattractant Protein-1; ICAM-1, Intracellular Adhesion Molecule-1; NF-κB, Nuclear Factor
Kappa-light-chain-enhancer of Activated B cells; NO, Nitric Oxide; TLR, Toll-Like Receptor; TNF-α, Tumor Necrosis
Factor alpha; TGF-β, Transforming Growth Factor beta; INF-γ, Interferon gamma; MMP, Matrix Metallopeptidase;
KIM-1, Kidney Injury Molecule; HDAC, Histone Deacetylase; GAPDH, Glyceraldehyde 3-Phosphate Dehydrogenase;
GPR, G-Protein-coupled Receptor; FBG, Fasting Blood Glucose; ACR, Random Urine Albumin-Creatinine ratios; FINS,
Fasting Insulin Levels; BUN, Urea Nitrogen Levels; SCr, Serum Creatinine; TC, Total Cholesterol; TG, Triglycerides;
LDL, Low-Density Lipoprotein; LDL-C, Low-Density Lipoprotein Cholesterol; CCL2, C-C Motif Chemokine Ligand
2; CXCL10, C-X-C motif chemokine ligand 10; SCFAs, Short-chain Fatty Acids; Fsp1, Fibroblast-Specific Protein 1;
Col4α1, Kidney Collagen type IV alpha 1; ActaII, Actin alpha 2, Smooth Muscle; Col1A1, Kidney Collagen type I;
IgA, Immunoglobulin A; ZO, JAMA; Defa5, Ileal Defensins alpha; Pla2g2a, Phospholipase A2; Reg3γ, Regenerating
islet-Derived Protein 3 gamma; Cgtf, Connective tissue growth factor; Arg, Arginase; XOS; Timp1, Metallopeptidase
Inhibitor 1; IS, Indoxyl Sulfate; pCS, pCresil Sulfate.
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5.2. Clinical Observations

Thus, it is now clear that SCFAs may have a central and promising role in the treat-
ment of renal failure. Indeed, several clinical trials have already been initiated. In the
inflammation and oxidative stress observed in CKD, uremic toxins of intestinal origin
also play a central role, promoting excess morbidity and mortality. This may be due to
intestinal dysbiosis and the insufficient consumption of fermentable, complex carbohy-
drates, which consequently lead to reduced SCFA concentrations. Thus, a pilot study was
conducted at the ‘A Landolfi’ Hospital (Solofra, Italy) in which 20 stable patients aged
between 18 and 90 years were recruited, of which the most frequent causes of renal failure
were diabetes mellitus and chronic glomerulonephritis. All of the subjects suffered from
vascular and cardiac complications. Biochemical analyses were performed on the sera, and
elevated levels of inflammatory and pro-oxidant markers were observed. However, when
SCFAs, in particular sodium propionate, were administered, significant improvements
were observed: no patient discontinued the treatment, and their body weight remained
stable, there was a significant decrease in pro-inflammatory and pro-oxidant parameters
such as high-sensitivity C-reactive protein (hs-CRP), IL-2, IL-6, IL-10, IL-17a, TNF-α, INF
(Interferon)-γ, TGF-β, and endotoxins/lipopolysaccharides compared to the significant
increase in the anti-inflammatory cytokine IL-10. In addition, the levels of MDA and uremic
toxins, indoxyl sulphate and p-cresyl sulphate, were reduced. This study, therefore, from
its conclusion, provided new information on the benefits of SCFAs for treating systemic
inflammation, oxidative stress, and metabolic disorders [158]. Considering that elevated
blood pressure and cardiovascular morbidity occur very often in patients with CKD. Some
studies have shown that SCFAs can improve cardiovascular outcomes in CKD patients with
kidney disease [159,160]. In fact, in 2019, the first clinical study was conducted to verify
that SCFAs can bind to both the Olfr78 receptors expressed in the kidney on the afferent ar-
teriole of the juxtaglomerular apparatus involved in the production of renin and the GPR41
receptor in the renal vascular system with contrasting effects on blood pressure [161–164].
Jadoon and colleagues examined the potential link between SCFAs and cardiovascular
outcomes in patients with chronic renal failure. In a subcohort of 214 patients with CKD
in the Clinical Phenotyping Resource and Biobank Core (CPROBE), including 81 patients
with coronary artery disease (CAD) and self-reported cardiovascular disease (CVD), they
measured the plasma levels of SCFAs by liquid chromatography-mass spectrometry and
high-performance liquid chromatography. The results showed improved cardiovascular
function in CKD patients, which was linked to significantly higher levels of SCFAs [165].
Furthermore, SCFAs have also been shown to significantly decrease systolic blood pressure
in hemodialysis patients [166]. SCFA levels improved by diet also seems to have a positive
effect on CKD. In fact, diet can improve the course of CKD by reducing urea levels [167],
metabolic acidosis [168], and insulin resistance [169], as well as positively modulating the
intestinal microbiome and, consequently, increasing SCFA concentrations [170,171]. Type
2-resistant starch-enriched biscuits (RS2) were administered to hemodialysis patients with
chronic renal failure for 4 weeks. The results showed an increase in SCFA-producing bacte-
ria Roseburia and Ruminococcus gauvreauii and a downregulation of the pro-inflammatory
parameters [172]. While, in the course of another prospective, randomised, crossover study
(Medika Study), for the first time, the effect of different diets on the modulation of the
intestinal microbiota and, consequently, on the modification of the serum levels of IS and
pCS were evaluated in patients with chronic renal failure. Sixty patients with grade 3B-4
chronic renal failure were recruited and given a free diet (FD), a very-low protein diet
(VLPD) and a Mediterranean diet (MD). The stool and serum samples were collected at the
end of each dietary regimen for the evaluation of IS and pCS levels or serum D-lactate levels.
The results indicated that MD and VLPD increased bacterial species with anti-inflammatory
potential and butyrate producers, circulating levels of IS and pCS were reduced, and an
improvement in structural integrity and intestinal permeability was observed. Further-
more, VLPD reduced serum D-lactate and improved systolic blood pressure [173]. Wu and
colleagues, on the other hand, evaluated changes in the composition of the gut microbiota
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in patients with chronic renal failure who followed a low-protein diet (LPD). In this study,
43 patients with chronic renal failure were involved, and changes in bacterial population,
SCFAs production and uremic toxins were evaluated. These results also confirmed that
nutritional therapy based on low protein intake improved renal function, reduced IS and
pCS levels, and increased butyrate-producing bacterial populations [174].

The study sections and results are summarised in Table 3.

Table 3. Clinical studies report a related improvement in SCFA levels both in in vitro and
animal models.

Clinical Studies Treatment Parameters Evaluated Effect References

20 patients with CKD and
related complications Sodium Propionate

Biochemical analyse on
sera for hs-CRP, IL-2, IL-6,
IL-10, IL-17a, TNF-α,
INFγ, TGF-β, IL-10, MDA,
and endotox-
ins/lipopolysaccharides

Sodium Propionate
reduced inflammatory
markers and improved
anti-inflammatory
parameters

Marzocco et al., 2018 [147]

43 patients with CKD LPD
Analysis of bacterial
populations and IS and
pCS levels

LPD modulates gut
dysbiosis and positively
impacts the outcome of
patients with CKD

Wu et al., 2020
[158]

Patients in HD with CKD RS2

Evaluation of biochemical
and clinical parameters,
analysis of serum and
plasma samples, genomic
sequencing analysis

Mitigate inflammation
and oxidative stress in
hemodialysis patients by
positively altering
SCFA-producing bacteria

Kemp et al., 2021
[156]

214 patients with CKD
and CVD Addition of valerate

Evaluation of
anthropometric,
biochemical and clinical
parameters, measurement
of plasma levels of SCFAs

The addition of valerate to
a model of hypertension,
diabetes mellitus, and
other complications
significantly improved
there conditions of
patients

Jadoon et al., 2019 [154]

60 patients with grade
3B-4 CKD FD, MD, VLPD

Anthropometri, clinical,
and biochemical
parameters obtained from
stool and serum samples

Increased
Lachnospiraceae,
Ruminococcaceae,
Prevotellaceae,
Bifidobacteriaceae,
Coprococcus, and
Roseburia forming
butyrate, increased
anti-inflammatory
potential, improved
intestinal permeability
and systolic blood
pressure, reduced
Enterobacteriaceae
pathogens and circulating
levels of IS, pCS, and
D-Lactate

Di Iorio et al., 2018 [157]

Abbreviations: hs-CRP, high-sensitivity C-reactive protein; IL, Interleukin; INF-γ, Interferon gamma; MDA,
Malondialdehyde; TGF-β, Transforming Growth Factor beta; TNF-α, Tumor Necrosis Factor alpha; IS, Indoxyl
Sulfate; pCS, pCresil Sulfate; CVD, Cardiovascular disease; HD, Hemodialysis; CKD, Chronic Kidney Disease;
LPD, Low-Protein Diet; SCFA, Short-chain Fatty Acids; FD, Free Diet; MD, Mediterranean Diet; VLPD, Very-Low
Protein Diet.

6. Conclusions

SCFAs produced by microbial fermentation have been widely shown to reduce inflam-
mation and oxidative stress, which are characteristic of several chronic diseases. CKD is a
serious health problem, not least because of the systemic complications associated with it,
and it is also a chronic condition that is very difficult to manage because of the underlying
disease mechanisms. Therefore, the supplementation of short-chain fatty acids (e.g., acetate,
propionate, or butyrate), either directly or by modulating the gut microbiota in favour
of SCFA-producing bacterial species, including through dietary fibre or nutritional thera-
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pies, could have a positive impact on the management of chronic renal failure (Figure 3).
However, further studies are still needed.

Figure 3. SCFAs result in increased activity on G-protein-coupled receptors and enhanced epigenetic
regulatory activity through HDAC. SCFAs could be able to act positively on pro-inflammatory
pathways (e.g., by negatively modulating the NF-κB signalling pathway) and pro-oxidant pathways
(e.g., by positively modulating the Nrf2 pathway).
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Abstract: The gut–kidney interaction implicating chronic kidney disease (CKD) has been the focus
of increasing interest in recent years. Gut microbiota-targeted therapies could prevent CKD and its
comorbidities. Considering that CKD can originate in early life, its treatment and prevention should
start in childhood or even earlier in fetal life. Therefore, a better understanding of how the early-life
gut microbiome impacts CKD in later life and how to develop ideal early interventions are unmet
needs to reduce CKD. The purpose of the current review is to summarize (1) the current evidence
on the gut microbiota dysbiosis implicated in pediatric CKD; (2) current knowledge supporting the
impact of the gut–kidney axis in CKD, including inflammation, immune response, alterations of
microbiota compositions, short-chain fatty acids, and uremic toxins; and (3) an overview of the studies
documenting early gut microbiota-targeted interventions in animal models of CKD of developmental
origins. Treatment options include prebiotics, probiotics, postbiotics, etc. To accelerate the transition
of gut microbiota-based therapies for early prevention of CKD, an extended comprehension of gut
microbiota dysbiosis implicated in renal programming is needed, as well as a greater focus on
pediatric CKD for further clinical translation.

Keywords: chronic kidney disease; hypertension; children; short-chain fatty acids; developmental
origins of health and disease (DOHaD); gut microbiota; probiotics; prebiotics; trimethylamine-N-oxide

1. Introduction

Up to 10% of the population worldwide is affected by chronic kidney disease (CKD) [1].
CKD can be attributed to different negative conditions in early life [2–4], and therefore,
World Kidney Day 2016 made efforts to keep the public informed of the need to focus
on kidney disease in childhood and the antecedents of adult kidney disease [5]. During
development, the fetal kidney is susceptible to a suboptimal in utero environment, re-
sulting in alterations in function and structure by so-called renal programming [6]. The
phenomenon of adverse conditions during organ development resulting in adult disease
in later life is now termed “developmental origins of health and disease” (DOHaD) [7].
Conversely, adverse fetal programming could be reprogramming before clinical onset
of the disease by early therapeutic intervention [8]. Accordingly, a shift of focus from
treatment of established CKD towards the prevention of kidney disease in the earliest stage
is highly needed.

Although various organ systems can be programmed in response to in utero subopti-
mal conditions, renal programming is considered key in the development of CKD and its
comorbidities [6,9]. Renal programming is likely to constitute a first hit to the kidney, which
makes the kidney more vulnerable to postnatal insults (i.e., second hit) to develop CKD in
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later life. Up to now, researchers have proposed some mechanisms associated with renal
programming. These mechanisms, such as dysregulated nutrient-sensing signals [9], oxida-
tive stress [10], nitric oxide (NO) signaling [11], aberrant activation of the renin–angiotensin
system (RAS) [12], and gut microbiota dysbiosis [13,14], have been contributing to CKD in
later life [2–4,6,8,9].

Due to the low antioxidant capacity of embryos [15], the developing kidney is ex-
tremely vulnerable to oxidant stress injury. As reviewed elsewhere [16], a number of
animal models support that NO/reactive oxygen species imbalance-induced oxidative
stress is involved in renal programming. On the other hand, increasing evidence suggests
antioxidants can be used as reprogramming strategies to prevent kidney disease and hy-
pertension of developmental origins [17]. In the developing kidney, the RAS components
are highly expressed and play a key role in mediating proper physiological function and
renal morphology [18]. A transient biphasic response with downregulation of the classical
RAS axis in the neonatal stage becomes normalized with age [19,20]. Data from renal
programming models reported that various early-life insults can disturb this normalization
in adults, and consequently, the classical RAS axis is inappropriately activated, leading
to the development of kidney disease in adulthood [6,19,20]. Conversely, emerging evi-
dence supports that early RAS-based interventions could reverse programming processes
to prevent kidney disease of developmental origins [12]. Additionally, nutrient-sensing
signals play an essential role in normal renal physiology and the pathogenesis of kidney
disease [21]. Early-life nutritional insults can impair nutrient-sensing signals that affect fetal
development and, consequently, program chronic disease in later life [22]. Dysregulated
nutrient-sensing signals, such as AMP-activated protein kinase (AMPK) and peroxisome
proliferator-activated receptors (PPARs), have been linked to renal programming and the
risks for developing kidney disease in later life [23,24]. Despite the fact that the complete
mechanisms are still inconclusive, there seem to be interrelated aspects among them. Since
detailed reviews of each mechanism are beyond the scope of this paper, readers are referred
elsewhere [8–14].

Recent studies have focused on the impact of the gut microbiome in CKD and its
associated complications [14]. Microbial metabolites can act as signaling compounds
via systemic circulation [14]. Currently, there are some proposed mechanisms linking
dysbiotic gut microbiota to CKD and related complications, such as alterations of the gut
microbiome, dysregulation of short-chain fatty acids (SCFA) and their receptors, activation
of aryl hydrocarbon receptor (AHR), increases of trimethylamine-N-oxide (TMAO), and
microbiota-derived uremic toxins [14,25–29]. Maternal insults have been shown to change
gut microbiome balance, leading to an increased risk of adult diseases [29]. Nevertheless,
relatively little is known about whether and how diverse prenatal insults could influence
gut microbiota, leading to CKD and its comorbidities in adult offspring.

This scoping review followed the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses extension for Scoping Reviews (PRISMA-ScR) to identify and examine
the evidence around the impact of gut microbiota behind the programming of kidney dis-
ease evidence documenting prevention of CKD and its related complications by early-life
gut microbiota-targeted therapy [30]. Our search strategy was designed to retrieve literature
relating to DOHaD, gut microbiota, and pediatric kidney disease from PubMed/MEDLINE
databases. We used the following search terms: “chronic kidney disease”, “developmental
programming”, “DOHaD”, “reprogramming”, “gut microbiota”, “probiotics”, “prebiotics”,
“synbiotics”, “postbiotics”, “mother”, “pregnancy”, “gestation”, “offspring”, “progeny”,
“uremic toxin”, “nephrogenesis”, “nephron number”, “kidney”, “aryl hydrocarbon recep-
tor”, and “hypertension”. Additional studies were then selected and assessed based on
fitting references in eligible papers. The last search was conducted on 25 January 2022.

2. Human Evidence for Developmental Programming of CKD

The development of the human kidney starts at week 3 and ends at week 36 of
gestation [31]. Hence, term neonates are born with a full complement of nephrons. In
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each kidney, the average number of nephrons, the basic unit of a kidney, is approximately
1 million with 10-fold interindividual differences [32]. Adverse in utero events could
interfere with nephrogenesis, resulting in a reduction of nephron numbers and a wide range
of congenital anomalies of the kidney and urinary tract (CAKUT) [33]. Reduced nephron
number causes glomerular hyperfiltration and compensatory glomerular hypertrophy,
consequently initiating a vicious cycle of further nephron loss [34]. Accordingly, reduced
nephron number could act as a first trigger to increase the offspring’s vulnerability to CKD
throughout their later life.

Strong support for the developmental programming of CKD came from a number
of epidemiological studies. Premature birth and low birth weight (LBW) are significant
risk factors for CKD in later life [35–38]. A meta-analysis study recruiting more than
2 million babies revealed that LBW babies were 70% more likely to develop CKD in later
life than those with normal birth weight [36]. In addition to premature birth and LBW,
a case–control study of 1.6 million infants revealed that maternal gestational diabetes,
maternal thalassemia/hemochromatosis, male gender, polyhydramnios or oligohydram-
nios, and first pregnancy are also risk factors for CAKUT [37]. Another case–control study
recruiting 2000 CKD children acknowledged several early-life risk factors, such as LBW,
prematurity, gestational diabetes, and maternal obesity, showed an increased risk of CKD
in adult life [38]. As we reviewed elsewhere, a number of environmental risk factors are
related to the developmental programming of CKD, such as maternal illness, nutritional
imbalance, environmental chemicals, medication use, substance abuse, infection, and ex-
ogenous stress [4]. For example, maternal obesity and diabetes are correlated with an
increased risk of kidney disease in adulthood [39,40]. Additionally, deficiencies in maternal
total energy [41], folate [42], and vitamin A [43] during pregnancy were associated with
detrimental influence on kidney structure and function. Epidemiological studies also
showed that maternal exposure to polycyclic aromatic hydrocarbon, per- and polyfluo-
roalkyl substances, and polycyclic aromatic hydrocarbon, as well as air pollution associated
with premature birth and LBW [44–47], are both risk factors for low nephron number.
Moreover, a number of drugs administrated to pregnant women have been known to affect
kidney development, resulting in CAKUT [48]. These medications include angiotensin
converting enzyme inhibitor, angiotensin receptor blockers, aminoglycosides, cyclosporine
A, dexamethasone, furosemide, anti-epileptic drugs, cyclophosphamide, etc. [48].

Although the risk of CKD has been evaluated in plenty of human studies, interventions
required to prove causation and to elucidate underlying molecular mechanisms remain
unknown. Most of our knowledge regarding the critical window of vulnerability for insults,
the types of insults driving renal programming, potential core mechanisms behind renal
programming, and therapeutic strategy arise out of studies in animal models.

3. Gut Microbiota and Kidney Disease

Trillions of microbes living in the gut—the gut microbiota—have coexisted with
humans in a state of mutually beneficial cohabitation. A diversity of environmental factors
can induce gut microbial imbalance (i.e., dysbiosis), which in turn can affect human health
and disease [49]. Although the role of gut microbiota in adulthood advanced CKD has been
extensively reviewed elsewhere [14,25,50,51], less attention has been given to investigate
its impact in early stages of kidney disease. Therefore, this section mainly discusses
evidence supporting the role of early-life gut microbiota in humans, with an emphasis on
pediatric CKD.

3.1. Early-Life Gut Microbiome

Although microbes colonize the neonatal gut immediately following birth [52], mi-
crobial colonization continues to develop and vary in species abundance until a typical
adult-like gut microbiota is established at the age of 2–3 years [53]. A variety of maternal
factors and early-life events determine the establishment of the gut microbiome, such as
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gestational age, type of delivery, maternal conditions, formula feeding, antibiotic exposure,
and ecological factors [52–55].

During pregnancy and lactation, the mother gut microbiota can influence offspring
gut microbial structure and composition, which highlights the importance of maternal
factors in the establishment of early-life gut microbiome [55]. Several risk factors related
to CKD of developmental origins have also been linked to alterations of gut microbiota,
such as gestational diabetes [56], maternal obesity [57], prematurity [58], LBW [59], and
maternal malnutrition [60]. Additionally, the establishment of the microbiome is highly
interconnected with development of the immune system, and CKD has strong immune
and inflammatory etiologies [61].

Moreover, several environmental chemicals that pregnant mothers are likely to be
exposed to are associated with developmental origins of kidney disease [62]. Among them,
exposure to heavy metals, polycyclic aromatic hydrocarbons, and dioxins also affect the gut
microbiome, accompanied with the development of adult diseases [63]. All of these studies
suggest that the early-life microbial alterations after the CKD-related adverse insults may
be involved in the development of kidney disease in later life.

3.2. The Gut–Kidney Axis

The pathogenic interconnection between the gut microbiome and kidney diseases
is termed the gut–kidney axis [14], which is implicated in CKD and its comorbidities.
A paucity of data exists regarding how the gut–kidney axis functions in the pediatric
population with CKD and what the impact of the gut microbiota is in this process. However,
a great deal of work on the impact of the gut–kidney axis in established CKD has been
conducted, including gut barrier dysfunction, inflammation, immune response, alterations
of microbiota compositions, dysregulated SCFAs and their receptors, uremic toxins, etc.
(Figure 1). Each of them are discussed.

Figure 1. Schematic diagram summarizing the proposed mechanisms related to the gut–kidney axis
involved in the pathogenesis of chronic kidney disease and its comorbidities. LPS = lipopolysaccharide;
Th17 = T-helper 17 cell; Th1 = T-helper 1 cell; TLR4 = toll-like receptor 4; NF-κB = nuclear factor kappa
B; SCFA = short-chain fatty acid; IS = indoxyl sulfate; PCS = p-cresyl sulfate; AHR = aryl hydrocarbon
receptor; TMA = trimethylamine; TMAO = trimethylamine-N-oxide.
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First, CKD can impair the intestinal barrier by disrupting the epithelial tight junction
in a 5/6 nephrectomy rat model [64]. An apparent reduction of the tight junction proteins
was reported in the gut mucosa of CKD animals, possibly attributed to uremic toxins [44].
As a result, an increased intestinal permeability and translocation of lipopolysaccharide
(LPS) and bacteria across the intestinal barrier were reported. In CKD rats, gut bacteria
could activate a T-helper 17 (Th17)/Th1 T-cell response and increase the production of
inflammatory cytokines, and LPS could initiate innate immune cells through nuclear factor
kappa B (NF-κB) and toll-like receptor 4 (TLR4) pathways, all triggering inflammation and
immune response [65].

Second, changes in the composition of the gut microbiota are relevant to CKD. Uremia
profoundly alters 190 and 175 bacterial operational taxonomic units (OTUs) of the gut
microbiome in CKD humans [66] and rats [67], respectively. Specifically, the presence
of aerobic bacteria such as those belonging to the phyla Firmicutes, Actinobacteria, and
Proteobacteria in higher numbers, but fewer anaerobic bacteria, such as Sutterellaceae, Bac-
teroidaceae, and Lactobacillaceae, were observed in end stage kidney disease (ESKD) [45–47].
Notably, most research has consistently reported that animals and adult patients with CKD
had low abundance of genus Lactobacillus, whereas the proportion of family Enterobacteri-
aceae were increased [14,66–69]. A systemic review recruiting 25 studies with 1436 CKD
patients revealed that the α-diversity was decreased, and β-diversity of gut microbiota was
significantly more distinct in ESKD patients than in healthy controls [69].

Third, the gut microbiota produces diverse metabolites, which are involved in multiple
physiological processes, such as immunity and host energy metabolism [14]. Following
dietary exposures to certain nutrients, particular microbiota-derived metabolites could
be altered in ESKD patients [70]. Carbohydrates are fermented to generate SCFAs which
signal the host to increase energy expenditure, enhance G protein-coupled receptor (GPCR)
signaling, and act as an inhibitor for histone deacetylase (HDAC) [70–72]. SCFAs are made
up of one to six carbon atoms (C1–C6), mainly consisting of acetic acid (C2), propionic acid
(C3), and butyric acid (C4) [71]. In adult CKD patients, butyrate-producing microbes and
butyric acid production reduced with disease severity [73].

Indoxyl sulfate (IS) and p-cresyl sulfate (PCS), both end-products of protein fermen-
tation, and TMAO, an end-product of microbial carnitine/choline metabolism, are well-
known microbiota-derived uremic toxins. Urinary excretion of several microbial trypto-
phan metabolites such as IS and PCS is decreased in patients with CKD. These tryptophan
metabolites mainly from the indole metabolic pathway are accumulated as uremic toxins,
which are ligands for AHR [74]. Activation of AHR is able to trigger inflammation, induce
oxidative stress, and modulate the Th17 axis, contributing to CKD progression in vivo and
in vitro [75,76]. The level of another uremic toxin, TMAO, is high in patients with ESKD
and associated with increased risk of cardiovascular disease [77,78]. TMAO generation
results from the fermentation by the gut microbiota of dietary carnitine/choline, which
is converted to trimethylamine (TMA) and transformed into TMAO by flavin-containing
monooxygenase (FMO) in the liver. Conversely, selective targeting of gut-microbiota-
dependent TMAO generation has been reported to protect CKD progression in a murine
model of CKD [79]. Although the uses of prebiotics, probiotics, postbiotics, and synbiotics
have shown potential positive effects against uremic toxin generation, their evidence is still
limited for the treatment and prevention of human CKD [80–82].

Together, the interaction between gut microbiota and CKD is bidirectional: CKD
may affect the structure of the gut microbiota and contribute to gut dysbiosis, while
dysbiosis in CKD patients may increase uremic toxin levels that in turn contribute to CKD
progression. Considering the gut is a potential cause of CKD-related complications, gut
microbiota-targeted therapeutic strategies in CKD will have a considerable impact on
CKD management.
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3.3. Gut Microbiota in Pediatric CKD

Table 1 summarizes the alterations of gut microbiota and its related metabolites
in pediatric kidney disease, as reported in the literature [83–89]. The study of the gut
microbiome in children with kidney disease mainly focused on three types of dysbiosis:
loss of diversity, shifts in keystone taxa, and alterations of microbial metabolites.

Table 1. Summary of studies investigated links between gut microbiota and pediatric chronic kidney
disease.

Study Study Population Age (Years)
Alterations in Gut Microbiota and

Metabolites

Crespo-Salgado et al.,
2016 [83]

8 HD, 8 PD, 10 transplant,
13 controls

Control: 9.5 (3–16), HD: 13.6
(8–17), PD: 11.9 (3–17), transplant:

13.2 (2–18)

↓ Alpha diversity in PD and transplant
↓ Phyla Firmicutes and Actinobacteria but ↑

family Enterobacteriaceae in PD
↑ Phylum Bacteroidetes in HD

↑ Plasma levels of p-cresyl sulfate and
indoxyl sulfate in HD and PD

Tsuji et al., 2018 [84] 12 INS, 11 controls Controls: 5.1, relapsing INS: 3,
non-relapsing INS: 4.3

↓ Butyrate-producing bacteria belonging to
Clostridium clusters IV and XIVa

↓ Fecal butyric acid level

Hsu et al., 2018 [85] 60 CKD stage 1
26 CKD stage 2–3

11.3 (7.2–15.5)
11.3 (7.2–15.5)

↓ Urinary levels of DMA and TMAO in CKD
stage 2–3 vs. CKD stage 1

↓ Genus Prevotella in CKD children with an
abnormal ABPM profile

Hsu et al., 2019 [86] 78 CKD stage 1–4 11.2 (7.4–15.2)

↑ Plasma levels of propionic acid and
butyric acid in CKD children with an

abnormal ABPM profile
↑ Phylum Verrucomicrobia, genus

Akkermansia, and species
↓ Bifidobacterium bifidum in CKD children

with CAKUT

Kang et al., 2019 [87] 20 INS 3.5 ± 2.1 ↑ Genera Romboutsia, Stomatobaculum and
Cloacibacillus after 4-week initial therapy

Hsu et al., 2020 [88] 115 CKD stage 1–4 11.3 (7.2–15.5)

↑ Plasma levels of DMA, TMA, and TMAO
in children with CKD stage 2–4 vs. CKD

stage 1
↓ Phylum Cyanobacteria, genera
Subdoligranulum, Ruminococcus,

Faecalibacterium, and Akkermansia in CKD
children with an abnormal ABPM profile

Yamaguchi et al.,
2021 [89] 20 INS

INS with probiotics: 6.4 (3.7–10.6),
INS without probiotics:

4.7 (3.5–7.8)
↓ Butyrate-producing bacteria

Data on age are presented as mean ± standard deviation or median (interquartile range); PD = peritoneal dialysis;
HD = hemodialysis; CKD = chronic kidney disease; INS = idiopathic nephrotic syndrome; CAKUT = congenital
anomalies of the kidney and urinary tract; DMA = dimethylamine; TMA = trimethylamine; TMAO = trimethylamine-
N-oxide; ABPM = 24 h ambulatory blood pressure monitoring.

The pediatric gut microbiome in a uremic milieu has been evaluated in a small group
of ESKD children who underwent hemodialysis (HD, n = 8), peritoneal dialysis (PD,
n = 8), or kidney transplant (n = 10) [83]. Alpha diversity was decreased in children
undergoing PD or transplant. ESKD children undergoing HD had increased abundance of
phylum Bacteroidetes. Children on PD had an increase in the abundance of phyla Firmicutes
and Actinobacteria but a decrease in abundance of family Enterobacteriaceae. Additionally,
children on HD or PD had increased plasma levels of microbiota-derived uremic toxins,
IS, and PCS [83]. A similar pattern of gut dysbiosis was reported in adult patients with
ESKD [69,70].

In another small group of children (n = 12) with idiopathic nephrotic syndrome (INS),
butyric acid level in the feces was decreased in relapsing INS children coinciding with
decreased abundance of butyrate-producing bacteria belonging to Clostridium clusters IV
and XIVa [84]. These microbes included Clostridium orbiscindens, Faecalibacterium prausnitzii,
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Eubacterium hallii, E. ramulus, E. rectale, E. ventriosum, Roseburia intestinalis, Eubacterium spp.,
and Butyrivibrio spp.

One study recruiting 60 children diagnosed with CKD stage 1 and 26 stage 2–3 chil-
dren showed that urinary levels of TMAO and dimethylamine (DMA, a metabolite of
TMAO) were lower in children with CKD stages 2–3 than CKD stage 1 [85]. Additionally,
the proportion of genus Prevotella was decreased in CKD children with blood pressure
(BP) abnormalities.

In 78 children and adolescents with CKD stage 1–4 and a median age of 11.2 years,
BP determined using 24 h ambulatory blood pressure monitoring (ABPM) was defined
out of range, and BP was related to increased plasma levels of propionic acid and butyric
acid [86]. Additionally, the abundance of phylum Verrucomicrobia, genus Akkermansia, and
species Bifidobacterium bifidum were higher in CKD children with CAKUT compared to
those with non-CAKUT.

In another study from our group, we recruited 115 children and adolescents with CKD
stages 1–4 [88]. We found plasma levels of DMA, trimethylamine (TMA), and TMAO higher
in children with CKD stage 2–4 vs. CKD stage 1. These data are consistent with previous
studies in CKD adults [90,91], showing that TMAO is increased in CKD and that there is a
negative association between circulating TMAO level and renal function. We also observed
that phylum Cyanobacteria, genera Subdoligranulum, Faecalibacterium, Ruminococcus, and
Akkermansia were decreased in CKD children stools with an abnormal ABPM profile.

CKD children with abnormal ABPM had a decreased proportion of genera Gemella,
Providencia, and Peptosreptoccocus. Of note is that these genera of bacteria are involved
in TMA production [92]. Accordingly, whether these microbes play a key role on the
development of hypertension via the TMA−TMAO metabolic pathway in CKD children
deserves further clarification.

In 20 children with INS who received oral prednisone therapy, abundance of gen-
era Romboutsia, Stomatobaculum, and Cloacibacillus was increased after a 4-week initial
therapy [87]. Another study recruited 20 children with INS and showed that probiotic
treatment protected against relapse and coincided with increases in butyrate-producing
bacteria and blood regulatory T cell (Treg) counts [89]. Considering gut microbiota shapes,
the Th17/Treg balance, and Th17 involved in renal inflammation, probiotic treatment may
have beneficial effects impacting the gut–kidney axis via immune regulation.

4. Gut Microbiota-Targeted Therapy

Recently, researchers have increasingly turned their attention on gut microbiota and its
derived metabolites as a potential target for therapeutics [81,82,93,94]. In clinical practice,
the most generally used gut microbiota-targeted therapies are probiotics and prebiotics.
Probiotics are live bacteria that have health benefits when administered [93]. Prebiotics can
promote the growth and activity of beneficial bacteria [93]. Synbiotics refer to a mixture
comprising probiotic and prebiotics that also confers a health benefit. Additionally, the
use of substances leased or produced through metabolism of the gut microbes, namely
postbiotics, have shown a positive effect on the host [94]. Another gut microbiota-targeted
therapy is fecal microbial transplantation (FMT). Although FMT is being broadly studied
in microbiome-associated pathologies [95,96], its potential application for the treatment
of CKD remains largely unknown. Moreover, treatment with oral intestinal absorbent
AST-120 can reduce microbiota-derived uremic toxins [97]. Although AST-120 treatment
has shown cardiovascular benefits in adult patients with CKD [98,99], its influence on
gut microbiota compositions and other CKD-related complications remains limited. A
summary of potential gut microbiota-targeted therapies in the treatment of developmental
programming of CKD and its comorbidities is illustrated in Figure 2.
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Figure 2. Schematic diagram of the potential gut microbiota-targeted therapy used for developmental
programming of chronic kidney disease.

4.1. Human Evidence in Pediatric CKD

To date, limited data are available to examine whether alterations of gut microbiota by
microbiota-targeted therapies can protect against CKD progression and its comorbidities in
the pediatric population. For example, Clostridium butyricum is a butyrate-producing bacte-
ria used as a probiotic [100]. Oral administration of Clostridium butyricum during remission
was reported to reduce the frequency of relapse and the need for immunosuppressive
agents in children with INS [89]. The protective effect of probiotic therapy was associated
with increases in butyrate-producing bacteria and Treg cells. On the other hand, animal
studies targeting gut microbiota to prevent the development of CKD and its associated
complications have produced some compelling evidence.

4.2. Animal Models of Early-Life Gut Microbiota-Targeted Therapy

Here, we list in Table 2 a summary of studies documenting gut microbiota-targeted inter-
ventions in animal models of CKD of developmental origins and its comorbidities [101–110].
The therapeutic duration is during fetal and childhood stages. The literature review states that
gut microbiota-targeted interventions used to prevent CKD and its comorbidities primarily
include probiotics, prebiotics, and postbiotics.

As shown in Table 2, rats are the dominant species used by experiments, and hyperten-
sion is the most commonly studied CKD-related comorbidity. A variety of early-life insults
can lead to structural and functional changes in the developing kidney by the so-called
renal programming [6]. Unlike in humans, kidney development in rats continues up to
postnatal week 1–2. According to DOHaD theory, adverse environmental insults during
pregnancy and lactation period can interrupt kidney development, resulting in renal pro-
gramming and adult kidney disease. Several models of renal programming have been
used to examine gut microbiota-targeted interventions in CKD of developmental origins,
such as maternal high-fructose diet [101,108], perinatal high-fat diet [102,107,109], perinatal
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) exposure [103], maternal adenine-induced
CKD [104], maternal TMAO and ADMA exposure [105], and maternal high-fructose diet
and TCDD exposure [110].
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Table 2. Summary of early-life gut microbiota-targeted therapies for CKD and its comorbidities.

Gut Microbiota-Targeted Intervention Animal Models Species/Gender
Age at

Evaluation

Effects on CKD
and Its

Comorbidities
Reference

Probiotics

Daily oral gavage of Lactobacillus casei
rhamnosus (2 × 108 CFU/day) to mother rats

from pregnancy through lactation

Maternal
high-fructose diet SD rat/M 12 weeks Prevented

hypertension
Hsu et al.,
2018 [101]

Daily oral gavage of Lactobacillus casei
rhamnosus (2 × 108 CFU/day) to mother rats

from pregnancy through lactation
Perinatal high-fat diet SD rat/M 16 weeks Prevented

hypertension
Hsu et al.,
2019 [102]

Prebiotics

5% w/w long chain inulin to mother rats from
pregnancy through lactation

Maternal
high-fructose diet SD rat/M 12 weeks Prevented

hypertension
Hsu et al.,
2018 [101]

5% w/w long chain inulin to mother rats from
pregnancy through lactation Perinatal high-fat diet SD rat/M 16 weeks Prevented

hypertension
Hsu et al.,
2019 [102]

Resveratrol (50 mg/L) in drinking water to
mother rats from pregnancy through lactation

Perinatal TCDD
exposure model SD rat/M 12 weeks

Prevented renal
inflammation

and hypertension

Hsu et al.,
2021 [103]

Resveratrol (50 mg/L) in drinking water to
mother rats from pregnancy through lactation

Maternal
adenine-induced CKD SD rat/M 12 weeks Prevented

hypertension
Hsu et al.,
2020 [104]

Resveratrol (50 mg/L) in drinking water to
mother rats from pregnancy through lactation

Maternal TMAO and
ADMA exposure SD rat/M 12 weeks Prevented

hypertension
Hsu et al.,
2021 [105]

Resveratrol (50 mg/L) in drinking water to
mother rats from week 6 to week 12

Pediatric
adenine-induced CKD SD rat/M 12 weeks

Prevented renal
dysfunction and

hypertension

Hsu et al.,
2021 [106]

Resveratrol butyrate ester (25 mg/L or
50 mg/L) in drinking water to young rats

from week 6 to week 12

Pediatric
adenine-induced CKD SD rat/M 12 weeks

Prevented renal
dysfunction and

hypertension

Hsu et al.,
2021 [106]

Daily oral gavage of garlic oil (100
mg/kg/day) to mother rats from pregnancy

through lactation
Perinatal high-fat diet SD rat/M 16 weeks Prevented

hypertension
Hsu et al.,
2021 [107]

Postbiotics

Magnesium acetate (200 mmol/L) in drinking
water to mother rats from pregnancy

through lactation

Maternal
high-fructose diet SD rat/M 12 weeks Prevented

hypertension
Hsu et al.,
2019 [108]

1% conjugated linoleic acid to mother rats
from pregnancy through lactation Maternal high-fat diet SD rat/M 18 weeks Prevented

hypertension
Gray et al.,
2015 [109]

Others

1% DMB in drinking water to mother rats
from pregnancy through lactation

Maternal
high-fructose diet SD rat/M 12 weeks Prevented

hypertension
Hsu et al.,
2019 [108]

1% DMB in drinking water to mother rats
from pregnancy through lactation

Maternal high-fructose
diet and TCDD

exposure
SD rat/M 12 weeks Prevented

hypertension
Hsu et al.,
2020 [110]

Studies tabulated according to types of intervention, animal models, and age at evaluation.
TCDD = 2,3,7,8-tetrachlorodibenzo-p-dioxin; CKD = chronic kidney disease; TMAO = trimethylamine-N-oxide;
ADMA = asymmetric dimethylarginine; SD = Sprague-Dawley rat; DMB = 3,3-maternal dimethyl-1-butanol.

Taking the example of the maternal high-fructose diet model, high-fructose intake
during pregnancy and lactation modified over 200 renal transcripts from nephrogenesis
stage to adulthood [111]. Using whole-genome RNA next-generation sequencing (NGS),
high-fructose-induced alterations of the renal transcriptome were reported in kidneys from
1-day-, 3-week-, and 3-month-old male offspring. NGS identified genes in arachidonic acid
metabolism (Cyp2c23, Hpgds, Ptgds and Ptges) that contribute to renal programming and
hypertension. Notably, this renal programming model has been used to examine the repro-
gramming effects of gut microbiota-targeted therapy on fructose-induced developmental
programming [112]. Since the above-mentioned renal programming models have been
established and linked to adverse renal outcomes in adult offspring, readers are referred to
original references. There was only one study conducting an adenine-induced pediatric
CKD model to determine the effects of probiotic resveratrol on CKD progression [106].
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Review elsewhere showed that several probiotic microorganisms and prebiotics have
benefits on adult CKD [81,82], while there was only very limited evidence regarding their
role on CKD of developmental origins. Supplementation with Lactobacillus casei rhamnosus
from pregnancy through lactation protected adult male rat progeny against hypertension
programmed by a maternal high-fructose diet [101] or perinatal high-fat diet [102].

Additionally, inulin as a prebiotic has been examined for its protective effect in hy-
pertension of developmental origins [101,102]. In a high-fat model [102], we previously
demonstrated that inulin treatment protected against hypertension in adult rat offspring
coinciding with alterations of the gut microbiota, particularly increasing the abundance
of Lactobacillus, a well-known probiotic strain. Likewise, perinatal supplementing to rat
dams with inulin protected adult offspring against maternal high-fructose diet-induced
hypertension, which coincided with an increased plasma level of propionic acid [102].

Resveratrol can modulate gut microbiota composition, undergo biotransformation to
activate metabolites via the intestinal microbiota, affect gut barrier function, modify the
Firmicutes to Bacteroidetes (F/B) ratio, and reverse the gut microbial dysbiosis [113–116].
With a prebiotic effect for gut microbes, increasing evidence supports the beneficial effects
of resveratrol on many diseases, including CKD [117,118]. One study revealed that peri-
natal resveratrol therapy could protect adult offspring against hypertension and CKD of
developmental origins [119]. Studies using a maternal TCDD exposure rat model showed
TCDD-induced renal hypertrophy and hypertension in adult progeny, and both are key
features of early CKD. TCDD-induced hypertension is associated with activation of AHR
signaling, induction of TH17-dependent renal inflammation, and alterations of gut micro-
biota compositions [103]. Conversely, the induction of AHR- and TH17-mediated renal
inflammation could be counterbalanced by perinatal resveratrol supplementation. The
beneficial effects of resveratrol are associated with reshaping the gut microbiome by aug-
menting microbes that can inhibit TH17 responses and reduce the F/B ratio, a microbial
marker of hypertension [14]. In a maternal CKD model, adult offspring developed renal
hypertrophy and hypertension [104]. Perinatal resveratrol therapy protected hyperten-
sion, coinciding with the restoration of microbial richness and diversity and an increase
in Lactobacillus and Bifidobacterium [104]. Similar to TMAO, asymmetric dimethylarginine
(ADMA) is a well-known uremic toxin [120]. Another study using a maternal TMAO plus
ADMA exposure model demonstrated that adult offspring born to dams exposed to uremic
toxins had renal dysfunction and hypertension [105]. Conversely, maternal treatment with
resveratrol rescued hypertension induced by TMAO plus ADMA exposure, accompanied
by increased butyrate-producing microbes and fecal butyric acid level.

Of note is that the low bioavailability of resveratrol diminishes its efficacy and clin-
ical translation [121]. Accordingly, we produced resveratrol butyrate ester (RBE) via the
esterification of resveratrol with the SCFA butyrate to improve the efficacy [122]. Using
a pediatric CKD model [85], we recently found low-dose RBE (25 mg/L) is as effective
as resveratrol (50 mg/L) in protecting against hypertension and renal dysfunction. The
beneficial effects of RBE include regulation of SCFA receptors, decreased AHR signaling,
and increased abundance of the beneficial microbes Blautia and Enterococcus.

Although there are many prebiotic foods, only garlic oil has shown beneficial effects
against high-fat diet-induced hypertension in adult progeny [106]. These effects include
increased α-diversity, increased plasma levels of acetic acid, butyric acid, and propionic
acid, and increased beneficial bacteria Lactobacillus and Bifidobacterium.

In addition to probiotics and prebiotics, postbiotics is another gut microbiota-targeted
therapy. Postbiotics include various components, such as microbial cell fractions, extracellu-
lar polysaccharides, functional proteins, cell lysates, extracellular vesicles, cell-wall-derived
muropeptides, etc. [94]. Nevertheless, very limited information exists regarding the use of
postbiotics in CKD. Acetate supplementation within gestation and lactation was reported
to protect offspring against high-fructose-diet-induced hypertension, a major complication
of CKD [108]. However, its protective effects on other complications of CKD are still
waiting for clarification. Another example of postbiotic use in hypertension of develop-
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mental origins is conjugated linoleic acid [109]. Linoleic acid is a gut microbial metabolite
derived from dietary polyunsaturated fatty acids (PUFA) [123]. Several gut microbes
have been identified as producing PUFA-derived intermediate metabolites [124]. Admin-
istration of PUFA-derived bacterial metabolites such as linoleic acid has been shown to
provoke anti-obesity and anti-inflammatory effects [125]. However, unlike probiotics and
prebiotics [126,127], currently there is a lack of a clear definition for postbiotics. Consider-
ing the complex nature of postbiotics [94], a clear definition is important for future research
from a regulatory perspective.

Moreover, there are other microbiota-related therapies applied for preventing CKD
and its comorbidities. Microbe-dependent TMA and TMAO formation can be inhibited
by 3,3-dimethyl-1-butanol (DMB), a structural analogue of choline [128]. Recently, two
studies reported that maternal oral administration of DMB protected hypertension in adult
rat progeny exposed to a maternal high-fructose diet [87] or high-fructose diet plus TCDD
exposure [110]. This was accompanied by affecting the metabolic pathway of TMA-TMAO
and reshaping gut microbiota [110].

As far as the multifaceted relationship between the gut and kidney, there might
be other potential approaches by which the gut microbiota might prevent CKD and its
associated complications. For example, RAS blockers are currently the most common
therapies used for renoprotection and antihypertension [129]. Considering drug-mediated
alterations in the gut microbiota compositions can have beneficial effects on the host [130],
a greater understanding of mechanisms driving drug–gut microbiota interactions might
aid in guiding the development of microbiota-targeted pharmacological interventions.
Together, early microbiota-targeted therapies, in the long term, may enable the capacity
to prevent the development of CKD and its comorbidities in a desired favorable direction.
However, there is an urgent need to identify and fill the knowledge gaps on gut microbiota-
targeted therapies between established CKD and CKD of developmental origins.

5. Conclusions and Perspectives

Mounting evidence in support of the link between gut microbiota and CKD starting in
early life is intriguing but incomplete. One major unsolved problem is the gap in published
child- and adult-focused clinical CKD research. Most pediatric CKD studies have limited
power due to a small sample size. Although substantial evidence indicates an association
between gut microbiota and CKD in adult patients with different stages of CKD and/or
various comorbidities, we still lack such information in the pediatric population. Therefore,
future work in large multicenter studies regarding CKD and its comorbidities is required
to enable the establishment of more robust true relationships in the pediatric population.

Prior research has indicated that the early-life gut microbiome might influence renal
programming and exert CKD in later life. Our review highlights the value of gut microbiota-
targeted therapies, if applied early, to help prevent CKD and its related complications.
Nevertheless, many probiotics and prebiotics used in adult CKD have not been examined
in childhood CKD yet, especially in CKD of developmental origins.

In conclusion, gut microbiota dysbiosis is a highly pathogenetic link in the develop-
ment of CKD and its comorbidities. After all of this significant growth in understanding of
the gut microbiota in the pathophysiology of pediatric CKD and its targeted interventions,
it may open new avenues for prevention of CKD in childhood or even earlier in fetal life.
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Abstract: Metabolic syndrome is a significant worldwide public health challenge and is inextricably
linked to adverse renal and cardiovascular outcomes. The inhibition of the transient receptor potential
cation channel subfamily C member 6 (TRPC6) has been found to ameliorate renal outcomes in the
unilateral ureteral obstruction (UUO) of accelerated renal fibrosis. Therefore, the pharmacological in-
hibition of TPRC6 could be a promising therapeutic intervention in the progressive tubulo-interstitial
fibrosis in hypertension and metabolic syndrome. In the present study, we hypothesized that the
novel selective TRPC6 inhibitor SH045 (larixyl N-methylcarbamate) ameliorates UUO-accelerated
renal fibrosis in a New Zealand obese (NZO) mouse model, which is a polygenic model of metabolic
syndrome. The in vivo inhibition of TRPC6 by SH045 markedly decreased the mRNA expression of
pro-fibrotic markers (Col1α1, Col3α1, Col4α1, Acta2, Ccn2, Fn1) and chemokines (Cxcl1, Ccl5, Ccr2) in
UUO kidneys of NZO mice compared to kidneys of vehicle-treated animals. Renal expressions of
intercellular adhesion molecule 1 (ICAM-1) and α-smooth muscle actin (α-SMA) were diminished in
SH045- versus vehicle-treated UUO mice. Furthermore, renal inflammatory cell infiltration (F4/80+
and CD4+) and tubulointerstitial fibrosis (Sirius red and fibronectin staining) were ameliorated
in SH045-treated NZO mice. We conclude that the pharmacological inhibition of TRPC6 might
be a promising antifibrotic therapeutic method to treat progressive tubulo-interstitial fibrosis in
hypertension and metabolic syndrome.

Keywords: TRPC6; UUO; NZO mice; inflammation; fibrosis; CKD; SH045
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1. Introduction

Chronic kidney disease (CKD) is characterized by progressive loss of kidney function.
The main risk factors of developing CKD are the combination of obesity, diabetes and
hypertension, which is commonly referred to as metabolic syndrome. Other contributors
are autoimmune diseases (e.g., glomerulonephritis), environmental exposures and genetic
risk factors [1,2]. Morphologically, persistent low-grade renal inflammation and tubuloin-
terstitial fibrosis are key hallmarks of CKD [3,4]. The complex interplay of fibroblasts,
lymphocytes, tubular, and other cell types in the kidney lead to excessive extracellular
matrix deposition and the further deterioration of renal function [5,6]. Although unspe-
cific treatments strategies are available (e.g., medications lowering blood pressure), CKD
progression is still poorly controlled.

In recent years, novel drug targets, such as transient receptor potential cation channel,
subfamily C, and member 6 (TRPC6), emerged [7,8]. TRPC6 mutations lead to glomerular
injury and proteinuria, presumably involving the Ca2+ signaling pathway and resulting
in progressive kidney failure [9–12]. Both TRPC6 gain-of-function and loss-of-function
cause familial forms of focal segmental glomerulosclerosis (FSGS) [11,13]. Interestingly, in a
murine model of kidney injury (unilateral ureteral obstruction (UUO)), Trpc6−/− deficiency
and pharmacological blockade with BI-749327 ameliorated renal fibrosis in C57BL/6J
mice [7,8]. Remarkably, these beneficial effects were not observed in the acute stage of
kidney injury (AKI) [14]. Thus, TRPC6 inhibition may have effects on renal fibrogenesis
during AKI-to-CKD transition. Given this state of affairs, TRPC6 inhibition seems to
represent a promising new therapeutic approach to combat progressive renal failure since
it potentially affects CKD at later stages after kidney injury. However, it is unknown
whether TRPC6 inhibition is effective for inhibiting progressive tubulo-interstitial fibrosis
in hypertension and metabolic syndrome.

Recently, by the chemical diversification of (+)-larixol originating from Larix decidua
resin traditionally used for inhalation, its methylcarbamate congener, named SH045, was
developed as a novel, highly potent, subtype-selective inhibitor of TRPC6 [15]. In the
present study, we hypothesized that this novel selective TRPC6 inhibitor (SH045) [15]
could ameliorate renal fibrogenesis in the New Zealand obese (NZO) mouse model, which
is a polygenic model of metabolic syndrome [16]. We studied the therapeutic effects of
the in vivo inhibition of TRPC6 by the novel blocker SH045 in the UUO mouse model of
accelerated renal fibrogenesis utilizing these mice.

2. Results

2.1. SH045 Treatment Does Not Affect Renal Function and Trpc Expression in UUO Model

To investigate the impact of in vivo TRPC6 inhibition on renal function, target molecules
and fibrosis, we performed UUO in the NZO mice. During the one week period, we admin-
istrated SH045 (TRPC6 inhibitor) or vehicle once daily (Figure 1A). After 7 days, urinary
tract obstruction led to hydronephrosis (Figure S1). Consistent with our previous findings,
Trpc6 expression significantly increased in UUO kidneys. SH045 affected neither Trpc6
mRNA expression nor the expression of other TRPC channels, including Trpc1, Trpc2, Trpc3
and Trpc4 (Figure 1B and Figure S2A–D). SH045 had no impact on renal function. Serum
creatinine (p = 0.1098; Figure 1B) and blood urea nitrogen (BUN) (p = 0.928; Figure 1C),
serum cystatin C, urine albumin, and urine albumin-to-creatinine ratio in SH045-treated
mice were unchanged (Figure 1D–F). In addition, we found no differences in serum levels of
glucose, sodium, potassium, ionized calcium, total CO2, hemoglobin, hematocrit, and anion
gap in SH045-treated animals compared to the vehicle group (Table S1). SH045-treated
mice exhibited a slightly higher serum chloride concentration (p = 0.047), albeit within the
normal physiological range.
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Figure 1. Impact of SH045 administration on renal function and Trpc6 expression in UUO model.
(A) Experimental design of unilateral ureteral obstruction (UUO) model. NZO mice were subjected
to UUO and then injected with SH045 (n = 11) or vehicle (n = 11) once every 24 h between day 0
and day 7. All mice were euthanized on day 7 after UUO surgery. (B) Renal mRNA levels of Trpc6

(control n = 10, UUO n = 11). Control group includes kidneys that were not subjected to the UUO.
(C) Serum levels of creatinine, (D) blood urea nitrogen, and (E) cystatin C in the experimental UUO
groups. (F) Urine albumin and (G) ratio of albumin to creatinine in the experimental UUO groups
(UUO vehicle n = 10–11, UUO SH045 n = 8–11). Data expressed as means ± SD. Two-way ANOVA
followed by Sidak’s multiple comparisons post hoc test. ** p < 0.01 and **** p < 0.0001 defined as
significant. ns, not statistically significant. AU, arbitrary units.

2.2. SH045 Treatment Does Not Alter Kidney Parenchymal Damage

Morphologically, UUO increased mesangial matrix deposition, leading to glomerular
hypertrophy, and tubular dilatation (Figure 2A–D). The expressions of renal damage
markers, kidney injury molecule-1 (Havcr1) and Lipocalin-2 (Lcn2), were increased in
UUO kidneys compared to control (Figure 2E,F). However, SH045 did not affect these
parameters in both UUO and control kidneys (Figure 2A–F). These results indicate that
TRPC6 inhibition per se has no impact on the damage to renal parenchyma (glomerular or
tubular) caused by UUO.
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Figure 2. SH045 impact on kidney histopathology after UUO. (A) Representative images of UUO-
injured glomerulus (magnification: 400×). Kidney sections were stained with periodic acid–Schiff
staining (PAS). (B) Quantification of glomerular damage (control n = 6, UUO n = 8). (C) Repre-
sentative images of UUO-injured tubules (magnification: 400×). Kidneys sections were stained
with periodic acid–Schiff staining (PAS). Arrows indicate tubular injury. Scale bars are 50 μm.
(D) Semi-quantification of tubular damage (control n = 6, UUO n = 8). (E) Renal mRNA levels of
kidney injury molecule 1 (Havcr1) and (F) Lipocalin 2 (Lcn2) (control n = 10, UUO n = 11). Data
expressed as means± SD. Two-way ANOVA followed by Sidak’s multiple comparisons post hoc
test. * p < 0.05, *** p < 0.001 and **** p < 0.0001 defined as significant. ns, not statistically significant.
AU, arbitrary units.

2.3. SH045 Treatment Ameliorates Renal Expression of Inflammatory Markers

Next, we measured the renal mRNA expression of inflammatory cytokines and
chemokines using qRT-PCR. The expression of inflammatory molecules was markedly
increased in kidneys subjected to UUO compared to control groups (Figure 3). The mRNA
expression of chemokine (C-X-C motif) ligand 1 (Cxcl1), chemokine (C-C motif) ligand
5 (Ccl5), and chemokine (C-C motif) receptor 2 (Ccr2) was significantly lower in UUO
kidneys of SH045-treated mice (SH045 UUO kidneys) compared to UUO kidneys of vehicle-
treated mice (vehicle UUO kidneys) (Figure 3A–C). The expressions of chemokine (C-C

122



Int. J. Mol. Sci. 2022, 23, 6870

motif) ligand 2 (Ccl2), chemokine (C-X-C motif) ligand 2 (Cxcl2), and intercellular adhesion
molecule 1 (Icam1) were increased in both SH045 UUO and vehicle UUO kidneys compared
to control kidneys, although there were no differences between SH045 UUO and vehicle
UUO kidneys (p = 0.056, p = 0.068 and p = 0.076, respectively) (Figure 3D–F). Furthermore,
immunofluorescence staining of ICAM-1 markedly increased in UUO kidneys in compar-
ison to control kidneys (Figure S3A–C). Additionally, the pharmacological inhibition of
TRPC6 by SH045 decreased ICAM-1 expression after UUO in comparison to vehicle-treated
kidneys (Figure S3A–C). Whereas ICAM1 expression was similar in the vessels of UUO
kidneys, vehicle-treated kidneys had a much higher expression in SH045-treated UUO
kidneys due to more ICAM-1-positive immune cell infiltration (Figure S3A).

Figure 3. SH045 impact on renal expression of inflammatory markers. (A) Renal mRNA levels of
chemokine (C-X-C motif) ligand 1 (Cxcl1), (B) chemokine (C-C motif) ligand 5 (Ccl5), (C) chemokine
(C-C motif) receptor 2 (Ccr2), (D) chemokine (C-C motif) ligand 2 (Ccl2), (E) chemokine (C-X-C motif)
ligand 2 (Cxcl2), and (F) intercellular adhesion molecule-1 (Icam1) (control n = 10, UUO n = 11). Data
expressed as means ± SD. Two-way ANOVA followed by Sidak’s multiple comparisons post hoc
test. * p < 0.05, ** p < 0.01, and **** p < 0.0001 defined as significant. ns, not statistically significant.
AU, arbitrary units.

2.4. SH045 Treatment Leads to Less Renal Immune Cell Infiltration

To evaluate inflammatory cell infiltration in UUO kidneys, we examined macrophages
and T cell presence using immunofluorescence. Kidney cross sections were immunolabelled
with the macrophage marker F4/80 and T cell marker CD4 as described previously [17].
As shown in Figure 4A,B, excessive CD4-positive cells infiltration was observed in renal
interstitium of UUO kidneys in comparison to control kidneys (Figure 4A,B). Similarly, the
number of F4/80-positive cells in UUO kidneys was also markedly increased compared to
control kidneys (Figure 4C,D). In accordance with ameliorated inflammatory cytokine and
chemokine expression, SH045 treatment decreased UUO-induced macrophage and T cell
infiltration (Figure 4A–D). Thus, these data suggest that TRPC6 inhibition reduces renal
inflammation in the UUO model of NZO mice.
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Figure 4. SH045 impact on renal inflammatory cell accumulation after UUO. (A) Representative
images of control and UUO-injured kidneys stained with CD4+ T cells (magnification: 400×). Rectan-
gles represent single-cell magnifications. Scale bars are 50 μm. (B) Quantification in renal infiltration
of CD4+ T cells (control n = 6, UUO n = 8). (C) Representative images of control and UUO-injured
kidneys stained with F4/80+ macrophages (magnification: 400×). Rectangles represent single-cell
magnifications. Scale bars are 50 μm. (D) Quantification in renal infiltration of F4/80+ macrophages
(control n = 6, UUO n = 8). Data expressed as means ± SD. Two-way ANOVA followed by Sidak’s
multiple comparisons post hoc test. * p < 0.05, *** p < 0.001, and **** p < 0.0001 defined as significant.
ns, not statistically significant. AU, arbitrary units.

2.5. SH045 Treatment Reduces Renal Expression of Fibrotic Markers

Since progressive fibrosis is a typical lesion occurring after UUO [18], we examined
the impact of SH045 administration on renal fibrosis. We measured the renal mRNA
expression of pro-fibrotic markers, including collagen I (Col1a2), collagen III (Col3a1),
collagen IV (Col4a3), α-smooth muscle actin (Acta2), connective tissue growth factor (Ccn2),
and fibronectin (Fn1). All these fibrosis-associated genes were upregulated after UUO
(Figure 5A–F). Notably, SH045 treatment significantly reduced Col1a2, Col3a1, Col4a3, Acta2,
Ccn2, and Fn1 expressions in the UUO kidney (Figure 5A–F).
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Figure 5. SH045 impact on expression of renal fibrotic markers UUO. (A) Renal mRNA levels of
collagen type I α 1 (Col1α2), (B) Collagen type III α 1 (Col3α1), (C) Collagen type IV α 1 (Col4α1),
(D) α-Smooth muscle actin (Acta2), (E) Connective tissue growth factor (Ccn2), and (F) Fibronectin
(Fn1) (Control n = 10, UUO n = 11). Data expressed as means ± SD. Two-way ANOVA followed
by Sidak’s multiple comparisons post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001
defined as significant. ns, not statistically significant. AU, arbitrary units.

To further confirm our qPCR data, Sirius red (SR) and fibronectin immunofluorescence
staining was performed. Control kidneys exhibited small SR-positive (+) areas. In contrast,
UUO kidneys displayed markedly increased SR+ areas compared to control kidneys, indi-
cating that UUO caused considerable collagen deposition (Figure 6A,B). SH045 effectively
decreased this collagen deposition (Figure 6A,B). Similarly, immunofluorescence staining re-
vealed increased fibronectin deposition and chromogenic immunohistochemistry increased
α-smooth muscle actin (α-SMA) expression in UUO kidneys in comparison to control
kidneys, which were reduced by SH045 treatment (Figure 6C–F). Taken together, these
data suggest that renal fibrosis and inflammatory reactions are ameliorated in response to
in vivo TRPC6 inhibition by SH045.

Figure 6. Cont.
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Figure 6. SH045 impact on renal fibrogenesis after UUO. (A) Representative images of control and
UUO-injured kidneys stained with Sirius red (magnification: 400×). Scale bars are 50 μm. (B) Semi-
quantification in renal Sirius red+ area proportion (control n = 6, UUO n = 8). (C) Representative
images of control and UUO-injured kidneys stained with fibronectin (magnification: 400×). Scale
bars are 50 μm. (D) Quantification in fibronectin+ area (control n = 6, UUO n = 8). (E) Representative
images of control and UUO-injured kidneys stained with α-SMA (magnification: 400×). Scale bars
are 50 μm. (F) Quantification of α-SMA+ staining (control n = 6, UUO n = 8). Data expressed as
means ± SD. Two-way ANOVA followed by Sidak’s multiple comparisons post hoc test. * p < 0.05,
** p < 0.01, and **** p < 0.0001 defined as significant. ns, not statistically significant.

3. Discussion

Renal fibrosis is the final common outcome of progressive CKD, which is often ob-
served in metabolic syndrome [19]. To date, there are few clinical treatments that success-
fully target fibrosis in CKD. Thus, developing new drug treatments is the current focus.
Increasing evidence indicates that TRPC6 could play a critical role in kidney fibrosis [20].
In our previous study using Trpc6–/– mice, we found that TRPC6 deficiency ameliorated
renal fibrosis and immune cellular infiltration in the UUO model [7]. However, the results
were difficult to interpret due to confounding genomic and non-genomic effects of other
TRPC channels, e.g., TPRC1, TRPC3, TRPC4 and TRPC5. Previous studies identified SH045
(larixyl N-methylcarbamate) as a novel, highly potent, subtype-selective inhibitor of TRPC6
channels [15]. In our previous study, we found that the in vivo inhibition of TRPC6 by
SH045 had no effects on acute kidney injury (AKI) [14]. However, there are no studies on
the effects of SH045 in kidney fibrosis. In the present study, we tested the hypothesis that
SH045 ameliorates UUO-accelerated renal fibrosis in NZO mice.

Our results show that SH045 ameliorates fibrotic processes in UUO kidneys. Ex-
pressions of all investigated fibrosis or fibrosis-related genes were ameliorated by SH045
treatment. The histological assessment of deposited collagen and extracellular matrix
protein confirmed the expression data of the genes. Of note, renal fibrosis arises after an
insult, whereas resident kidney fibroblasts and cells of hematopoietic origin differentiate
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into myofibroblasts [21–23]. Myofibroblasts acquire a contractile/proliferative phenotype
upon activation by profibrotic factors and become principal kidney collagen-producing
cells [24]. Considerable evidence indicates that renal inflammation plays a central role
in the initiation and progression of fibrosis [19]. Myofibroblasts are regulated by a vari-
ety of means, including paracrine signals derived from lymphocytes and macrophages.
Critical chemokines recruiting macrophages and lymphocytes are CCL2/CCR2, CCL5,
and CXCL1/2. ICAM-1 is an endothelial- and leukocyte-associated transmembrane pro-
tein in facilitating leukocyte endothelial transmigration [25]. Interestingly, our results
show that SH045 inhibits the overexpression of these chemokines and the infiltration of
numerous immune cells, suggesting that TRPC6 inhibition may antagonize renal fibrosis
by affecting inflammatory processes. TRPC6 is expressed in a wide range of cell types,
including neutrophils, lymphocytes, platelets and the endothelium, which might be a
modulator of tissue susceptibility to inflammatory injuries [26,27]. Some studies suggested
that TRPC6 channels may enhance chemotactic responses by increasing Ca2+ concentra-
tion, which promotes actin-based cytoskeleton remodeling [28,29]. Furthermore, Ca2+

currents within T-lymphocytes are influenced by TRPC6, which can affect the function of
T-lymphocytes [30]. Novel myeloid cell subsets could be targeted to ameliorate injury or
enhance repair, including an Arg1+ monocyte subset present during injury and Mmp12+
macrophages present during repair [31]. It is intriguing to speculate that TRPC6 inhibition
might ameliorate fibrotic processes in UUO kidneys by modulating the function(s) of theses
cell types.

On the other hand, TRPC6 was also reported to contribute to fibroblast transdifferen-
tiation and healing in vivo [32]. Thus, the beneficial effects of TRPC6 inhibition seen in the
UUO model might also involve fibroblasts. A TPRC6 blockade may decrease Ca2+ dependent
activation of MEK/ERK signaling pathway [33]. Of note, this pathway was implemented in
the detrimental differentiation and expansion of kidney fibroblasts [34]. The inhibition of the
ERK1/2 pathway by trametinib ameliorated UUO-induced fibrosis through the mammalian
target of rapamycin complex 1 (mTORC1) and its downstream targets.

In the present study, SH045 did not affect renal function parameters in 7-day-UUO
mice, which is not surprising. In this short-term UUO model, the kidney function of
contralateral undamaged kidney remained preserved and compensated for the loss of the
obstructed kidney at the early stage [35]. We used the NZO inbred obese mouse strain,
which carries susceptibility genes for diabetes and hypertension, conditions similar to
metabolic syndrome and CKD in humans [36]. Our data observed in UUO induced fibrosis
in NZO mice, and thus might be of importance in mimicking human CKD pathophysiology.

Renal fibrosis involves complex interactions among multiple cells and cytokine signal-
ing pathways. Further studies of the TRPC6 modulation of renal fibrosis using single-cell
RNA sequencing could help to better understand the exact mechanism(s) of action in the dif-
ferent cell types. Single-cell RNA sequencing enables the precise discrimination of specific
cell type(s) or cell state(s) enriched in certain conditions (e.g., UUO) [31]. Thus, selecting
cellular labels based on gene expression markers could represent a novel approach to
determine cell type(s) or cell state(s) predominantly influenced by the inhibition of TRPC6
(by SH045) in the UUO model. Understanding the mechanisms behind TRPC6-induced
fibrogenesis is essential for developing novel therapies to slow the progression of CKD.

Our study demonstrates that the in vivo administration of SH045 ameliorates immune
cell infiltration and fibrosis in NZO mice subjected to UUO, which makes SH045 a promising
therapeutic drug strategy in CKD treatment for metabolic syndrome.

4. Materials and Methods

4.1. Animals

Male NZO mice (n = 22, NZO/BomHIDife genetic background) from Max-Rubner-
Laboratory, German Institute of Human Nutrition Potsdam-Rehbrücke (Nuthetal, Ger-
many) were used. These mice had increased weight (45.90 ± 4.11g b.w) and were previously
characterized [7]. Mice were held in specific-pathogen-free (SPF) condition, in a 12:12 h
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light–dark cycle, with free access to food and drinking water. All experimental proce-
dures were approved by the Berlin Animal Review Board, Berlin, Germany and followed
the restrictions in the Berlin State Office for Health and Social Affairs (LaGeSo) [37]. All
experiments were performed in accordance with ARRIVE guidelines [38].

4.2. UUO Model

UUO mouse model was performed as described earlier [7]. Briefly, NZO mice were
anaesthetized by isoflurane (2.2%) supplied with air flow at approximately 350 mL/min.
During the surgery mice were placed on a heating pad to prevent hypothermia. Preemptive
analgesia with carprofen (5–10 mg/kg b.w) was subcutaneously used. Body temperature
was maintained at 37.5 ◦C and monitored during surgery using a temperature controller
with a heating pad (TCAT–2, Physitemp Instruments, Clifton, NJ, USA). In deep anesthesia,
the anterior abdominal skin was shaved. Then, a midline laparotomy was conducted
via an incision of the avascular linea alba, and the left ureter was exposed from left side.
The ureter was then ligated twice close to the renal pelvis using a 5–0 polyglycolic acid
(PGA) suture wire (Resorba®, Nürnberg, Germany). The linea alba and skin were closed
separately. The wound was sanitized with a silver aluminium spray (Henry Schein®,
Berlin, Germany), and 0.5 mL of warm (37 ◦C) isotonic sodium chloride solution was
intraperitoneally injected. Subsequently, each mouse was placed in a cage in front of an
infrared (IR) lamp and monitored until they recovered consciousness. For the following
two days, mice received carprofen (2.5 mg/mL) in their drinking water (1:50) with a final
concentration of 0.05 mg/mL. After surgery mice had free access to drinking water and
chow. Seven days after UUO surgery, mice were sacrificed by overdose of isoflurane and
cervical dislocation. The blood samples were collected for further analysis and left kidneys
were removed immediately. The kidneys were divided into three portions. Upper part
of the kidney tissue was frozen in isopthane. Middle part of kidney was immersed in 4%
phosphate–buffered saline (PBS)-buffered formalin for histological assessment. The other
left tissue was snap frozen in liquid nitrogen for RNA preparation.

4.3. TRPC6 Inhibitor

SH045 (Larixyl-6-N-methylcarbamate) was previously described [15]. SH045 was ini-
tially dissolved in DMSO (final concentration of DMSO is 0.5%) and then in 5% Cremophor
EL® solution with 0.9% NaCl and used for intraperitoneal injection (i.p.). Mice subjected to
UUO were treated with SH045 (20 mg/kg once per day, i.p.) or vehicle daily until day 7
after surgery.

4.4. Blood Measurements and Drugs

The blood measurements of sodium, potassium, chloride, ionized calcium, total carbon
dioxide, glucose, urea nitrogen, creatinine, hematocrit, hemoglobin, and anion gap were
performed at endpoint. Nighty-five microliters of blood were taken from the facial vein,
and parameters were measured using i-STAT system with Chem8+ cartridges (Abbott
GmbH, Wiesbaden, Germany).

4.5. Quantitative Real-Time (qRT)-PCR

The qRT-PCR was performed as previously described [7]. Briefly, total mRNA from
mice was isolated from snap-frozen kidneys using RNeasy RNA isolation kit (Qiagen,
Australia), according to the manufacturer’s instructions. The concentration and quality of
RNA were determined by NanoDrop-1000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). Next, RNA was transcribed to cDNA using a reaction kit (Applied
Biosystems, Waltham, MA, USA). Quantitative analysis of target marker was performed
with qRT-PCR using the relative standard curve method. TaqMan or SYBR green analysis
was conducted by using an Applied Biosystems 7500 Sequence Detector (Applied Biosys-
tems, Waltham, MA, USA). The expression levels were normalized to 18S rRNA. All primer
sequences are provided in Table S2.
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4.6. Kidney Histopathology

Histological kidney assessment was performed as previously reported [39]. Formalin-
fixed, paraffin-embedded sections (2 μm) of kidneys were subjected to periodic acid–Schiff
(PAS) and Sirius red (SR) staining. The PAS reaction visualized the basement membranes
of the capillary loops of the glomeruli, through which the glomerular damage can be
evaluated [7]. In each group, 10 fields of view were randomly selected from each kidney
sample section under a 400× magnification, and the average ratio of glomerular section
area to total area within the view was calculated using the software ImageJ. SR staining
allows for a quantification of interstitial fibrosis. The severity of tubule interstitial fibrosis
was graded from 0 to 3 according to the distribution of lesions: 0, no lesion; 1, less than
20%; 2, 20–50%; 3, more than 50% [40]. Semi-quantitative glomerular damage and renal
fibrotic scoring were performed in a blinded manner at 400× magnification per sample.
All measurements were repeated three times.

4.7. Immunofluorescence and Immunohistochemistry

We performed immunostaining as previously described [7,41]. Immunofluorescence
or immunohistochemistry was performed on 3-μm ice-cold acetone-fixed cryosections of
kidneys using the following primary antibodies: anti-fibronectin, anti-CD4, anti-F4/80, anti-
ICAM-1, anti-α-SMA (AbD Serotec, Oxford, UK). For indirect immunostaining, non-specific
binding sites were blocked with 10% normal donkey serum for 30 min. Then, sections were
incubated with the primary antibody for 1 h at room temperature or overnight at 4 °C.
All incubations were performed in a humid chamber. For fluorescence visualization of
bound primary antibodies, sections were further incubated with Cy3-conjugated secondary
antibodies (Jackson Immuno Research, WG, USA) for 1 h in a humid chamber at room
temperature. Slides were analyzed using a Zeiss Axioplan-2 imaging microscope with
the computer program AxioVision 4.8 (Zeiss, Jena, Germany). For immunohistochem-
istry, after incubation with the primary antibody directed against α-SMA, biotinylated
secondary antibody (Dako REAL™ EnVision™; Dako Denmark A/S, Glostrup, Denmark)
was used. Immunohistochemical positive staining was consecutively revealed by the 3,3′-
Diaminobenzidine Peroxidase Substrate Kit (Dako REAL™ EnVision™; Dako Denmark
A/S, Glostrup, Denmark) in accordance with the manufacturer’s instructions.

Quantitative analyses of infiltrating cells (CD4+ and F4/80+) and fibroblasts (α-SMA+)
were counted in 15 non-overlapping, randomly chosen fields per kidney section under a
400× magnification. The average ratio of the fibronectin or ICAM-1-labeled area to the
total area in the view (400×) was calculated using the software ImagJ (NIH, Bethesda, MD,
USA). In addition, ICAM-1 expression was also analyzed using software ImagJ to calculate
the mean gray value (integrated density to area).

4.8. Statistics

Statistical analysis was performed using GraphPad 5.04 software. Study groups were
analyzed by two-way ANOVA using Sidak’s multiple comparisons post hoc test. Data are
presented as mean ± SD. p values < 0.05 were considered statistically significant.

Supplementary Materials: The following are available online at: https://www.mdpi.com/article/
10.3390/ijms23126870/s1.
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Abstract: Marinobufagenin (MBG) is a member of the bufadienolide family of compounds, which are
natural cardiac glycosides found in a variety of animal species, including man, which have different
physiological and biochemical functions but have a common action on the inhibition of the adenosine
triphosphatase sodium-potassium pump (Na+/K+-ATPase). MBG acts as an endogenous cardiotonic
steroid, and in the last decade, its role as a pathogenic factor in various human diseases has emerged.
In this paper, we have collated major evidence regarding the biological characteristics and functions
of MBG and its implications in human pathology. This review focused on MBG involvement in
chronic kidney disease, including end-stage renal disease, cardiovascular diseases, sex and gender
medicine, and its actions on the nervous and immune systems. The role of MBG in pathogenesis and
the development of a wide range of pathological conditions indicate that this endogenous peptide
could be used in the future as a diagnostic biomarker and/or therapeutic target, opening important
avenues of scientific research.

Keywords: Marinobufagenin (MBG); chronic kidney disease; end-stage renal disease (ESRD); nervous
and immune systems

1. Introduction

This review focuses on the recent discoveries on the role of Marinobufagenin (MBG)
in CV and kidney diseases. MBG is one of the more interesting molecules belonging
to the family of bufadienolides. They are part of the cardiac glycoside [1–3] group of
molecules that have significant physiological and biochemical differences but share the
ability to inhibit the adenosine triphosphatase sodium–potassium pump (Na+/K+-ATPase),
an enzyme which is ubiquitous in cell membranes. They play a role in positive cardiac
inotropism, as they have natriuretic and vasoconstrictive properties. Bufadienolides were
initially found in several animal species, characterized by different phylogeny, suggesting
their relevance in evolution (Table 1). We highlight, in particular, the role of MBG as
a cardiotonic steroid in humans, as they have relevant roles in many different clinical
conditions characterized by body fluid volume expansion, such as pre-eclampsia (PE),
hypertension, heart failure and chronic kidney disease (CKD) (Table 2). In recent years, a
growing interest has emerged in its role as a novel potential biomarker for cardiovascular
(CV) disease.
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2. Biochemical Structure and Production

The cardiac glycosides include bufadienolides and cardenolides, which substantially
differ from each other in both biochemical structure and the cellular [1,2] mechanism of
action. Bufadienolides are steroid compounds with a δ-lactone ring at carbon C17, primarily
synthesized from cholesterol as a precursor via the mevalonate-independent pathway [28].
They have a double unsaturated six-membered lactone ring while cardenolides have an
unsaturated five-membered lactone ring [29]. However, at present, the bufadienolide
biosynthesis mechanism is still unknown [26].

Bufadienolides are found in both animals and plants [30,31] and those of mammalian
origin are produced by the placenta [32] and adrenal cortex [33] under the control of
the bile acid CYP27A1 enzyme, although other production sites cannot be excluded [34].
Bufadienolides are eliminated unchanged via renal excretion [13]. The bufadienolides are
so named because they are extracted from the venom of a common toad, bufo marinus or
rhinella marina, both members of the Bufonidae family [35]. Skin [36] and parotoid gland
secretions [37] of bufo marinus are considered the main natural sources of MBG. This toad
species is native to South and Central America and has remained almost unchanged since
the late Miocene period. Later, the species was introduced to Australia and the Oceanian
islands and is currently one of the worst invasive species in many countries. Both sexes of
the Bufo species possess huge parotid glands, stretching through the retro-orbital level and
releasing a venom composed of different types of molecules, such as alkaloids, peptides,
biogenicamines, steroids (bufogenins and bufotoxins) and proteins [38–40], which have
antimicrobial activity and a defense action against potential predators [41–43]. The chemical
and pharmacological characteristics of the secretions from the parotid gland and skin of the
family Bufonidae have been studied for some time [44], and as early as 1972, 50 compounds
were recognized in 39 species collected from different locations around the world [45].

Mechanism of Action

The most studied of the bufadienolides is MBG, an endogenous mammalian natriuretic
and cardiotonic compound with vasoconstrictive effects [1,46,47], which has a great affinity
for the α1 isoform of Na+/K+-ATPase [48], the main form of the enzyme present in renal
tubules [1]. In contrast, cardenolides act primarily on the α2 and α3 isoforms [48]. The
Na+/K+-ATPase consists of an alpha subunit with catalytic action together with binding
sites for ATP, cardiotonic steroids (CTS) and other ligands, as well as a beta subunit. Four α
isoforms and three β isoforms are known for this enzyme. The α1β1 complex is largely
present in various tissues, and the α2 isoform is mainly present in cardiac, smooth muscle
and cerebral tissues. One of the peculiarities of the bufadienolides is represented by the
fact that they exert a different action according to the receptor on which they act [49].
Currently, the Na+/K+-ATPase is recognized as having three major functions: as a pump,
as an enzyme and as a receptor to cardiotonic steroids [50]. A “signalling” function has
also been recognized, whereby the plasmalemmal Na+/K+-ATPases reside in the caveolae
of cells with other key signaling proteins [51,52]. Indeed, two distinct pathways of MBG
action have been described, by which MBG acts on the Na+/K+-ATPase [50]. According
to the first (defined as the ionic pathway), MBG causes an altered transmembrane ion
transport by inhibiting the Na+/K+ ATPase, and this, in the kidney, results in natriuresis
as a physiological response to sodium load [4,46,53]. The inhibition of Na+/K+-ATPase
in the vascular smooth muscle cells induces vasoconstriction [54,55] through an increase
in intracellular sodium concentration and the concomitant reversal of the function of the
vascular Na+/Ca++-exchanger. This results in an increased calcium influx within smooth
muscle cells, consequently causing the further release of calcium from the sarcoplasmic
reticulum. The result is vasoconstriction secondary to the actin–myosin interaction [50,56].
The second mode of action (the signaling function) can cause the activation of several
intracellular signals, such as mitogen-activated protein kinases (MAPK) and reactive oxygen
species (ROS) inducing fibrosis [50,57]. MBG has been suggested to cause cardiac [57,58]
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and vascular [57,59] fibrosis, simply through the activation of the above intracellular
signaling cascades.

The inhibition of Na+/K+ ATPase, caused by MBG, has different effects, depending
on the tissue in which it occurs. For example, in renal tubules, it stimulates natriuresis
and, at the level of the proximal tubule, it promotes the internalization of the sodium
pump with a reduction in the expression of the transport protein Na+/H+ (NHE3) in the
apical membrane of the renal proximal tubule [60]. MBG, after binding to the enzyme
Na+/K+-ATPase, slowly dissociates to induce the endocytosis of this enzyme. This reduces
sodium absorption and increases sodium excretion in the proximal renal tubule. By de-
creasing the amount of Na+/K+-ATPase available, it also decreases the ability to respond
to changes in Na+ and water, leading to the promotion of water retention and volume
expansion [61]. In mammals, sodium stimulates the synthesis and secretion of MBG via
the angiotensin/sympathetic pathway [34]. Indeed, increased sodium intake promotes
angiotensin II, aldosterone and sympathetic nervous system synthesis, resulting in the
stimulation of adrenal MBG synthesis and secretion [62].

In healthy young adults, 24 h urinary MBG values were strongly linked with habitual
salt intake. This is confirmed by data derived from studies in rats, whose stimulation of
MBG through the intake of Na+ or the infusion of MBG leads to cardiac hypertrophy and
vascular fibrosis [24]. In one study, a four-week administration of MBG in rats caused a
significant increase in plasma aldosterone and increased systolic blood pressure values.
In another study on rats, MBG infusion caused renal fibrosis, subsequently attenuated by
passive immunization and improving renal function [59,63]. The use of mineralocorticoid
receptor antagonists (MRA) has also been shown to have a preventive effect on MBG-
induced fibrosis by occupying the binding sites of the endogenous cardiotonic steroids [64].

With regard to profibrotic pathways, Drummond et al. [65] reported possible opposite
relationships between MBG and the antifibrotic microRNA miR-29b-3p, which emerged
from the regulation of cardiac fibrosis in a CKD murine model, because of the Na+/K+-
ATPase signaling involvement in miR-29b-3p regulation. Similar results were observed
in another study conducted in cardiac fibroblasts [66,67], in which cardiac tissue was
obtained from rats treated with MBG or partial nephrectomy surgery, showing opposite
trends between MBG and miR-29b-3p expression in relation to collagen expression and
thereby the extent of fibrosis. All together, these data indicated that CTS mediate the
Na+/K+-ATPase signaling-induced regulation of miR-29b-3p expression. The mechanistic
phenomena underlying this crosstalk is still yet to be totally defined and are probably due
to the convergent action on molecules and kinases common to several pathways.

3. Extraction Techniques

Several methods for assaying these compounds have been studied, mainly for the
purpose of monitoring certain drugs used in traditional Chinese medicine. The main issue
concerns the difficulty of obtaining access to standard material for the setup and validation
of analytical methods required for MBG measurement [68–72]. Generally, bufadienolides
are extracted through solvent treatment from the dry or fresh skin and secretions of toads.
More often, chlorinated and non-chlorinated organic solvents or alcohols are used and
various techniques have been developed to separate MBG from other solutes, such as classic
column chromatography, thin-layer chromatography, preparative-scale high performance
liquid chromatography (HPLC) and flash column chromatography [68,73–78].

One of the first extraction techniques to obtain MBG was described by Shimada et al. in
1979. He retrieved this extract by soaking 40 Bufo marinus toad skins in ethanol and then
dividing them into an ethyl–water acetate system. Later, the aqueous component was
broken down via chromatography on Amberlite XAD-4 to split the conjugated steroids.
The resulting fractions were purified via HPLC or gel chromatography on Sephadex LH-
20 [79]. A different technique used by Bagrov et al. was able to separate MBG from the
crystallized poison of Bufo marinus using thin layer chromatography. Today, the most
widely used method for chemical characterization is mass spectrometry, allowing us to
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differentiate these polar molecules based on their mass spectral fragmentation paths [28].
An ELISA enzyme test kit is available for the correct measurement of MBG. Enzymatic
reactions can be then quantified with an automatic photometer for microplates [20].

MBG has been extracted from human plasma and urine [8,25,80–83], and there is
the possibility of measuring MBG in 24h urine samples in the presence of other steroid
hormones, through solid-phase dissociation-enhanced lanthanide fluorescent immunoassay,
based on a 4G4 anti-MBG mouse monoclonal antibody [80].

4. Marinobufagenin and Chronic Kidney Disease

CKD is one of the most frequent medical conditions worldwide and, in the general
population, the CKD prevalence of all five KDIGO stages is 13.4% [84]. Low estimated
glomerular filtration rate (eGFR) is a strong, independent predictor of all-cause mortality
and CV diseases [85], which are the first cause of morbidity and mortality in nephro-
pathic patients. Their increased CV risk is related to both traditional (diabetes mellitus,
hypertension, etc.) and non-traditional uremia-specific risk factors [86–88]. Given the
high social, economic and health impact of CKD worldwide, new possible underlying
pathogenetic mechanisms and potential markers that may allow the early identification of
the development of this complex and multifaceted disease are always being investigated.

It has been shown that, in both animal models (rats and dogs) [5,89] and in humans [74]
with volume-expanding conditions, there are high plasma concentration levels of MBG.
Indeed, it has been widely demonstrated that MBG production increases in all conditions of
sodium and fluid retention, such as essential hypertension, heart failure, pre-eclampsia (PE),
salt-sensitive hypertension in Dahl salt-sensitive (DS) rats on a high NaCl intake [46,90]
and CKD.

The influence of MBG in CKD and its complications were initially evaluated in animal
models. Originally, the involvement of MBG in cardiac hypertrophy was investigated
in a remnant model of CKD [6,7]. In a series of investigations of these remnant kidney
models, it has been shown that the development of renal dysfunction is associated with an
increase in circulating concentrations of MBG [91]. On the other hand, other studies have
shown an increased collagen production through fibroblasts and subsequent fibrosis in
experimental uremic cardiomyopathy (UC) [9]. UC is characterized by an association with
left ventricular hypertrophy (LVH) and myocardial fibrosis [92]. The etiopathogenesis of
UC is extremely complex and involves several factors, such as hemodynamic overload, hy-
pertension, anemia, mineral and bone disorders, endothelial dysfunction, insulin resistance
and cardiotonic steroids, as well as several circulating uremic toxins [92,93]. It was assumed
that the increase in MBG concentration was secondary to renal failure-dependent volume
expansion [58]. Although extracellular volume expansion is thought to be crucial for the
development of UC, there is still much debate about the exact pathogenesis [94–96]. Immu-
nization against MBG in partial nephrectomy animals was associated with a substantial
attenuation of cardiac hypertrophy, cardiac fibrosis and the oxidant stress state [97].

The fibrotic action of MBG on the kidney was also evaluated through the infusion of
MBG in rats, which led to a peritubular and periglomerular accumulation of type I collagen
at the renal cortical level [61,98]. This could be triggered by the activation of Transforming
Growth Factor Beta type 1 (TGF-β1) via the renin–angiotensin–aldosterone system. In
MBG-treated kidneys, the profibrotic transcription factor snail (critical regulator of the
epithelial–mesenchymal transition) was expressed in both medullary and cortical tubular
epithelial cells. This evidence led to a new hypothesis: MBG can have a key causative
role in the epithelial–mesenchymal transition [61]. The administration of MRA occupying
endogenous CTS-binding sites prevents pro-fibrotic MBG effects [64]. Since CKD is a
complex set of different medical conditions, Na+/K+-ATPase alterations may not always
be involved in the etiopathogenesis of different causes of CKD and MRA therapy may not
be effective in all nephropathic patients. Therefore, increased MBG plasma levels could be
useful in identifying patients at risk of developing renal fibrosis (and beyond) and CKD
progression that could benefit from MRA therapy [19].
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Recently, in a single-center study of adults routinely referred for the screening of
endocrine hypertension, it was shown that plasma MBG concentrations were significantly
associated with albuminuria (a marker of kidney damage) and decline in renal function
regardless of pre-existing CKD. These results might indicate that in this cohort of hyperten-
sive patients, MBG could play a role as a potential marker of renal failure at follow-up and
that elevated plasma levels of MBG may already precede renal failure rather than being a
simple consequence of it [19].

In patients undergoing chronic hemodialysis, the altered MBG plasma values could
be due to a compensatory response to the treatment itself [20] and could predict a wors-
ening survival outcome [21]. In this patient population, left ventricular hypertrophy is
extremely prevalent and, as mentioned above, contrasts the uremic cardiomyopathy. In
experimental models, MBG induces marked hypertrophic changes of adult cardiac myocytes
in vitro [10,99] and promotes vascular fibrosis and cardiac hypertrophy in experimental mod-
els of salt-sensitive hypertension [91]. For these reasons, we conducted a pilot observational
study to investigate a possible relationship between MBG plasma levels, left ventricular
(LV) geometry and cardiac dysfunction in end-stage renal disease (ESRD) patients on dialy-
sis [22]. In this cohort of patients with ESRD, we observed that high levels of MBG reflect the
structural and functional alterations of the LV. Indeed, MBG plasma levels were higher in
the presence of diastolic dysfunction and this molecule demonstrated a strong diagnostic
ability to discern patients with normal LV geometry, LV hypertrophy and, above all, eccentric
LVH. Circulating MBG plasma levels were significantly higher in ESRD patients than those
in healthy controls and were more increased in patients on peritoneal dialysis compared
with those undergoing extracorporeal dialysis treatment [22]. This suggests that, in the
future, MBG could play the role of biomarker for cardiac evaluation in high-risk populations.
Our findings further strengthen the hypothesis that endogenous cardiotonic steroids could
substantially contribute to the onset and progression of uremic cardiomyopathy. Of note,
there was no correlation between MBG plasma levels and parameters related to volume
status in our study [22]. In a recent study, kidney transplant recipients displayed altered
MBG levels, which were influenced by sodium balance, renal impairment and the severity
of LVH. Thus, MBG might also represent an important missing link between reduced graft
function and pathological cardiac remodeling and may hold important prognostic value for
improving cardio-renal risk assessment [100].

Moreover, we have demonstrated that higher MBG plasma levels are associated with a
lower risk of intradialytic hypotensive events in patients undergoing
hemodialysis [20,101,102], who are particularly considered at risk of hypotension. Indeed,
about 30% of hemodialysis sessions are characterized by severe symptomatic intra-dialysis
hypotension, influencing the morbidity and mortality of patients in chronic treatment.
These hypotensive episodes are often due either to an altered ability to mobilize fluids from
the interstitial space to the intravascular space during the hemodialysis session or to a re-
moval of a large fluid volume in a short time. It has been noted that, in the cohort of patients
on dialysis treatment, patients with lower baseline MBG values showed an approximately
five-fold higher risk of severe symptomatic, intradialytic hypotension. There was an initial
increase in circulating MBG levels followed by a progressive decrease until the end of treat-
ment. This shows that patients with lower MBG plasma values reflect a lower vascular and
hemodynamic tolerance, with a higher number of episodes of severe hypotension, while no
significant correlation was found between MBG plasma levels and body weight reduction
during dialysis treatment. This could lead to a consideration of MBG as a mediator of a
compensatory mechanism, which results in an altered hemodynamic response to plasma
volume reduction. Today, it seems that MBG may have an important role in identifying
patients at high risk of severe intradialytic hypotensive episodes; this predictive ability has
also been found in survival analyses, demonstrating that patients with lower plasma levels
of MBG had a higher risk (from four to six times) of severe intra-dialysis episodes during
follow-up. MBG plasma levels were the strongest time-dependent predictors of severe
intradialytic hypotensive episodes between different variables [20]. The high mobilization
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of MBG could initially represent a protective response against the hemodynamic changes
induced by the extracorporeal treatment but, in the long term, could, in any case, determine
the known deleterious effects in the myocardium [20] (Figure 1). However, larger studies
with more targeted-oriented surveys are necessary to confirm these data.

Figure 1. Main known pathways in the interactions between MBG and different organs and systems.

5. Marinobufagenin and CV Diseases

Most of the studies designed to evaluate the pathogenetic mechanisms by which
MBG contributes to CV disease risk have been performed in animal models. Increased
concentrations of circulating MBG (as a result of sodium loading or via infusion pump)
caused several effects: vascular [24,59] and microcirculation [103] alterations, pressor
changes [4,46,104,105] and cardiac and renal [8,9,58,61,91] fibrosis. Investigations in hu-
mans have shown elevated MBG plasma levels in many pathological conditions: heart
failure [8], acute myocardial infarction (elevated urinary MBG levels) [106], primary aldos-
teronism [107], renal ischemia [108] and CKD [100,109].

There are several scientific pieces of evidence supporting a possible pathogenic role of
bufadienolides in hypertensive conditions associated with hydro-saline retention. Firstly,
increased plasma and urinary concentration levels of MBG were observed in volume
expansion conditions and in hypertensive patients mediated by volume expansion, due
to salt accumulation [46,104,105,110]. Secondly, the administration of bufadienolides in
experimental animals causes hypertension [11,13,111]. Thirdly, in rats, the hypertension
caused by the administration of deoxycorticosterone acetate and salt is reversed through
the intraperitoneal injection of an MBG antagonist, resibufogenin (RBG) [12,13,112], which
differs from MBG only in the absence of a hydroxyl group in the β 5 position. Finally, the
use of anti-MBG antibodies in salt-loaded pregnant rats and in salt-sensitive hypertensive
rats, results in the reduction in blood pressure values [113].

In recent years, several evaluations of whether MBG could be used as an early marker
of CV risk have been performed. The first study designed to evaluate the possible asso-
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ciation between blood pressure values and MBG plasma levels demonstrated an inverse
relationship between diastolic blood pressure values and the urinary excretion (24 h) levels
of MBG in the case of high sodium intake (16.32 g of salt per day). The natriuretic effects of
MBG could represent a homeostatic mechanism to restore blood pressure values to normal,
constituting a protective mechanism in healthy subjects [82]. The dietary intervention had a
total duration of 12 days; therefore, that effect could represent a homeostatic mechanism in
the short term. In contrast, another group has shown that MBG plasma levels are positively
associated with systolic blood pressure values during the period of high sodium intake
(5 weeks). In that case, it might reflect a long-term homeostatic response in which the
vasoconstrictor activity of MBG could superimpose the natriuretic effect [114]. Fedorova
et al. showed completely different responses from the above studies. In a cohort of men and
women, there was an increase in systolic blood pressure values following dietary sodium
loading without changes in both plasma and urinary MBG concentrations [81]. Therefore,
the results on the relationship between blood pressure values and circulating and urinary
MBG levels in humans are conflicting and require further evaluation.

Recent findings have revealed that in a state of inactivity, sodium can settle in the
interstitium between the skin and organs [115]. The alteration of these deposits could also
affect blood pressure values. We can say that high sodium intake correlates both with a
higher production of MBG and with rigid large arteries, even in healthy subjects. These
pieces of evidence were confirmed in laboratory models, as risk factors for dementia and CV
events [17]. In addition to MBG, several factors act on peripheral vascular resistance, such
as neurohormonal, baroreflexes and myogenic factors [49]. It is also known that sodium
regulates the rigidity of endothelial cells and modifies the release of nitric oxide by altering
the tone of blood vessels and blood pressure [116]. In the current state of the art, there is still
not enough evidence to consider urinary MBG excretion as a predictive value of increased
cardiovascular risk before the onset of the disease [24], although numerous studies have
confirmed the correlation between plasma MBG levels, sodium and occurrence of arterial
hypertension. Furthermore, these results proved to be more applicable to men than to
women.

In other parts of the body, such as the arterial vascular smooth muscle cells, MBG
generates an increase in cytosolic Ca2+ amount that causes vasoconstriction through the
activation of an “ionic pathway” [4]. In addition to this “ionic pathway”, MBG can activate
different intracellular signaling pathways that trigger cellular effects, such as cell prolif-
eration, ROS genesis or the stimulation of apoptosis, also via the activation of pathways
with other molecules, such as Phospholipase C-γ isozyme (PLC-γ), Phosphatidylinositol
3-kinase (PI-3K), IP3 receptor type 3 (IP3R), and ankyrin [117].

Specifically, it has been reported that cardiotonic steroids activate a signal cascade,
which is mediated through Src, Ras, ROS, and ERKs, and promote endocytosis of the
plasmalemmal Na+/K+-ATPase [10,99,118–120]. The activation of this cascade requires
that the Na+/K+-ATPase to be in caveolae in order to proceed [121,122]. This series of
signals is known to cause changes in gene expression, which can be inhibited by antioxidant
molecules [7,10,120].

Arterial stiffness is well known to be related to increased CV risk and death in individ-
uals of all ages [123], regardless of blood pressure values. Sodium intake also correlates
with arterial stiffness regardless of hypertensive status [124,125], even in healthy subjects.
Thus, a possible association between MBG and arterial stiffening was hypothesized. Jablon-
ski et al. have demonstrated, in individuals with high or hypertensive blood pressures,
that a positive association between MBG and carotid to femoral pulse wave velocity (cf-
PWV) [114] is actually the gold standard measurement of large artery stiffness [126]. The
same positive correlation has also been demonstrated in young healthy women, regardless
of salt intake [80]. To date, the pathogenetic mechanisms through which MBG is able
to determine arterial stiffness are unknown, although MBG has already been shown to
promote the development of vascular fibrosis in the aorta of rats [59]. The mechanism
by which MBG promotes collagen production and deposition was studied in cultured rat
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smooth muscle cells and was always dependent on the inhibition of Na+K+-ATPase [58,59].
Collagen-1 production is secondary to the marked downregulation of transcription factor
Friend leukemia integration-1 (Fli-1) [58,59]. In fact, it has been shown that MBG could
also sub-regulate a negative regulator of collagen-1 synthesis, Fli-1. The phosphorylation
of Fli-1 through the active form of Protein Kinase C Delta (PKC-d) induces the activation of
a collagen gene promoter. In vitro, MBG was found to be an activator of the Fli-1 pathway
in cultured fibroblasts and smooth rat muscle cells.

Another important predictor of both increased CV risk and mortality is the left ven-
tricular mass (LVM) measured using the echocardiogram [127]. In the CARDIA study
(Coronary Artery Risk Development in Young Adults), a possible positive association
between LVM and sodium in 24h urine levels was shown in young adults, although this
relationship was confounded by the presence of obesity [128]. From this observation, it
was hypothesized that the increase in MBG plasma levels, induced by sodium intake, may
be associated with an increase in LVM. Strauss et al. have observed a significant association
between LVM and MBG in young adults: in this case, the relationship was independent on
obesity and also on blood pressure values, suggesting a possible pathway through which
MBG induces myocardial hypertrophy [25].

To further confirm the correlation between MBG plasma levels and fibrosis, it has been
shown that rats with (experimental) renal impairment have increased MBG plasma values,
along with cardiac and renal fibrosis. In these mouse models, MBG promotes procollagen-1
expression by cultured cardiac fibroblasts. As procollagen expression increases, collagen
and procollagen-1 mRNA increase too. Considering this, MBG probably induces a di-
rect increase in collagen expression by fibroblasts [9]. It has also been observed that in
spontaneously hypertensive (SHR) and normotensive Wistar–Kyoto (WKY) mouse models,
following a diet rich in sodium, hypertension and left and renal ventricular hypertrophy,
due to fibrosis with the overexpression of TGF-β1 mRNA, were recorded. This has resulted,
in both glomerular and peritubular sites, in an increase in collagen type 1 [129]. Interest-
ingly, in animal models characterized by prolonged salt intake, diet-related profibrotic
effects were eliminated through treatment with anti-MBG antibodies, without generating
hemodynamic effects [130]. The administration of specific antibodies against MBG reduced
aortic fibrosis and favored relaxation at the level of aortic fibers. The differences that can
be attributed to the vascular component without hemodynamic changes, indicate that the
possible vascular stiffening is independent of blood pressure and that the profibrotic factor
generated by MBG is responsible for it [131].

Even in laboratory models treated with antibodies to MBG and previously subjected to
a diet high in sodium, there was a reduction in systolic blood pressure and also a reduction
in the weight of both the heart and kidneys. In these mouse models, TGF-β expression,
which had previously been increased, was also downregulated after treatment with anti-
MBG antibodies. The immunoneutralization of MBG resulted in the downregulation of
genes involved in profibrotic expression. In addition, the normalization of renal function
through creatinine clearance was also observed, probably due to the reduction in renal
fibrosis, as it was accompanied by a significant decrease in kidney weight for the reduction
in type I-III-IV collagen amounts. In mouse models, it has also been observed that treatment
with anti-MBG antibodies reduces the development of heart failure. This was established
by estimating ventricular weight via ultrasound in hypertensive rats immunoneutralized
for MBG, compared with non-immunoneutralized hypertensive rats.

Early vascular damage was also reduced after immunoneutralization. In these models,
a reduction in the mRNA expression of TGF-β1, FN1, MAPK1, Col1a2, Col3a1 and Col4a1
was also noted compared with those not treated with antibodies of MBG. This demon-
strated how MBG initiates TGFβ-1-signaling in cultured ventricular myocytes, through
Na+/K+-ATPase signal transduction and other factors, such as tissue angiotensin II [132]. In
humans, sodium restriction also reduces urinary MBG production and excretion, resulting
in reduced blood pressure and aortic stiffness. Another factor may impact fibrosis, sodium
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concentration and MBG plasma levels: it has been observed that the sensitivity of blood
pressure dietary salt intake increases with increasing age [23,133,134].

6. MBG in Relation to Sex and Gender Medicine with a Special Focus on Pre-Eclampsia

In the last few years, the concept of gender medicine emerged in relation to the
presence of significant and underestimated effects of gender-based differences on clinical
evolution and therapeutic outcomes of many diseases [135–137]. Despite CTS, such as
MBG, playing a role in human physiopathology, regardless of sex- and gender-related
aspects, there is evidence regarding specific actions occurring in sex-specific diseases, such
as pregnancy diseases [68], which can be considered a valid example of gender medicine.
MBG was identified as a biomarker of angiogenic imbalance in the pathogenesis of PE [47],
a relatively common and potentially devastating complication of pregnancy.

PE is a progressive multisystem syndrome that is characterized by the onset, after the
20th week of gestation, of hypertension and proteinuria or by the onset of hypertension with
severe organ dysfunction, with or without proteinuria [138–140]. A systematic review stated
that 4.6% of pregnancies worldwide were complicated by PE [141], which represents the
second leading cause of fetal and maternal morbidity and mortality [142–145]. PE is caused
by both maternal and fetal/placental factors. Placental vessels develop abnormally early in
pregnancy and result in a placental hypoperfusion with the release of antiangiogenic factors
into the maternal circulation. These factors promote endothelial dysfunction, which leads
to the development of a vascular leak that enhances the volume expansion. MBG causes
endothelial hyperpermeability, activating MAPKs with the disruption of the tight junction.
This feature triggers apoptotic mechanisms, resulting in further endothelial dysfunction
and leading to edema and the release of angiogenic factors [47,146].

An important element that could make MBG a potential biomarker for the early
detection of PE was shown in an animal study, in which circulating MBG was shown to
rise earlier than the onset of proteinuria and hypertension [13]. Thus, MBG can represent a
predictive marker of PE, opening up new perspectives for its prevention, as well as halting
its progression to the severe clinical state of eclampsia. Moreover, the administration of
MBG in pregnant rats mimics this syndrome with proteinuria, hypertension and intra-
uterine growth restriction (IUGR) [12,147].

As well as MBG being involved in the pathophysiology and progression of PE, its
antagonist RBG was seen to have a role in the prevention and possible treatment of this
disorder [148,149]. The administration of RBG in a rat model of PE leads to the resolution
of hypertension and, if given early in pregnancy, it prevents all symptoms of PE, including
IUGR [112]. Recently, a relationship between MBG and leptin in a pregnancy model of
Sprague Dawley rats was investigated, showing that RBG administration can reverse the
leptin-induced increase in systolic blood pressure, proteinuria and endothelial activation
and suggesting a link between MBG and leptin signaling during pregnancy [150]. The
RBG and, consequently, MBG molecular actions were also related to oxidative stress
pathways [151], further amplifying the network of the interactions of CTS.

Similar to the action of RBG, Fedorova at al. investigated the role of antibodies against
MBG in reversing the placenta-induced fibrosis of umbilical arteries in PE [152]. Monoclonal
anti-MBG antibodies ex vivo reversed the placenta-induced fibrosis of umbilical arteries,
indicating an active role of MBG in placental pathology. This represents the starting point
on the possible development and use of RBG or monoclonal antibody Fab fragments to
MBG [113] for the prevention and/or treatment of this complex syndrome.

Likewise, mineralocorticoid antagonists have been demonstrated to block the devel-
opment of the fibrosis of umbilical arteries in PE, which is likely related to elevated MGB
plasma levels [153].

Increased MBG production in women with PE, compared with physiological pregnan-
cies, has also been demonstrated in humans [14,26]. Indeed, in healthy pregnant women,
MBG levels are twice as high as in non-pregnant controls [26], with an increase in up to
eight times in patients with PE [27], which leads to an increase in blood pressure values,

146



Int. J. Mol. Sci. 2023, 24, 11186

due to direct vasoconstriction and profibrotic changes that occur at the umbilical and
placental level. MBG also alters cytotrophoblast differentiation in the first trimester of
gestation [16], suggesting its involvement in the early pathological events leading to PE.
Human cytotrophoblast cells cultured in the first trimester and stimulated by MBG have
been shown to undergo alterations of proliferation, migration and invasion, caused by the
activation of JNKs, p38 and SRC and leading to increased cell apoptosis [15].

The complete and definite role of MBG in the pathogenesis of PE is not yet fully known.
In addition, the mechanisms and sites of synthesis of this molecule in mammals are also
not completely understood, although it is already known that the placenta is a site for its
production.

Beyond sex and gender differences, it was seen that racial differences may contribute
to different clinical parameters involving endogenous CTS, such as sodium sensitivity [154],
suggesting that these molecules are affected not only by sex- and gender-related factors
but also by genetically related ones; further research is needed to define the set of MBG
expression-regulating factors. A study by Kantaria et al. showed that salt-sensitivity of
blood pressure values, in which CTS are implicated, may vary within the same popula-
tion [155], suggesting a relevant impact of inter-individual variability on CTS activity.

7. MBG Action on the Nervous System

In addition to CV and renal effects, the action of sodium and MBG also occurs at the
level of the central nervous system, through channels in the glial cells of the supraoptic
and paraventricular nuclei, where the detection of osmolarity and salt takes place through
a new isoform of the sodium Nax channels [156]. MBG also acts on Amyloid Precursor
Protein (APP), apolipoprotein E (APOE) and Connective Tissue Growth factors (CTGFs).
Specifically, APP triggers a cascade of neurodegenerative events, such as synaptic dys-
functions, the genesis of neurofibrillary tangles and neuronal death. New findings show
that, after MBG infusion, downregulation of APP mRNA expression in vivo in DSS rats is
present [17,157].

8. MBG Action on Cells of the Immune System

Interestingly, MBG also has an action on some cells of the immune system. For
example, in one study [18], the role of MBG in acute inflammation was evaluated in a
model of zymosan-induced peritonitis in vivo and in peritoneal macrophages in in vitro
culture. Mouse models were treated for three days with either MBG at 0.56 mg/kg, saline
or dimethyl sulfoxide, and at one hour after the last treatment, they were treated with
2 mg/mL zymosan. Next, peritoneal exudate was collected, and total and differential
leukocyte numbers were evaluated. Among these cells, Zymosan-stimulated peritoneal
macrophages showed cytokine changes in IL-6, IL-1β, and TNF-α plasma concentrations
compared with the control group. Those treated with MBG at the lowest concentration
had reduced plasma levels of IL-1β (45%), IL-6 (17%), and TNF-α (20%) compared to the
zymosan group. In the other two groups, cytokine plasma levels remained similar to
those of the control group. This demonstrated that MBG pre-treatment reduced neutrophil
migration, probably due to alterations in vascular permeability. In addition, MBG showed
no cytotoxicity to cultured peritoneal macrophages. As already mentioned, plasma con-
centrations of MBG that are not able to inhibit the enzyme Na+/K+-ATPase, however, can
trigger the production of messengers and the activation of intracellular signaling pathways.

9. Conclusions

Altered (circulating or urinary) levels of MBG seem to predict the development of dis-
eases characterized by volume expansion, such as CKD, certain CV diseases and PE, demon-
strating its possible preventive, diagnostic or monitoring role. MBG can now probably be
observed in a different “light”, as a new important target for the prevention/treatment of
kidney and CV development and progression.

147



Int. J. Mol. Sci. 2023, 24, 11186

Author Contributions: Conceptualization, D.B. and G.C.; Methodology, G.C.; Writing—Original
Draft Preparation, M.D., G.F., M.T.Z., N.C., A.M., P.P., D.B. and G.C.; Writing—Review and Edit-
ing, D.B., M.M., M.A. and G.C. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: All authors deny any conflict of interest with respect to the present manuscript.

References

1. Schoner, W. Endogenous cardiac glycosides, a new class of steroid hormones. Eur. J. Biochem. 2002, 269, 2440–24488. [CrossRef]
[PubMed]

2. Schoner, W.; Scheiner-Bobis, G. Endogenous cardiac glycosides: Hormones using the sodium pump as signal transducer. Semin.

Nephrol. 2005, 25, 343–351. [CrossRef] [PubMed]
3. Schoner, W.; Scheiner-Bobis, G. Endogenous and exogenous cardiac glycosides: Their roles in hypertension, salt metabolism, and

cell growth. Am. J. Physiol. Cell Physiol. 2007, 293, C509–C536. [CrossRef] [PubMed]
4. Fedorova, O.V.; Lakatta, E.; Bagrov, A.Y. Endogenous Na,K pump ligands are differentially regulated during acute NaCl loading

of Dahl rats. Circulation 2000, 102, 3009–3014. [CrossRef] [PubMed]
5. Bagrov, A.Y.; Fedorova, O.V.; Dmitriev, R.I.; French, A.W.; Anderson, D.E. Plasma marinobufagenin-like and ouabain-like

immunoreactivity during saline volume expansion in anesthetized dogs. Cardiovasc. Res. 1996, 31, 296–305. [CrossRef]
6. Kennedy, D.J.; Elkareh, J.; Shidyak, A.; Shapiro, A.P.; Smaili, S.; Mutgi, K.; Gupta, S.; Tian, J.; Morgan, E.; Khouri, S.; et al. Partial

nephrectomy as a model for uremic cardiomyopathy in the mouse. Am. J. Physiol. Renal Physiol. 2008, 294, F450–F454. [CrossRef]
[PubMed]

7. Priyadarshi, S.; Valentine, B.; Han, C.; Fedorova, O.V.; Bagrov, A.Y.; Liu, J.; Periyasamy, S.M.; Kennedy, D.; Malhotra, D.; Xie, Z.;
et al. Effect of green tea extract on cardiac hypertrophy following 5/6 nephrectomy in the rat. Kidney Int. 2003, 63, 1785–1790.
[CrossRef] [PubMed]

8. Kennedy, D.J.; Shrestha, K.; Sheehey, B.; Li, X.S.; Guggilam, A.; Wu, Y.; Finucan, M.; Gabi, A.; Medert, C.M.; Westfall, K.M.;
et al. Elevated Plasma Marinobufagenin, An Endogenous Cardiotonic Steroid, Is Associated with Right Ventricular Dysfunction
and Nitrative Stress in Heart Failure. Circ. Heart Fail. 2015, 8, 1068–1076. [CrossRef]

9. Elkareh, J.; Kennedy, D.J.; Yashaswi, B.; Vetteth, S.; Shidyak, A.; Kim, E.G.R.; Smaili, S.; Periyasamy, S.M.; Hariri, I.M.; Fedorova, L.;
et al. Marinobufagenin Stimulates Fibroblast Collagen Production and Causes Fibrosis in Experimental Uremic Cardiomyopathy.
Hypertension 2007, 49, 215–224. [CrossRef]

10. Xie, Z.; Kometiani, P.; Liu, J.; Li, J.; Shapiro, J.I.; Askari, A. Intracellular reactive oxygen species mediate the linkage of Na+/K+-
ATPase to hypertrophy and its marker genes in cardiac myocytes. J. Biol. Chem. 1999, 274, 19323–19328. [CrossRef]

11. Pamnani, M.B.; Chen, S.; Yuan, C.M.; Haddy, F.J. Chronic blood pressure effects of bufalin, a sodium-potassium ATPase inhibitor,
in rats. Hypertension 1994, 23, I106–I109. [CrossRef] [PubMed]

12. Vu, H.; Ianosi-Irimie, M.; Danchuk, S.; Rabon; Nogawa, T.; Kamano, Y.; Pettit, G.R.; Wiese, T.; Puschett, J.B. Resibufogenin
Corrects Hypertension in a Rat Model of Human Preeclampsia. Exp. Biol. Med. 2006, 231, 215–220. [CrossRef] [PubMed]

13. Vu, H.V.; Ianosi-Irimie, M.R.; Pridjian, C.A.; Whitbred, J.M.; Durst, J.M.; Bagrov, A.Y.; Fedorova, O.V.; Pridjian, G.; Puschett, J.B.
Involvement of marinobufagenin in a rat model of human preeclampsia. Am. J. Nephrol. 2005, 25, 520–528. [CrossRef] [PubMed]

14. Agunanne, E.; Horvat, D.; Harrison, R.; Uddin, M.; Jones, R.; Kuehl, T.; Ghanem, D.; Berghman, L.; Lai, X.; Li, J.; et al. Marinob-
ufagenin Levels in Preeclamptic Patients: A Preliminary Report. Am. J. Perinatol. 2011, 28, 509–514. [CrossRef] [PubMed]

15. Uddin, M.N.; Horvat, D.; Glaser, S.S.; Mitchell, B.M.; Puschett, J.B. Examination of the Cellular Mechanisms by Which Marinob-
ufagenin Inhibits Cytotrophoblast Function. J. Biol. Chem. 2008, 283, 17946–17953. [CrossRef]

16. LaMarca, H.; Morris, C.; Pettit, G.; Nagowa, T.; Puschett, J. Marinobufagenin Impairs First Trimester Cytotrophoblast Differentia-
tion. Placenta 2006, 27, 984–988. [CrossRef] [PubMed]

17. Grigorova, Y.N.; Juhasz, O.; Long, J.M.; Zernetkina, V.I.; Hall, M.L.; Wei, W.; Morrell, C.H.; Petrashevskaya, N.; Morrow, A.;
LaNasa, K.H.; et al. Effect of Cardiotonic Steroid Marinobufagenin on Vascular Remodeling and Cognitive Impairment in Young
Dahl-S Rats. Int. J. Mol. Sci. 2022, 23, 4563. [CrossRef]

18. Carvalho, D.C.M.; Cavalcante-Silva, L.H.A.; Lima, D.A.; Galvão, J.G.F.M.; Alves, A.K.D.A.; Feijó, P.R.O.; Quintas, L.E.M.;
Rodrigues-Mascarenhas, S. Marinobufagenin Inhibits Neutrophil Migration and Proinflammatory Cytokines. J. Immunol. Res.

2019, 2019, 1094520. [CrossRef]
19. Keppel, M.H.; Piecha, G.; März, W.; Cadamuro, J.; Auer, S.; Felder, T.K.; Mrazek, C.; Oberkofler, H.; Trummer, C.; Grübler, M.R.;

et al. The endogenous cardiotonic steroid Marinobufagenin and decline in estimated glomerular filtration rate at follow-up in
patients with arterial hypertension. PLoS ONE 2019, 14, e0212973. [CrossRef]

148



Int. J. Mol. Sci. 2023, 24, 11186

20. Bolignano, D.; Greco, M.; Presta, P.; Crugliano, G.; Sabatino, J.; Carullo, N.; Arena, R.; Leo, I.; Comi, A.; Andreucci, M.; et al. Altered
circulating marinobufagenin levels and recurrent intradialytic hypotensive episodes in chronic hemodialysis patients: A pilot,
prospective study. Rev. Cardiovasc. Med. 2021, 22, 1577–1587. [CrossRef]

21. Piecha, G.; Kujawa-Szewieczek, A.; Kuczera, P.; Skiba, K.; Sikora-Grabka, E.; Więcek, A. Plasma marinobufagenin immunoreactiv-
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Abstract: Lymphatic vessels are highly responsive to changes in the interstitial environment. Pre-
viously, we showed renal lymphatics express the Na-K-2Cl cotransporter. Since interstitial sodium
retention is a hallmark of proteinuric injury, we examined whether renal sodium affects NKCC1 ex-
pression and the dynamic pumping function of renal lymphatic vessels. Puromycin aminonucleoside
(PAN)-injected rats served as a model of proteinuric kidney injury. Sodium 23Na/1H-MRI was used to
measure renal sodium and water content in live animals. Renal lymph, which reflects the interstitial
composition, was collected, and the sodium analyzed. The contractile dynamics of isolated renal lym-
phatic vessels were studied in a perfusion chamber. Cultured lymphatic endothelial cells (LECs) were
used to assess direct sodium effects on NKCC1. MRI showed elevation in renal sodium and water
in PAN. In addition, renal lymph contained higher sodium, although the plasma sodium showed
no difference between PAN and controls. High sodium decreased contractility of renal collecting
lymphatic vessels. In LECs, high sodium reduced phosphorylated NKCC1 and SPAK, an upstream
activating kinase of NKCC1, and eNOS, a downstream effector of lymphatic contractility. The NKCC1
inhibitor furosemide showed a weaker effect on ejection fraction in isolated renal lymphatics of PAN
vs controls. High sodium within the renal interstitium following proteinuric injury is associated
with impaired renal lymphatic pumping that may, in part, involve the SPAK-NKCC1-eNOS pathway,
which may contribute to sodium retention and reduce lymphatic responsiveness to furosemide. We
propose that this lymphatic vessel dysfunction is a novel mechanism of impaired interstitial clearance
and edema in proteinuric kidney disease.

Keywords: kidney; lymphatics; sodium; NKCC1 transporter

1. Introduction

Sodium retention is a well-documented consequence of many pathophysiological
conditions, especially kidney disease, which is clinically recognized as an accumulation of
edema [1]. Previous studies found sodium retention in skin and muscle is connected to
blood pressure regulation involving lymphatic remodeling [2–4]. Recent research indicates
that sodium, along with water, accumulates systemically, including in the lung, liver,
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muscle, and myocardium [5,6]. While kidneys have a central role in regulating sodium
homeostasis, few studies have quantified kidney sodium or water content, including
in edema-forming conditions. Such studies have been primarily limited by a lack of
methodology for sodium quantification in vivo. Recent developments in noninvasive
sodium imaging by 23Na-MRI provide an attractive tool for quantifying kidney sodium
content in vivo. Moreover, although kidney disease is regularly accompanied by lymphatic
vessel hyperplasia [7–14], whether disease-induced lymphangiogenesis is accompanied
by disrupted renal lymphatic vessel dynamics is unknown. Lymphatics are important
because unlike blood flow, which relies on the heart as a central pump, lymph flow is
propelled by forces in the surrounding tissues and by active rhythmic contractions intrinsic
to the lymphatic vessels themselves. These intrinsic mechanisms constitute a major force
in lymphatic flow and are exquisitely sensitive to the microenvironment, for example,
hydraulic pressure, shear stress, local tissue temperature, and sodium [15]. A recent study
provides evidence that lymphangiogenesis accompanying arthritis in TNF-transgenic
mice reflects intrinsic dysfunction in popliteal lymphatic vessels that is linked to NOS-
dependent as well as independent impairment in lymphatic vessel dynamics that may
drive arthritic damage of the joint [16]. Whether intrarenal sodium modulates the renal
lymphatic contractions has not been reported.

Lymphatic vessel contractility is driven by action potentials that trigger Ca++ influx
generated by ion channels and transporters. We recently showed the Na-K-2Cl cotrans-
porter NKCC1, but not NKCC2, is expressed in renal lymphatic vessels [17]. While NKCC2
is best known for its actions on tubular epithelial cells responsible for the maintenance of
sodium homeostasis, NKCC1 is increasingly recognized as a modulator of various unantic-
ipated biological functions, including regulation of vascular tone [18]. Indeed, inhibition of
NKCC1 and its activating kinases has become a novel antihypertensive strategy involving
direct (non-diuretic) vascular dilation. However, in contrast to blood vessels, little is known
about NKCC transporter expression, activity, or function in the lymphatic vascular network
and how the microenvironment or disease alters these parameters. This is particularly rele-
vant since the first line of intervention in the treatment of edema and underlying interstitial
clearance impairment is NKCC inhibition by furosemide.

Here we assessed whether kidney injury affects renal sodium content, how a high-
sodium environment alters the pumping dynamics of renal collecting lymphatic vessels,
and the role of NKCC1 in this response.

2. Results

2.1. Proteinuric Kidney Injury Increased Renal Sodium

MRI analysis revealed that puromycin aminonucleoside nephropathy (PAN) injury
leads to increased renal sodium content. Both the cortex and medulla in PAN-injured
rats had significantly higher sodium than in control rats (Figure 1A). The renal cortex
of PAN rats also showed increased water content compared with controls. Although a
directionally similar trend occurred in the medulla of PAN-injured rats, the increase did not
reach statistical significance (Figure 1B). In companion studies, we measured the sodium
concentration in the lymph exiting the kidney, which is thought to reflect the composition
within the renal interstitial compartment. These direct measurements revealed that sodium
concentration in the renal lymph of PAN rats was significantly higher than in the lymph of
control rats (Figure 2A). Sodium concentration in concurrently obtained serum samples
was not different between PAN rats and controls (Figure 2B). These results indicate that, in
addition to the well-documented proteinuria, hypoalbuminemia, and hyperlipidemia, PAN
kidney injury leads to intrarenal sodium and water retention, especially in the renal cortex.
Similar to dermal lymphatics of hypertensive animals, which transport excess sodium from
the skin [4], our results show for the first time that renal lymphatics are a route for clearing
excess sodium from the renal interstitium in the setting of proteinuric kidney injury.
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Figure 1. Proteinuric kidney injury increased renal sodium and water content. (A) Representative
sodium 23Na-MRI in uninjured control (Cont) (open circles) and puromycin (PAN)-injured rats
(closed squares). The graph shows mean tissue sodium content localized in the cortex and medulla of
the kidneys (arrows). (B) Representative T2-weighted MRI images and quantitative T2-relaxation
time measurements indicative of renal cortical and medullary water content in Cont and PAN-injured
rats. Results are expressed as mean ± SEM. n = 5 to 8 rats per group analyzed by unpaired t test.
* p < 0.05.

Figure 2. Proteinuric kidney injury increased sodium concentration in renal lymph. (A) Analysis
of renal lymph showed higher sodium concentration in PAN-injured (closed squares) vs control
rats (open circles). (B) Analysis of plasma showed no difference in sodium concentration between
PAN-injured vs control rats. Results are expressed as mean ± SEM for 6 to 8 rats per group analyzed
by unpaired t test. * p < 0.05.

2.2. High Sodium Environment Changed Contractility of Renal Lymphatic Vessels Involving the
NKCC1 Transporter

To determine the effects of a high-sodium environment on renal lymphatic function,
we measured the vasodynamics of renal afferent collecting lymphatic vessels. Similar to
studies in afferent skin lymphatics [19], the contractility was assessed in renal afferent
vessels isolated from normal rats exposed to normal buffer containing 143 mmol Na+ Krebs
solution and compared with dynamics following exposure to Krebs solution containing a
sodium concentration of 185 mmol. Compared with the physiologic buffer, a high-sodium
environment had little effect on lymphatic contraction frequency. However, although high
sodium caused only subtle changes in end diastolic diameter (EDD), a pronounced increase
in end systolic diameter (ESD) contributed to reduced contraction amplitude and ejection
fraction compared with the physiologic buffer (Figure 3).
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Figure 3. High salt environment altered renal collecting lymphatic vessel pumping function.
Extra−renal afferent lymphatic vessels were subjected to a high−sodium buffer (185 mmol Na+

Krebs solution). A digital image capture system was used to measure the following vessel pumping
parameters: frequency of spontaneous contractions, end diastolic lumen diameter (EDD), end systolic
lumen diameter (ESD), contraction amplitude, and ejection fraction. Exposure to a high−sodium
environment caused a significant increase in ESD, resulting in a significant decrease in amplitude and
ejection fraction. Data points represent the percent change from measurements captured under base-
line conditions (143 mmol Na+ Krebs solution) and are expressed as mean ± SEM. n = 5 individual
vessels isolated from 5 rats. Significance was assessed by analyzing raw measurements using an
unpaired t test. * p < 0.05.

NKCC1 regulates blood vessel dynamics, and our previous study confirmed expres-
sion of NKCC1 in lymphatic endothelial cells. However, it is unknown whether NKCC1
has a role in modulating microenvironmental influences on lymphatic vessel dynamics.
This is interesting, as lymphatic vessels were recently reported to regulate sodium home-
ostasis. Renal lymphangiogenesis in mice with kidney-specific overexpression of VEGF-D
increased urinary sodium excretion and reduced systemic blood pressure in salt-loaded
hypertensive mice but not normotensive basal conditions [20]. The mechanism was linked
to downregulation of sodium transporters, namely, total NCC and ENaCα in tubular ep-
ithelial cells. NKCC1 expression and renal lymphatic function were not evaluated. Our
immunohistochemical staining verified prominent expression of NKCC1 in afferent renal
lymphatic vessels (Figure 4A). Moreover, NKCC1 gene expression was increased in ves-
sels from PAN-injured rats compared with controls (Figure 4B). Also, LECs exposed to a
high-sodium environment had elevated NKCC1 mRNA compared with cells maintained in
media with physiological levels of sodium (Figure 5A). Similar upregulation in NCKK1
mRNA occurred in response to urea that is equimolar to high sodium exposure. Since
NKCC activity is determined by phosphorylation, we assessed phosphorated-NKCC1
protein. Our results show that a high-sodium environment significantly reduced expression
of phosphorated-NKCC1 protein while the hyperosmolar urea control did not (Figure 5A).
Furthermore, as NKCC activity is linked to phosphorylation of WNK-SPAK/OSR1 signal-
ing cascade, we also examined expression of this upstream kinase [21,22]. Our data show
that a high-sodium environment also reduced phosphorylated SPAK compared with the
baseline sodium control group (Figure 5C) [21]. Among the vasoactive factors, eNOS is a
major endothelial-derived mechanism regulating lymphatic dynamics, which is regulated
by activity of NKCC1 [23]. Exposing LECs to a high-sodium environment caused a sig-
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nificant reduction in eNOS activity as measured by the amount of phosphorylated eNOS
protein (Figure 6A). In contrast, increased osmolarity with urea did not significantly alter
the endothelial eNOS activity although the eNOS activity was significantly higher than in
cells exposed to a high-sodium environment, echoing reduced p-eNOS levels shown in
cardiac tissues of rats fed a high-salt diet [24]. To determine the consequences of reduced
NO signaling on renal lymphatic vessel pumping dynamics, we exposed isolated vessels to
L-NAME in order to inhibit eNOS activity. This caused a significant increase in contraction
frequency, but reduced EDD, magnitude of contraction, and ejection fraction (Figure 6B).

Figure 4. NKCC-1 transporter expression in renal lymphatic vessels and vessels with PAN proteinuric
injury. (A) Immunostaining of afferent renal lymphatic vessels demonstrated NKCC1 transporter
expression, particularly prominent in lymphatic endothelial cells. (B) NKCC1 mRNA levels in extra-
renal lymphatic vessels were significantly greater in PAN-injured rats vs uninjured controls. Results
are mean ± SEM for 7 rats per group analyzed by unpaired t test * p < 0.05.

Figure 5. High Na+ environment regulated NKCC-1 signaling pathway in lymphatic endothelial
cells (LECs). (A) Cultured LECs exposed to a high-sodium environment showed greater expression
of NKCC1 mRNA, (B) while expression of phosphorated NKCC-1 protein decreased. (C) High-
sodium environment decreased protein expression of SPAK, an upstream activating kinase of NKCC1.
Experiments were performed independently 3 times using 3 wells per treatment and analyzed by
ANOVA followed by Dunnett multiple comparisons. * p < 0.05, ** p < 0.01, *** p < 0.001.

2.3. Kidney Injury Diminished the Lymphatic Vascular Response to a High-Sodium Environment
and NKCC Inhibition by Furosemide

To gain further insight into the effects of kidney injury on renal lymphatic physiology,
we compared the pumping dynamics of control vessels with vessels from a PAN-injured rat
in a normal sodium environment (Figure 7). PAN-injured vessels had a significant increase
in EDD (Figure 7B), which contributed to a marked decrease in contraction amplitude
(Figure 7D) and ejection fraction (Figure 7E) compared with control vessels. Next, to
investigate how a high-sodium environment affects vessels in the setting of kidney injury,
we compared the lymphatic dynamics in the vessels of PAN-injured rats before and after
exposure to a high-sodium environment (Figure 8). PAN-injured lymphatic vessels had a
distinct response to a high-sodium environment compared with the response of control
vessels (Figure 3), exhibiting a decreased EDD, and a decreased ejection fraction. This
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suggests that a high-sodium environment and PAN injury both result in reduced ejection
fraction, albeit by different mechanisms.

Figure 6. eNOS modulated lymphatic vessel function. (A) Cultured LECs exposed to high-sodium,
but not high-osmolar environment showed reduced eNOS activity. (B) Isolated renal lymphatic
vessels challenged with the eNOS inhibitor, L-NAME, exhibited increased contraction frequency
and reduced EDD, amplitude, and ejection fraction. EDD, end diastolic diameter; ESD, end systolic
diameter. Protein concentration results are expressed as mean ± SEM for 3 samples analyzed by
ANOVA followed by Dunnett multiple comparison test. Vessel pumping parameters are expressed
as the percent change from measurements captured under baseline conditions (143 mmol Na+ Krebs
solution) and are expressed as mean ± SEM for 5 individual vessels isolated from 5 rats. Significance
was assessed by analyzing raw measurements using an unpaired t test. * p < 0.05.

Figure 7. Kidney injury diminishes lymphatic vessel pumping efficiency. Vasodynamic parameters
were measured in renal lymphatic vessels isolated from control and PAN-injured rats. Vessels from
PAN-injured rats had significantly increased EDD (B), resulting in reduced contraction amplitude
(D) and ejection fraction (E), while contraction frequency (A) and ESD (C) remained unchanged.
Datapoints represent raw measurements from individual vessels isolated from 7 to 11 rats per group.
Results are expressed as mean ± SEM analyzed by unpaired t test. * p < 0.05 EDD, end diastolic
diameter; ESD, end systolic diameter.
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Figure 8. Vasodynamic response of PAN-injured lymphatic vessels exposed to a high-sodium
environment. PAN-injured vessels exposed to high sodium had a significant decrease in the frequency
of spontaneous contractions, EDD, and ejection compared with PAN-injured vessels in a normal
sodium environment. Data points represent the percent change from measurements captured under
normal sodium conditions and are expressed as mean ± SEM for 6 to 7 individual vessels isolated
from 6 to 7 rats. Significance was assessed by analyzing raw measurements using an unpaired t test.
* p < 0.05. EDD, end diastolic diameter; ESD, end systolic diameter.

Since injured lymphatic vessels appear to have weaker intrinsic compensatory re-
sponses to the high-sodium environment likely prevailing in a disease setting, we examined
the effects of the NKCC1 inhibitor furosemide in PAN-injured and control vessels. Control
vessels treated with furosemide had a pronounced concentration-dependent decrease in
ejection fraction. In contrast, furosemide had more subtle effects on the ejection fraction of
PAN-injured vessels, with PAN vessels being significantly less affected by furosemide at
physiologically relevant doses (Figure 9). Interestingly, there was no statistical difference in
the effects of furosemide on PAN vessels in a normal or high-sodium environment. These
results indicate that analogous to a high-sodium environment and PAN-induced kidney
injury, furosemide exerts directionally similar moderating effects on lymphatic dynamics
that may affect renal interstitial clearance.
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Figure 9. Kidney injury and exposure to elevated sodium blunt lymphatic vessel response to NKCC
inhibition by furosemide. Renal lymphatic vessels isolated from PAN-injured rats and normal controls
were subjected to increasing concentrations of the NKCC antagonist furosemide. Some PAN vessels
were challenged with furosemide in a high-sodium environment. In control vessels, furosemide
induces a robust decrease in ejection fraction. In contrast, PAN-injured vessels in normal and high-
sodium environments are significantly less sensitive to furosemide. Data points represent the percent
change from measurements captured at baseline conditions and are expressed as mean ± SEM for
<6 individual vessels isolated from <6 rats. Significance (p < 0.05) was analyzed by ANOVA followed
by Dunnett multiple comparisons. * PAN vessels compared with control vessels, ** PAN vessels in
high sodium compared with control vessels.

3. Discussion

A high-sodium environment is a critical modulator of lymphatic vessels. Although
kidneys are central in Na+ homeostasis, little is understood about Na+ effects on renal
lymphatics. The current studies provide new insights into regulation of renal lymphatic
network by showing (1) proteinuric kidney injury increases renal Na+ by 23Na/1H MRI
and direct sampling of renal lymphatic fluid shows elevated Na+ concentration while
plasma Na+ is unchanged (2) high Na+ and furosemide inhibition of NKCC1 decrease
lymphatic vessel contraction amplitude and ejection fraction in isolated renal lymphatic
vessels, (3) a high Na+ environment decreases phosphorated-NKCC1, phosphorylated
SPAK, an upstream kinase, and phosphorylated eNOS, a downstream vasoactive factor, and
(4) a high Na+ environment together with renal injury contribute to a blunted lymphatic
response in PAN-injured kidneys.

Noninvasive imaging by 23Na/1H MRI showed that proteinuric kidney injury leads
to accumulation of sodium and water in the in vivo kidneys. This new observation reflects
advances in multi-nuclear imaging technology that exploit endogenous 23Na, the second
most abundant magnetic nuclei in living systems [25]. Imaging methods are advantageous
for longitudinal measurement of tissue sodium before and after intervention, localization of
tissue sodium in renal sub-compartments, and comparison of multi-modal data, strategies
explored in this study. The findings of this study demonstrate 23Na-MRI quantification
of renal sodium as a potential biomarker of renal disease involving lymphatic clearance
dysfunction. Imaging results, supported by data, suggest that lymph exiting proteinuric
kidneys has significantly higher sodium concertation than the renal lymph of normal, unin-
jured control rats. Sodium levels in the blood of these proteinuric animals were not different
from normal rats. To date, there are only sparse data on the composition of renal lymph,
especially in disease settings, although more than 50 years ago, two studies describing
partial occlusion of the inferior vena cava model of right heart failure found increased renal
lymphatic flow and sodium content [26,27]. More recently, sodium accumulation in the
skin of salt-sensitive hypertensive rats was shown to be accompanied by increased sodium
concentration in lymph collected from dermal lymphatic vessels, while no change in the
circulating level of sodium was observed [4]. These findings reinforce the concept that
lymph reflects the composition of the interstitial compartment of the draining organ. Our
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data make the original observation that kidney injury leads to renal sodium accumulation,
although the study did not localize sodium to any specific interstitial compartment [1].
Sodium accumulation in the interstitium has been linked to the modulation of lymphatic
vessels, especially lymphangiogenesis. This has been most extensively studied in the skin
of hypertensive animals and humans and involves transcription factor tonicity-responsive
enhancer protein (TonEBP)-induced macrophage secretion of vascular endothelial growth
factor-C (VEGF-C) [4]. Although kidney injury causes renal lymphangiogenesis and modu-
lates sodium reabsorption and excretion, there have been no studies on the possible effects
of accumulating interstitial sodium on renal lymphatic function. We now show that direct
exposure of renal lymphatic vessels to a high-sodium environment increases the frequency
of contraction in the renal collecting lymphatic vessels and reduces the contraction am-
plitude, and, to a lesser extent, the ejection fraction (Figure 3). These results complement
findings that a high-salt diet, or DOCA treatment that increases sodium in skin and muscle,
increases contraction frequency while reducing contraction amplitude [19]. These observa-
tions are timely, since strategies to improve interstitial clearance currently target lymphatic
network growth, although the efficacy appears to be context-dependent. Thus, activation of
the VEGF-C–VEGFR-3 pathway to promote lymphangiogenesis can reduce kidney fibrosis
and lessen cystic kidney disease in mice and rats [9]. Also, kidney-specific overexpres-
sion of VEGF-D before injury increased lymphatic density and amplified recovery from
ischemia-reperfusion damage [28]. In contrast, inhibition of VEGFR-3 reduces kidney
lymphangiogenesis, glomerulosclerosis, and tubulointerstitial fibrosis in a mouse model of
diabetic kidney disease as well as fibrosis following UUO and ischemia-reperfusion [10].
Our data suggest that high interstitial sodium blunts lymphatic dynamics and may be a
critical factor contributing to the efficacy of therapeutic intervention.

Currently, the first-line therapy to reduce sodium overload in a variety of diseases,
including kidney disease, is inhibition of NKCC cotransporter with furosemide. Immuno-
histochemical staining clearly demonstrated NKCC1 in endothelial cells of renal collecting
lymphatic vessels, and quantitation of mRNA showed increased gene expression in PAN
vessels vs collecting vessels of uninjured kidneys (Figure 5). However, a high-sodium envi-
ronment significantly reduced phosphorylation of NKCC1 in LECs, (Figure 6). Moreover, a
high-sodium environment also reduced phosphorylation of SPAK, the upstream kinase of
NKCC1, suggesting sodium dampens lymphatic contractility. Previous studies showed
high salt downregulated phosphorylation and ubiquitination of WNK [29], which reduced
expression of SPAK and NKCC1. Zeniya et al. showed suppressed phosphorylation of
NKCC1 on mouse aortae fed a high-salt diet and stimulated phosphorylation of NKCC1 in
mice on a low-salt diet [22]. Similar to our results with direct sodium exposure, a high-salt
diet caused a divergent effect on the gene and protein expression of upstream kinases.
Together, these data fit well with evidence that, aside from maintaining extracellular fluid
volume, sodium acts as a signaling molecule.

NKCC1 activity can contribute to both vasoconstriction and vasodilation. Vasocon-
strictors such as norepinephrine, endothelin, and angiotensin II directly activate NKCC1
activity in vascular smooth muscle cells, causing constriction, while NO and sodium ni-
troprusside inhibit NKCC1, resulting in vasodilation [30,31]. High-sodium environments
reduce phosphorylated eNOS, which would predict reduced vasodilation but increased
contractility. Indeed, inhibiting NO signaling with L-NAME decreased end diastolic and
end systolic vessel diameter, the amplitude of contraction, calculated ejection fraction,
and increased contraction frequency in renal lymphatic vessels (Figure 6B). Interestingly,
previous studies confirm that a high-salt diet and/or direct exposure of lymphatic vessels to
a high-sodium environment increases contraction frequency in skin and muscle lymphatics
and inguinal lymphatic vessels of mice and rats [19,32,33].

Our data clearly show that a high-sodium environment directly blunts lymphatic
dynamics (Figure 3). Since lymphatic vessels are exquisitely sensitive to environmental
stimuli, other molecules within the renal interstitial compartment including vasoactive
substances, for example, angiotensin II, may also play a role in lymphatic dynamic functions.
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However, comparison with vessels from PAN-injured kidneys exposed to a high-sodium
environment revealed that renal injury is an additive contributor to lymphatic dysfunction
(Figure 7). Thus, injured vessels exposed to high sodium showed diminution in their
ability to respond to a pathological shift in their environment. This constellation of findings
predicts impaired drainage of the renal interstitium in settings where a high interstitial
sodium environment may prevail, such as in congestive heart failure, cirrhosis, and acute
and chronic kidney disease. Moreover, these are the very conditions that show relative
resistance to interventions that promote sodium excretion by inhibition of NKCC1. Notably,
the ejection fraction in PAN-injured vessels is less affected by increasing concentrations of
furosemide (Figure 9). Currently, therapeutic resistance to these agents centers on impaired
delivery of the therapeutic to the relevant tubular segment. However, based on our data, we
propose that dysfunction of renal lymphatic vessels is related to electrolyte abnormalities
in the microenvironment of the kidney.

4. Materials and Methods

4.1. Animal Experiments

Male Sprague–Dawley rats (Charles River) weighing 180 g to 250 g were housed in a
facility with 1:1 light/dark cycle. The animals were acclimated for at least 7 days and had
free access to food and water. The well-established model of puromycin aminonucleoside
nephropathy (PAN) was achieved by injecting puromycin aminoglycoside dissolved in
0.9% saline (125 mg/kg body weight i.p.). Rats injected with 0.9% saline served as controls.
Eight days later, renal afferent lymphatic vessels were harvested for pressure myography.
In a separate subset of PAN and control rats, renal lymph was collected using a glass
pipette. The animal protocol was approved by Vanderbilt University Medical Center
Institutional Animal Care and Use Committee in accordance with National Institutes of
Health guidelines.

4.2. Magnetic Resonance Imaging Acquisition

Imaging experiments were performed in the Vanderbilt University Institute of Imaging
Science (VUIIS) Center for Small Animal Imaging. Live animals were anesthetized and res-
piration and temperature were continuously monitored during imaging. Sodium MRI was
acquired with custom-built, single-tuned sodium (23Na) surface coil (approximately 2 cm in
diameter) placed over the kidney and the animal positioned prone in a 63 mm quadrature
proton (1H) volume coil in a 9.4T scanner (Agilent Technologies, Santa Clara, CA, USA).
Sodium standards (NaCl in milli-q water with concentrations 40, 70, 140 mmol/L) were
incorporated in the image field-of-view (FOV) to calibrate 23Na signal intensity to standard
sodium concentrations. Sodium MRI was acquired using a gradient echo multi-slice se-
quence with repetition time (TR) = 150 ms, echo time (TE) = 1.45 ms, FOV = 80 × 80 mm2,
matrix = 32 × 32 interpolated to 128 × 128, slice thickness = 20 mm, and the number of ex-
periments (NEX) = 100. Anatomical T1-weighted images were acquired in an identical FOV
as sodium MRI with a fast spin-echo sequence (TR/TE = 2000/20 ms, matrix = 128 × 128,
number of slices = 10, slice thickness = 2 mm, and NEX = 4 respiratory-triggered gated
acquisitions), sufficient to locate renal compartments.

Quantitative T2 mapping, which measures the transverse relaxation rate of water
protons in tissue, is a commonly used technique both clinically and pre-clinically for
identifying and evaluating edema [34,35]. Proton MRI for T2 relaxation time quantification
was acquired at 7T (Bruker Avance III) in live animals with the kidneys centered in a 72 mm
quadrature proton (1H) volume coil (Bruker Biospin). A water standard (3 mm NMR tube
filled with 5 mM copper sulfate (CuSO4) in distilled water) was placed next to the left kidney.
High spatial-resolution T2-weighted anatomical imaging was performed using a RARE
(Rapid Acquisition with Relaxation Enhancement) sequence with TR/TE = 2000/45 ms,
FOV = 70 × 70 mm2, slice thickness = 1 mm, matrix = 128 × 128, with 28–36 slices covering
the kidneys bilaterally, and NEX = 8. In one axial slice through the center of each kidney,
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multi-spin-echo imaging was performed for T2-relaxation time mapping (TR = 2000 ms,
echo spacing = 7 ms, 16 echoes, FOV = 70 × 70 mm2, matrix = 64 × 64, NEX = 4).

Image Analysis

Renal tissue sodium content maps were calculated voxel-wise. First, a calibration curve
was calculated as the least-squares linear regression fit of the mean 23 Na signal intensity in
each standard solution to their known concentrations (40, 70, 140 mmol/L). The calibration
curve was applied voxel-wise to calculate tissue sodium content (TSC, mmol/L) in the
imaged kidney. T2 relaxation time maps were calculated voxel-wise for each kidney using
a nonlinear least-squares fit of the 1H signal intensity at each echo time, normalized by 1H
signal in a standard water phantom, to a monoexponential decay function. Anatomical
images were used to segment regions of interest (ROIs) manually in renal compartments
consisting of the cortex, medulla, and papilla. Mean TSC (mmol/L) and T2 relaxation time
(ms) metrics were calculated in each ROI and preserved for statistical analyses.

4.3. Serum and Lymph Sodium Analysis

Colorimetric sodium assay kit (Abcam) was used to measure sodium concentration in
serum and lymph according to the manufacturers’ instructions.

4.4. Measurement of Lymphatic Vessels Contractility

Afferent extra-renal lymphatic collecting vessels were isolated by microdissection
and lymphangions mounted on glass pipets in vessel perfusion chambers as reported [17].
A digital image capture system (IonOptix) was used to record pre-valve intraluminal
diameters. Vessels were warmed to 37 ◦C, pressurized to 0.5 mmHg using a column of
Krebs buffer, and allowed to equilibrate (20–60 min) before incrementally increasing the
intraluminal pressure to 2.5 mmHg. Vessels that failed to contract spontaneously were
excluded from further study. For high-sodium environment studies, the vessels were
exposed to a modified high-sodium Krebs buffer (see below). Some vessels were also
challenged with increasing concentrations of furosemide (10-7-10-3M, Hospira). For each
experimental condition, lumen diameters were allowed to plateau (20–40 min) before
moving to the next condition. Single vessels were exposed to 1 to 3 compounds over
the course of each experiment. We found no difference in response or viability based on
the order of compound administration. As previously reported [17,36], the amplitude of
contraction was measured as the difference between the end diastolic diameter and end
systolic diameter (EDD-ESD). The ejection fraction was calculated as (EDD2-ESD2)/EDD2.

Buffers

Standard Krebs buffer contained the following: 109 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2,
0.9 mM MgSO4, 1 mM KH2PO4, 11.1 mM glucose, 34 mM NaHCO3. High-sodium Krebs
buffer contained the following: 151 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 0.9 mM MgSO4,
1 mM KH2PO4, 11.1 mM glucose, 34 mM NaHCO3.

4.5. Reverse Transcription Quantitative Real-Time PCR

Lymphatic vessels were homogenized in RLT and β-ME buffer using a rotating ho-
mogenizer. Cultured cells were harvested directly from culture plates with RLT-β-ME
buffer and the RNA extracted using Qiagen RNeasy Mini Kit by standard protocol. Taq-
Man Reverse Transcription Kit (Applied Biosystems, Waltham, MA, USA) was used for
reverse transcription. β-actin was used as endogenous control and fold difference in gene
expression data was calculated by 2−��Ct method. Human and rat NKCC1 and β-actin
primers were bought from Thermo Fisher Scientific.

4.6. Immunohistochemical Staining

Renal lymphatic vessels were collected from rats, fixed in the 4% paraformaldehyde,
and embedded in paraffin. Three-micron paraffin sections were stained with the standard
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protocol. For NKCC1 staining, tissues were deparaffinized and then antigen retrieved with
citrate buffer (pH = 6.0). After blocking with 2.5% normal horse serum, the tissue was
incubated with anti-NKCC1 antibody (Boster Bio, 1:1000, Pleasanton, CA, USA) overnight
and then incubated with anti-rabbit secondary antibody. Negative control was prepared by
omitting the primary antibody.

4.7. Cell Culture

Adult lymphatic endothelial cells (LECs) (PromoCell) were cultured with endothelial
cell growth medium (PromoCell). After starvation with serum-free medium at passage
5–6, LECs were incubated in normal medium (control group, (Na+) = 145 mmol/L) and
high-sodium medium ((Na+) = 185 mmol/L) for 24 h. Urea (Sigma–Aldrich, St. Louis, MO,
USA) group was used to control for potential osmolarity effects. RT-PCR was performed
for Nkcc1 mRNA quantification. Total protein was extracted for quantitation of NKCC1,
SPAK, and eNOS.

4.8. Western Blot

Cells were lysed in RIPA with phosphatase inhibitor and protease inhibitor (Roche).
Anti-phospho-NKCC1 antibody (Millipore, 1:5000), anti-phospho-SPAK antibody (Milli-
pore, 1:4000), anti-phospho-eNOS antibody (Millipore, 1:8000), and anti-rabbit secondary
antibody were used to detect phosphorate-NKCC1 and phosphorate-SPAK. The two most
thoroughly studied sites of phospho-eNOS are the activation site Ser1177 and the inhibitory
site Thr495. Several protein kinases, including Akt/PKB, PKA, and AMPK activate eNOS
by phosphorylating Ser1177 in response to various stimuli. In our study, we used anti-
phospho-eNOS antibody (Ser1177). Sample loading was measured by β-actin (1:30,000)
with anti-mouse as secondary antibody.

4.9. Statistical Analysis

Data are presented as mean ± standard error of mean. T-test was used for comparison
between the two groups, and the ANOVA analysis was used for the comparison between
multiple groups. p < 0.05 was considered to be statistically significant.

5. Conclusions

Based on our data, we propose that dysfunction of renal lymphatic vessels is related
to electrolyte abnormalities. Furthermore, although lymphangiogenesis has been firmly es-
tablished to accompany these conditions, our data suggest that sodium-induced lymphatic
dysfunction compounds the problem of impaired fluid clearance in the setting of kidney
injury. Sodium accumulation suppresses the pumping function of renal lymphatic vessels
by inhibiting the SPAK-NKCC1 cascade. These results imply that the lymphatic system
should be viewed as a potential target in disease characterized by sodium accumulation,
such as various renal diseases or heart failure.
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13. Yazdani, S.; Poosti, F.; Kramer, A.B.; Mirković, K.; Kwakernaak, A.J.; Hovingh, M.; Slagman, M.C.; Sjollema, K.A.; de Borst, M.H.;
Navis, G.; et al. Proteinuria Triggers Renal Lymphangiogenesis Prior to the Development of Interstitial Fibrosis. PLoS ONE 2012,
7, e50209. [CrossRef] [PubMed]

14. Zarjou, A.; Black, L.M.; Bolisetty, S.; Traylor, A.M.; Bowhay, S.A.; Zhang, M.Z.; Harris, R.C.; Agarwal, A. Dynamic Signature of
Lymphangiogenesis During Acute Kidney Injury and Chronic Kidney Disease. Lab. Investig. 2019, 99, 1376–1388. [CrossRef]

15. Solari, E.; Marcozzi, C.; Negrini, D.; Moriondo, A. Lymphatic Vessels and Their Surroundings: How Local Physical Factors Affect
Lymph Flow. Biology 2020, 9, 463. [CrossRef] [PubMed]

16. Scallan, J.P.; Bouta, J.P.; Rahimi, H.; Kenney, H.M.; Ritchlin, C.T.; Davis, C.T.; Schwarz, E.M. Ex vivo Demonstration of Functional
Deficiencies in Popliteal Lymphatic Vessels From TNF-Transgenic Mice With Inflammatory Arthritis. Front. Physiol 2021,
12, 745096. [CrossRef]

17. Shelton, E.L.; Yang, H.C.; Zhong, J.; Salzman, M.M.; Kon, V. Renal Lymphatic Vessel Dynamics. Am. J. Physiol. Renal. Physiol.

2020, 319, F1027–F1036. [CrossRef]
18. Dormans, T.P.; Pickkers, P.; Russel, F.G.; Smits, P. Vascular Effects of Loop Diuretics. Cardiovasc. Res. 1996, 32, 988–997. [CrossRef]
19. Karlsen, T.V.; Nikpey, E.; Han, J.; Reikvam, T.; Rakova, N.; Castorena-Gonzalez, J.A.; Davis, M.J.; Titze, J.M.; Tenstad, O.; Wiig, H.

High-Salt Diet Causes Expansion of the Lymphatic Network and Increased Lymph Flow in Skin and Muscle of Rats. Arter.

Thromb. Vasc. Biol. 2018, 38, 2054–2064. [CrossRef]
20. Balasubbramanian, D.; Baranwal, G.; Clark, M.C.; Goodlett, B.L.; Mitchell, B.M.; Rutkowski, J.M. Kidney-specific lymphangiogen-

esis increases sodium excretion and lowers blood pressure in mice. J. Hypertens. 2020, 38, 874–885. [CrossRef]
21. Delpire, E.; Gagnon, K.B. Na(+)-K(+)-2cl(−) Cotransporter (Nkcc) Physiological Function in Nonpolarized Cells and Transporting

Epithelia. Compr. Physiol. 2018, 8, 871–901. [CrossRef]
22. Zeniya, M.; Sohara, E.; Kita, S.; Iwamoto, T.; Susa, K.; Mori, T.; Oi, K.; Chiga, M.; Takahashi, D.; Yang, S.S.; et al. Dietary Salt

Intake Regulates WNK3-SPAK-NKCC1 Phosphorylation Cascade in Mouse Aorta through Angiotensin II. Hypertension 2013, 62,
872–878. [CrossRef] [PubMed]

23. Baldwin, S.N.; Sandow, S.L.; Mondéjar-Parreño, G.; Stott, J.B.; Greenwood, I.A. K(V)7 Channel Expression and Function within
Rat Mesenteric Endothelial Cells. Front. Physiol. 2020, 11, 598779. [CrossRef] [PubMed]

24. Li, Y.; Wu, X.; Mao, Y.; Liu, C.; Wu, Y.; Tang, J.; Zhao, K.; Li, P. Nitric Oxide Alleviated High Salt-Induced Cardiomyocyte
Apoptosis and Autophagy Independent of Blood Pressure in Rats. Front. Cell Dev. Biol. 2021, 9, 646575. [CrossRef] [PubMed]

167



Int. J. Mol. Sci. 2022, 23, 1428

25. Madelin, G.; Lee, J.S.; Regatte, R.R.; Jerschow, A. Sodium MRI: Methods and Applications. Prog. Nucl. Magn. Reson. Spectrosc.

2014, 79, 14–47. [CrossRef] [PubMed]
26. Katz, Y.J.; Cockett, A.; Moor, R.S. Elevation of Inferior Vena Cava Pressure and Thoracic Lymph and Urine Flow. Circ. Res. 1959,

7, 118–122. [CrossRef]
27. Lebrie, S.J.; Mayerson, H.S. Influence of Elevated Venous Pressure on Flow and Composition of Renal Lymph. Am. J. Physiol.

1960, 198, 1037–1040. [CrossRef]
28. Baranwal, G.; Creed, H.A.; Black, L.M.; Auger, A.; Quach, A.M.; Vegiraju, R.; Eckenrode, H.E.; Agarwal, A.; Rutkowski, J.M.

Expanded Renal Lymphatics Improve Recovery Following Kidney Injury. Physiol. Rep. 2021, 9, e15094. [CrossRef]
29. Zhao, X.; Lai, G.; Tu, J.; Liu, S.; Zhao, Y. Crosstalk between Phosphorylation and Ubiquitination Is Involved in High Salt-Induced

WNK4 Expression. Exp. Ther. Med. 2021, 21, 133. [CrossRef]
30. Akar, F.; Jiang, G.; Paul, R.J.; O’Neill, W.C. Contractile Regulation of the Na(+)-K(+)-2cl(−) Cotransporter in Vascular Smooth

Muscle. Am. J. Physiol. Cell Physiol. 2001, 281, C579–C584. [CrossRef]
31. Akar, F.; Skinner, E.; Klein, J.D.; Jena, M.; Paul, R.J.; O’Neill, W.C. Vasoconstrictors and Nitrovasodilators Reciprocally Regulate

the Na+-K+-2cl- Cotransporter in Rat Aorta. Am. J. Physiol. 1999, 276, C1383–C1390. [CrossRef] [PubMed]
32. Kwon, S.; Agollah, G.D.; Sevick-Muraca, E.M.; Chan, W. Altered Lymphatic Function and Architecture in Salt-Induced Hyperten-

sion Assessed by Near-Infrared Fluorescence Imaging. J. Biomed. Opt. 2012, 17, 080504. [CrossRef]
33. Mizuno, R.; Isshiki, M.; Ono, N.; Nishimoto, M.; Fujita, T. A High-Salt Diet Differentially Modulates Mechanical Activity of Affer-

ent and Efferent Collecting Lymphatics in Murine Iliac Lymph Nodes. Lymphat. Res. Biol. 2015, 13, 85–92. [CrossRef] [PubMed]
34. Hueper, K.; Gutberlet, M.; Brasen, J.H.; Jang, M.S.; Thorenz, A.; Chen, R.; Hertel, B.; Barrmeyer, A.; Schmidbauer, M.;

Meier, M.; et al. Multiparametric Functional Mri: Non-Invasive Imaging of Inflammation and Edema Formation after Kid-
ney Transplantation in Mice. PLoS ONE 2016, 11, e0162705. [CrossRef] [PubMed]

35. Schley, G.; Jordan, J.; Ellmann, S.; Rosen, S.; Eckardt, K.U.; Uder, M.; Willam, C.; Bauerle, T. Multiparametric Magnetic
Resonance Imaging of Experimental Chronic Kidney Disease: A Quantitative Correlation Study with Histology. PLoS ONE 2018,
13, e0200259. [CrossRef]

36. Scallan, J.P.; Zawieja, S.D.; Castorena-Gonzalez, J.A.; Davis, M.J. Lymphatic Pumping: Mechanics, Mechanisms and Malfunction.
J. Physiol. 2016, 594, 5749–5768. [CrossRef]

168



Citation: Mak, R.H.; Gunta, S.;

Oliveira, E.A.; Cheung, W.W. Growth

Hormone Improves Adipose Tissue

Browning and Muscle Wasting in

Mice with Chronic Kidney

Disease-Associated Cachexia. Int. J.

Mol. Sci. 2022, 23, 15310. https://

doi.org/10.3390/ijms232315310

Academic Editors: Márcia Carvalho

and Luís Belo

Received: 3 October 2022

Accepted: 1 December 2022

Published: 4 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Growth Hormone Improves Adipose Tissue Browning and
Muscle Wasting in Mice with Chronic Kidney
Disease-Associated Cachexia

Robert H. Mak 1,*, Sujana Gunta 1,2, Eduardo A. Oliveira 1,3 and Wai W. Cheung 1

1 Division of Pediatric Nephrology, Rady Children’s Hospital, University of California,
San Diego, CA 92093, USA

2 Pediatric Services, Vista Community Clinic, Vista, CA 92084, USA
3 Department of Pediatrics, Health Sciences Postgraduate Program, School of Medicine, Federal University of

Minas Gerais (UFMG), Belo Horizonte 30310-100, Brazil
* Correspondence: romak@health.ucsd.edu; Tel.: +1-858-822-6717; Fax: +1-858-822-6776

Abstract: Cachexia associated with chronic kidney disease (CKD) has been linked to GH resistance. In
CKD, GH treatment enhances muscular performance. We investigated the impact of GH on cachexia
brought on by CKD. CKD was induced by 5/6 nephrectomy in c57BL/6J mice. After receiving GH
(10 mg/kg/day) or saline treatment for six weeks, CKD mice were compared to sham-operated
controls. GH normalized metabolic rate, increased food intake and weight growth, and improved
in vivo muscular function (rotarod and grip strength) in CKD mice. GH decreased uncoupling
proteins (UCP)s and increased muscle and adipose tissue ATP content in CKD mice. GH decreased
lipolysis of adipose tissue by attenuating expression and protein content of adipose triglyceride lipase
and protein content of phosphorylated hormone-sensitive lipase in CKD mice. GH reversed the
increased expression of beige adipocyte markers (UCP-1, CD137, Tmem26, Tbx1, Prdm16, Pgc1α,
and Cidea) and molecules implicated in adipose tissue browning (Cox2/Pgf2α, Tlr2, Myd88, and
Traf6) in CKD mice. Additionally, GH normalized the molecular markers of processes connected
to muscle wasting in CKD, such as myogenesis and muscle regeneration. By using RNAseq, we
previously determined the top 12 skeletal muscle genes differentially expressed between mice with
CKD and control animals. These 12 genes’ aberrant expression has been linked to increased muscle
thermogenesis, fibrosis, and poor muscle and neuron regeneration. In this study, we demonstrated that
GH restored 7 of the top 12 differentially elevated muscle genes in CKD mice. In conclusion, GH might
be an effective treatment for muscular atrophy and browning of adipose tissue in CKD-related cachexia.

Keywords: chronic kidney disease; growth hormone; cachexia; lipolysis; adipose tissue browning;
muscle mass; muscle function

1. Introduction

Cachexia in chronic kidney disease (CKD) results in profound loss of adipose tissue
and muscle mass [1,2]. Although poor protein-calorie intake is a major factor, growth
hormone (GH) resistance has been linked to CKD-associated cachexia [1–4]. GH increases
muscle strength in healthy men [5]. Short-term administration of recombinant GH increases
muscle protein synthesis and muscle mass as well as improves quality of life in hemodialysis
patients [6–10]. However, most studies have used dual energy X-ray absorptiometry
(DXA) to measure muscle mass as a surrogate marker for the effect of GH treatment in
hemodialysis patients, but the validity of this extrapolation in CKD is questionable since
DXA cannot differentiate between a true increase in muscle mass versus fluid overload [11].
Moreover, the effect of GH on muscle function in CKD has not been adequately studied [12].
We have previously described the pathways involved in muscle wasting in a mouse model
of CKD [13]. IGF-I and myostatin represent yin-and-yang signaling pathways in the
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pathogenesis of CKD-associated cachexia muscle wasting [14]. GH resistance in CKD,
due to signal transduction defects in JAK-STAT pathways, is associated with upregulated
SOCS-2 and downregulated IGF-I in skeletal muscle [15]. Myostatin is overexpressed in
CKD-associated wasting and is accompanied by increased protein degradation via FoxOs,
Atrogin-1, and MuRF-1, and decreased myogenesis via Pax3 and MyoD [13].

Adipose tissue regulates whole-body energy metabolism. White adipose tissue (WAT)
is a key energy reservoir, while brown adipose tissue (BAT) is involved in the regulation
of thermogenesis [16]. Recent studies have demonstrated that WAT browning, a process
characterized by a phenotypic transition from WAT to thermogenic BAT, is implicated in the
pathogenesis of cachexia. Indeed, browning of WAT preceded skeletal muscle atrophy in
mouse models of CKD and cancer [17,18]. GH regulates adipose tissue metabolism [19,20].
In this study, we investigate the effects and mechanisms of GH in a mouse model of CKD,
with emphasis on adipose tissue browning and muscle wasting.

2. Results

2.1. GH Stimulates Food Intake and Increases Body Weight in CKD Mice

We empirically determined the optimal dose of GH treatments in our mouse model of
CKD. Six-week-old c57BL/6J male mice were used for this study. Schematic representation
of the experimental design is shown in Figure 1A. CKD in mice was induced by a two-stage
subtotal nephrectomy, while a sham procedure was performed in control mice [13]. GH
treatment was initiated in eight-week-old CKD or sham mice. CKD or sham mice were
treated with recombinant human GH (5 mg/kg/day or 10 mg/kg/day, intraperitoneal)
or vehicle for six weeks. During the treatment, all mice were housed in individual cage
and fed ad libitum. Dietary intake as well as weight gain for each mouse was recorded
weekly. Mice were sacrificed at the age of 14 weeks old. Serum and blood chemistry of
CKD and sham mice are listed (Table 1). CKD mice were uremic, as CKD mice had a
higher concentration of BUN and serum creatinine than control mice. Over the course
of the six-week ad libitum experiment, GH stimulated food intake and improved weight
gain in both CKD and sham mice. GH-treated CKD and GH-treated sham mice exhibited
significantly more average daily energy intake and weight gain compared to vehicle-treated
CKD and vehicle-treated sham mice, respectively (Figure 1B,C). More importantly, we
found that CKD mice treated with 10 mg/kg/day demonstrated significantly improved
food intake and weight gain relative to CKD mice treated with 5 mg/kg/day or vehicle.
As a result, daily dosing of 10 mg/kg of GH for CKD mice was selected for the subsequent
food-restrictive study.

Table 1. Serum and blood chemistry of mice from ad libitum study. Eight-week-old CKD and sham
mice were treated with GH (5 mg/kg per day or 10 mg/kg per day) or normal saline as a vehicle for
six weeks. All mice were fed ad libitum. Data are expressed as mean ± SEM. Results of all five groups
of mice were compared to those of Sham + Vehicle mice, respectively. BUN, blood urea nitrogen.
a p < 0.05, significantly higher than Sham + Vehicle mice.

Sham + Vehicle
(n = 9)

Sham + GH
(5 mg/kg/day)

(n = 9)

Sham + GH
(10 mg/kg/day)

(n = 9)

CKD + Vehicle
(n = 9)

CKD + GH
(5 mg/kg/day)

(n = 9)

CKD + GH
(10 mg/kg/day)

(n = 9)

BUN (mg/dL) 34.5 ± 3.5 36.7 ± 4.6 32.6 ± 3.7 65.8 ± 6.9 a 75.6 ± 8.1 a 65.9 ± 5.8 a

Creatinine
(mg/dL)

0.32 ± 0.11 0.35 ± 0.14 0.28 ± 0.09 0.57 ± 0.15 a 0.65 ± 0.13 a 0.75 ± 0.13 a
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Figure 1. GH attenuates cachexia in CKD mice. We performed two studies. For the first study,
we used ad libitum dietary strategy (A). CKD and control mice were given GH (5 mg/kg/day or
10 mg/kg/day), or vehicle (normal saline), respectively, for six weeks. All mice were fed ad libitum.
We calculated average daily caloric intake (B) and recorded final weight change in mice (C). Results of
Sham + GH (5 mg/kg/day) and Sham + GH (10 mg/kg/day) mice were compared to those of Sham +
Vehicle mice, while results of CKD + GH (5 mg/kg/day) and CKD + GH (10 mg/kg/day) mice were
compared to those of CKD + Vehicle mice. In addition, results of CKD + GH (5 mg/kg/day) mice were
compared to those of CKD + GH (10 mg/kg/day) mice. Furthermore, results of CKD + Vehicle, CKD +
GH (5 mg/kg/day), and CKD + GH (10 mg/kg/day) mice were compared to those of Sham + Vehicle,
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Sham + GH (5 mg/kg/day), and Sham + GH (10 mg/kg/day) mice, respectively. Data are expressed
as mean ± SEM. For comparison of the means between two groups, data were analyzed by Student’s
2-tailed t-test. Differences of the means for more than two groups containing two variables were
analyzed using two-way ANOVA. Posthoc analysis was performed with Tukey’s test. Specific
p-values are shown above the bar. * p < 0.05, ** p < 0.01, *** p < 0.001. ns signifies not significant. For
the second experiment, we employed a diet-restrictive strategy (D). CKD + Vehicle mice were given
an ad libitum amount of food, whereas other groups of mice were given an equivalent amount of food
(E). Weight gain, fat content, resting metabolic rate, lean content, gastrocnemius weight relative to
length of tibia, and in vivo muscle function (rotarod and grip strength) were measured (F–L). Results
of Sham + GH (10 mg/kg/day) mice were compared to those of Sham + Vehicle mice, while results
of CKD + GH (10 mg/kg/day) mice were compared to those of CKD + Vehicle mice. Furthermore,
results of CKD + Vehicle and CKD + GH (10 mg/kg/day) mice were compared to those of Sham
+ Vehicle mice, respectively. Data are expressed as mean ± SEM. For comparison of the means
between two groups, data were analyzed by Student’s 2-tailed t-test. Posthoc analysis was performed
with Tukey’s test. Specific p-values are shown above the bar. ns signifies not significant, * p < 0.05,
** p < 0.01.

2.2. GH Improves Energy Homeostasis in CKD Mice

We utilized a food-restrictive strategy to study the pharmacological effects of GH in
CKD mice beyond appetite stimulation and their consequent body weight gain (Figure 1D).
Two-stage subtotal nephrectomy for CKD mice and a sham procedure for control mice
were also performed. Eight-week-old CKD or sham mice were housed individually. Mice
were given GH (10 mg/kg/day, intraperitoneal) or vehicle for six weeks. For this diet-
restrictive study, vehicle-treated CKD mice were fed ad libitum, while the other mouse
groups (GH-treated CKD mice as well as GH-treated or vehicle-treated sham mice) received
an energy intake amount equal to that of vehicle-treated CKD mice (Figure 1E). Mice were
sacrificed at the age of 14 weeks old. Serum and blood chemistry of mice are listed in Table 2.
Vehicle- or GH-treated CKD mice were uremic, as they had a higher concentration of BUN
and serum creatinine than sham mice. We verified that daily GH treatments resulted in
high circulating concentrations of human GH in mice. Mean circulating human GH was
not different between GH-treated CKD (325.3 ± 65.3 μg/L) and GH-treated control mice
(364.6 ± 76.4 μg/L), whereas no human GH was detected in CKD or control mice receiving
vehicle. A significant increase in weight gain in GH-treated CKD mice relative to vehicle-
treated CKD mice was observed at day 21, and the trend remained significant for the rest
of the study (Figure 1F). In addition, GH normalized fat and lean mass content, weight of
gastrocnemius, resting metabolic rate, and in vivo muscle function (rotarod activity and
grip strength) in CKD mice (Figure 1G–L).

Table 2. Serum and blood chemistry in mice from diet-restrictive study. Eight-week-old CKD and
sham mice were treated with GH (10 mg/kg per day), or normal saline as a vehicle for six weeks.
CKD mice were fed ad libitum. The other mouse groups received an energy intake amount equal
to that of CKD + Vehicle mice. BUN, blood urea nitrogen. Results are analyzed and presented as in
Table 1. a p < 0.05, significantly higher than Sham + Vehicle mice.

Sham + Vehicle
(n = 9)

Sham + GH
(10 mg/kg/day)

(n = 9)

CKD + Vehicle
(n = 9)

CKD + GH
(10 mg/kg/day)

(n = 9)

BUN (mg/dL) 36.5 ± 5.8 26.7 ± 4.7 59.8 ± 7.4 a 72.8 ± 11.5 a

Creatinine (mg/dL) 0.25 ± 0.06 0.31 ± 0.13 0.63 ± 0.21 a 0.75 ± 0.25 a

Human GH (μg/L) - 364.6 ± 76.4 - 325.3 ± 65.3
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2.3. GH Improves Skeletal Muscle and Adipose Tissue Energy Homeostasis in CKD Mice

For the rest of the investigation, gastrocnemius, WAT, and BAT tissue from the diet-
restrictive study were used. We studied the effects of GH on skeletal muscle and adipose
tissue energy homeostasis in CKD mice. Protein content of UCPs in gastrocnemius as well
as in WAT and BAT was significantly higher in vehicle-treated CKD mice (Figure 2A,C,E).
Inversely, ATP content in gastrocnemius, WAT, and BAT was significantly lower in vehicle-
treated CKD mice (Figure 2B,D,F). GH decreased UCPs but increased ATP content in muscle
and adipose tissue in CKD mice.

Figure 2. GH enhances energy balance in skeletal muscle and adipose tissue. Measurements were
made of the UCP (A,C,E) and ATP contents (B,D,F) in gastrocnemius, WAT, and BAT. CKD mice
were fed ad libitum, whereas other mouse groups received an energy intake amount equal to that of
CKD + Vehicle mice. Comparisons were made between the outcomes of Sham + GH (10 mg/kg/day)
mice and Sham + Vehicle mice, as well as between the outcomes of CKD + GH (10 mg/kg/day)
mice and CKD + Vehicle mice. Additionally, the outcomes of the CKD + Vehicle and CKD + GH
(10 mg/kg/day) mice were contrasted with those of the Sham + Vehicle mice. Data are expressed as
mean ± SEM. For comparison of the means between two groups, data were analyzed by Student’s
2-tailed t-test. Posthoc analysis was performed with Tukey’s test. Specific p-values are shown above
the bar. ns signifies not significant, * p < 0.05, ** p < 0.01.

2.4. GH Mitigates Lipolytic Enzymes in CKD Mice

Elevated lipolysis is important for adipose tissue wasting in cachexia [21]. We investi-
gated the molecular basis for the loss of adipose tissue in CKD mice. Inguinal WAT gene
expression and protein content of adipose triglyceride lipase (ATGL) was significantly
increased in vehicle-treated CKD mice (Figure 3A,B). Inguinal WAT gene expression and
protein content of hormone-sensitive lipase (HSL) was not different among groups of mice
(Figure 3C,D). However, phosphorylated HSL Ser552 protein content in inguinal WAT, a
surrogate marker for protein kinase A-activated lipolysis, was five-fold higher in vehicle-
treated CKD mice compared to control mice (Figure 3E). Importantly, GH significantly
decreased inguinal WAT gene expression and protein content of ATGL as well as protein
content of phosphorylated HSL in CKD mice.

2.5. GH Mitigates White Adipose Tissue Browning in CKD Mice

Beige adipocyte cell surface markers’ (CD137, Tbx1, Tmem26, Prdm16, Pgc1α, and
Cidea) mRNA expression in inguinal WAT was normalized or decreased in GH-treated
CKD mice relative to vehicle-treated CKD mice (Figure 4A–F). In WAT, de novo browning
recruitment is promoted by the activation of Cox2/Pgf2α pathway and toll-like receptor
Tlr2 and adaptor molecules, such as Myd88 and Traf6 [22]. GH treatment normalized
expression of inguinal WAT Cox2, Pgf2α, Tlr2, Myd88, and Traf6 in CKD mice (Figure 4G–K).
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Figure 3. Lipolytic gene expression and protein content in CKD mice. CKD mice were fed ad libitum,
whereas other mouse groups received an energy intake amount equal to that of CKD + Vehicle mice.
By using qPCR, the expression of lipolytic genes (Atgl and Hsl) in the inguinal WAT was determined
(A,C). In addition, the total protein content of ATGL and HSL as well as the relative phosphorylated
HSL/total HSL ratio in the inguinal WAT were evaluated (B,D,E). Results are analyzed and expressed
as in Figure 2. Data are expressed as mean ± SEM. For comparison of the means between two groups,
data were analyzed by Student’s 2-tailed t-test. Posthoc analysis was performed with Tukey’s test.
Specific p-values are shown above the bar. ns signifies not significant, * p < 0.05, ** p < 0.01.

Figure 4. GH reduces browning of adipose tissue in CKD mice. CKD mice were fed ad libitum,
whereas other mouse groups received an energy intake amount equal to that of CKD + Vehicle mice.
qPCR was used to assess the gene expression of the beige adipocyte markers CD137, Tbx-1, Tmem26,
Prdm16, Pgc1α, and Cidea in the inguinal WAT (A–F). In addition, inguinal WAT was also used to
evaluate the gene expression of the Cox2 signaling pathway and the toll-like receptor pathway (Cox2,
Pgf2, Tlr2, Myd88, and Traf6) (G–K). Final results were expressed in arbitrary units, with one unit
being the mean level in Sham + Vehicle mice. Results are analyzed and expressed as in Figure 2.
Data are expressed as mean ± SEM. For comparison of the means between two groups, data were
analyzed by Student’s 2-tailed t-test. Posthoc analysis was performed with Tukey’s test. Specific
p-values are shown above the bar. ns signifies not significant, * p < 0.05, ** p < 0.01.
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2.6. GH Attenuates Muscle-Wasting Signaling and GH Resistance Pathways in CKD Mice

Perturbations of metabolic pathways lead to skeletal muscle atrophy in the cachexia
and sarcopenia. Proinflammatory cytokines induce the catabolic pathways in muscle [1,2].
Treatment of GH attenuated gastrocnemius mRNA expression of inflammatory cytokines
(Il1β, Il6, and Tnfα) in CKD mice (Figure 5A–C). GH ameliorated muscle regeneration and
myogenesis by decreasing the mRNA expression of negative regulators of skeletal muscle
mass (Atrogin-1, Murf-1, Myostatin, and Soc2) while increasing the mRNA expression of
promyogenic factors (MyoD, Myogenin, Pax-7, and IGF-I) in CKD mice (Figure 5D–G).
In agreement with previous observations [14,15], we also found impaired JAK2/STAT5
signaling in gastrocnemius muscle in CKD mice (Figure 5L,M). GH normalized muscle
protein content of phosphorylated JAK2 and STAT5 in CKD mice.

Figure 5. GH reduces muscle-wasting signaling pathways in CKD mice. CKD mice were fed ad
libitum, whereas other mouse groups received an energy intake amount equal to that of CKD +
Vehicle mice. By using qPCR, the expression of negative regulators of skeletal muscle mass (Il1β, Il6,
Tnfα, Atrogin-1, Murf-1, and Socs2) as well as promyogenic factors (MyoD, Myogenin, Pax7, and
IGF-I) in the gastrocnemius muscle was determined (A–K). In addition, by using the appropriate
ELISA kits, the relative phosphorylated JAK2/total JAK2 ratio and the phosphorylated STAT5/total
STAT5 ratio in the gastrocnemius muscle were evaluated (L,M). Results are analyzed and expressed
as in Figure 2. Data are expressed as mean ± SEM. For comparison of the means between two groups,
data were analyzed by Student’s 2-tailed t-test. Posthoc analysis was performed with Tukey’s test.
Specific p-values are shown above the bar. ns signifies not significant, * p < 0.05, ** p < 0.01.

2.7. Molecular Mechanism of GH on Muscle Function by RNAseq Analysis

We previously performed transcriptomic profiling of muscle wasting in CKD by
RNAseq analysis and identified 12 differentially expressed genes in muscle [23]. Perturba-
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tions of these 12 muscle genes are correlated with impaired muscle and neuron regeneration,
enhanced muscle thermogenesis, and fibrosis. Hence, we studied the effects of GH on
expression of these 12 muscle genes in CKD mice. Notably, GH normalized or attenuated
7 out of those 12 differentially expressed muscle genes identified in CKD mice, while the
expression of 5 muscle genes remained different in GH-treated CKD mice (Figure 6A–L).

Figure 6. GH reduces the expression of differentially expressed genes in the muscles of CKD mice.
CKD mice were fed ad libitum, whereas other mouse groups received an energy intake amount
equal to that of CKD + Vehicle mice. The expression of relevant genes in the mouse gastrocnemius
muscle was assessed using qPCR (A–L). Results are analyzed and expressed as in Figure 2. Data are
expressed as mean ± SEM. For comparison of the means between two groups, data were analyzed
by Student’s 2-tailed t-test. Posthoc analysis was performed with Tukey’s test. Specific p-values are
shown above the bar. ns signifies not significant, * p < 0.05, ** p < 0.01.

3. Discussion

Patients with CKD frequently have cachexia, which has been linked to higher mor-
bidity and mortality rates [1]. We looked into how GH affected cachexia in CKD mice.
First, we showed that intraperitoneal administration of GH significantly increased caloric
intake and weight growth in CKD mice (Figure 1B,C). We also demonstrated that the bene-
ficial metabolic benefits of GH go beyond appetite stimulation. GH improves organismal
metabolism (Figure 1F–L) as well as specific tissue energy balance (skeletal muscle and
adipose tissue) in CKD mice (Figure 2). The findings of this study are consistent with
those of other, earlier studies. In hemodialysis patients, GH enhances nutrition intake and
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increases lean body mass [8–10]. With the help of GH, the body’s anabolism is stimulated,
and protein accretion happens in the muscles and extramuscular tissues [6,7,24].

By increasing muscle mass and improving energy efficiency, GH may improve mus-
cle strength. Anaerobic and aerobic energy sources comprise the continuum of energy
needed to fuel muscular function. Anaerobic energy systems are stimulated by GH, which
suppresses the aerobic energy system. This increases muscle strength. After six months
of GH therapy, healthy males showed a considerable improvement in their lower body
muscle strength [5]. By “uncoupling” ATP synthesis, UCPs regulate energy homeosta-
sis by dissipating the mitochondrial proton gradient for ATP synthesis and producing
heat [25,26]. UCP3 is expressed in skeletal muscle, and upregulation of UCP3 has been
reported in various conditions characterized by skeletal muscle atrophy, including dener-
vation, diabetes, cancer, and sepsis [27]. Gastrocnemius UCP3 protein content along with
ATP content was normalized in GH-treated CKD mice (Figure 2A,B). Putative functions
of UCP3 are controversial. Interesting evidence for and against UCP3 involvement in
thermogenesis has been published [27,28]. Furthermore, increased muscle expression of
UCP3 has been postulated to modulate oxidative stress and lipotoxicity in a rat model of
cachexic sepsis [29]. GH therapy reduced abnormal UCP1 and ATP content in WAT and
BAT in CKD mice (Figure 2C–F). However, the precise role of UCP1 in disease-associated
cachexia in humans is still a topic of debate. Several studies have described UCP1 expres-
sion, a biomarker of WAT browning, as a critical component of WAT dysfunction in cancer
cachexia [17,18,30]. Results also suggested that a UCP-1 independent cascade could also
regulate adipocyte homeostasis and influence tumor-induced WAT wasting [31]. Moreover,
activation of BAT has been associated with hypermetabolism in cachexia, but information
from human studies is scarce. A recent study investigated the relationship between ac-
tivation of BAT and hypermetabolism in patients with emphysematous COPD (chronic
obstructive pulmonary disease). BAT activity and gene expression of beige markers of
BAT in WAT (Tmem26, Cidea, CD137, Shox2, and Tnfrsf9) were not different between
COPD patients versus controls [32]. Medications may influence the sympathetic nervous
system and BAT metabolism. Adrenergic receptor blockers and calcium channel blockers
are commonly used by COPD patients. Involvement of β-adrenergic receptor signaling
in BAT metabolism was reported in humans and rodents [33,34]. Data also indicated that
calcium channel blockers regulated adipogenesis and BAT browning [35,36].

CKD-associated cachexia is a progressive, multifactorial metabolic syndrome that
results in significant loss of adipose tissue and skeletal muscle mass. Fat loss from adipose
tissue in CKD-associated cachexia may be due to the increased rate of lipolysis. Recent
longitudinal studies found that the magnitude of adipose tissue wasting predicts poorer
survival in cancer patients [37–39]. The bulk of lipid mobilization from adipose tissue
is mediated through lipolysis. In canonical adipose tissue lipolysis, triglycerides stored
in lipid droplets are hydrolyzed by ATGL and HSL to produce free glycerol and fatty
acids and fuel peripheral tissue metabolism [40]. ATGL is the rate-limiting lipase and
hydrolyzes triacylglycerol in lipid droplets to diacylglycerol. GH treatment attenuated
inguinal WAT mRNA expression and protein content of ATGL in CKD mice (Figure 3A,B).
Previous studies have shown increased ATGL expression in the adipose tissue of cancer-
associated cachectic animals and humans [21,41,42]. Inguinal WAT gene expression and
protein content of HSL was not different among groups of mice (Figure 3C,D). However,
phosphorylated HSL Ser552 protein content in inguinal WAT, a surrogate marker for protein
kinase A-activated lipolysis [43], was significantly increased in CKD mice (Figure 3E).
Importantly, GH attenuated inguinal WAT protein content of phosphorylated HSL in
CKD mice. Evidence of enhanced protein kinase A-activated lipolysis correlated with
elevated whole-organism energy expenditure and increased adipose tissue thermogenesis,
and increased expression of biomarkers of adipose tissue browning in WAT was reported
in a mouse model of cancer cachexia [21]. Moreover, increased WAT protein content of
phosphorylated HSL and protein Kinase A was also shown in a mouse model of CKD [44].

177



Int. J. Mol. Sci. 2022, 23, 15310

Browning of adipose tissue is associated with a hypermetabolic state and cachexia.
Adipose tissue browning is evident in animal models of CKD-associated cachexia and
cancer as well as in cachectic cancer patients [17,18,30]. We demonstrated that in CKD
mice, GH reduced the browning of adipose tissue. The expression of biomarkers of beige
adipocyte in WAT (CD137, Tbx-1, Tmem26, Prdm16, Pgc1a, and Cidea) was attenuated
in CKD mice treated with GH (Figure 4A–F). Cox2/Pgf2 and inflammatory Tlr2, MyD88,
and Traf6 signaling pathways have been associated with the biogenesis of browning [22].
GH treatment restored the expression of inflammatory molecules (Tlr2, MyD88, and Trap6)
in the inguinal WAT of CKD mice treated with GH (Figure 4G–K). GH influences the
metabolism of adipose tissue by binding to the GH receptor (GHR). Disrupted GH/GHR
in mice results in multiple metabolic disorders. Global or adipose-specific GHR-deficient
mice fail to demonstrate metabolic adaptability when challenged with a high-fat diet or
cold temperature [45].

We looked at how GH affected the expression of molecules that control skeletal muscle
metabolism in CKD mice. GH increases the expression of promyogenic factors (MyoD,
Myogenin, and Pax-7) while decreasing or normalizing the expression of negative regula-
tors of skeletal muscle mass (Atrogin-1, Murf-1, Myostatin, and Soc2, and inflammatory
cytokines IL-1β, IL-6, and TNFα) (Figure 5A–J). Recent research indicates that the immune
system and the GH/IGF-I axis interact in complicated and bidirectional ways. For example,
the GH/IGF-I axis may be suppressed by inflammatory cytokines such as IL-1, IL-6, and
TNFα, while GH/IGF-I may also influence systemic inflammation [46]. In cancer cachectic
mice, IL-6 causes a decrease in fat content and stimulates adipose tissue browning [47].
In children with GH deficiency, GH has been found to reduce serum concentrations of
IL-1β and TNFα [48]. In addition, GH lowers the serum concentrations of TNFα in adult
hemodialysis patients [8]. Skeletal muscle growth and repair are influenced by the transcrip-
tion factors Pax-3 and Pax-7. Pax-3 and Pax-7 regulate MyoD and myogenin [49]. MyoD
and Myogenic Factor 5 (Myf5) are required to promote myogenic precursors. A down-
stream target of MyoD, myogenin controls the differentiation of myoblasts into myocytes
and myotubes [49,50].

Because GH and IGF-I are powerful anabolic hormones that stimulate muscle mass
increase and are crucial for maintaining skeletal mass, muscle loss in CKD has been linked
to disruptions in the GH/IGF axis. As a result, IGF-I resistance may be a factor in the
wasting of muscle in CKD [4]. In fact, GH therapy improved muscle mass compared to
height in children with CKD [51]. Patients receiving continuous hemodialysis experienced
an increase in blood IGF-I concentration following GH therapy [52–54]. The IGF-I signal-
ing pathway, which promotes the proliferation and differentiation of satellite cells into
myoblasts and the development of new myofibers, is one of the mechanisms by which
GH affects skeletal muscle metabolism [55]. After a prolonged denervation injury, GH
enhances muscle reinnervation, nerve regeneration, and functional outcomes [56]. Further-
more, Gautsch et al. have demonstrated that GH stimulates endocrine IGF-I-stimulated
protein accretion, enhancing somatic and skeletal muscle growth in malnourished rats [57].
Interesting findings also point to a possible IGF-I-independent mechanism by which GH
may exert anabolic effects in muscle [58]. Muscle wasting associated with CKD is brought
on by an impaired JAK-STAT signal [14,15]. We have verified that recombinant human GH
treatments resulted in high circulating concentration of human GH in CKD and control
mice (Table 2). Muscle expression of IGF-I was decreased in CKD mice, and GH treatments
normalized muscle IGF-I expression as well as restored the phosphorylated JAK2 and
STAT5 muscle protein levels to normal in CKD mice (Figure 5K–M). Previous studies also
showed that GH treatment increased muscle mRNA expression of IGF-I and attenuated
JAK-STAT signaling in rodent models of CKD [14].

The GH dose administered to the mice in this study was about 200-fold higher than the
dose typically used in humans. The recommended dose approved for treatment of growth
failure in children with CKD is 0.35 mg/kg per week [59], whereas we used 10 mg/kg/day
in mice for this study. However, our dose was comparable to those commonly used in
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rodent studies [60], and the observation of increased muscle mRNA expression of IGF-I as
well as JAK/STAT phosphorylation after GH treatment in our CKD mice (Figure 5K–M)
argues against any effect of GHR saturation.

IGF-I is the most important downstream mediator of GH. Thus, IGF-I is generally
considered to be the most important biomarker of GH action, as reflected in the inclusion
of serum concentrations of IGF-I in the current guidelines for diagnosis and treatment
of GH disorders in humans [61]. We have not measured serum IGF-I concentration in
this study, as recent studies suggested that concentration of serum IGF-I is not a reliable
marker for exogenous growth hormone activity in mice [60]. Male and female mice from
four different strains of mice, including the 57BL/6J mouse strain used in this study,
were treated with recombinant human GH (500 ug/day, intraperitoneally, for a period of
14 days). The total amount of GH administrated to mouse is ~7 mg in their study [60],
which is comparable to the dose we used for the diet-restrictive study (total amount of
GH is ~9.2 mg, presumably 22 g of body weight for CKD mice). In agreement to our
observation (serum concentration of human GH in Table 2), GH treatment resulted in high
circulating concentrations of human GH in all four strains of mice, whereas no human
GH was detectable in control mice receiving isotonic 0.9% NaCl as vehicle. Two weeks
of daily GH treatment significantly increased body and organ weight in male and female
mice of all four inbred mouse strains when compared with controls. GH treatment failed to
affect circulating (total) IGF-I concentrations in all strains and in both sexes. The liver is the
main source of circulating IGF-I [62]. Hepatic expression of IGF-I mRNA did not show any
difference between GH-treated mice versus control mice in any of these four strains of mice
and sexes [60]. List et al. investigated the effects of GH in a mouse model of diet-induced
diabetes [63]. Male c57BL/6J mice were fed a high-fat diet to induce obesity and type
2 diabetes. Subsequently, obese and diabetic mice were treated with various doses of GH
for a period of six weeks. Comparable to our findings in CKD mice (Figure 1C,F,I), their
highest dose of GH (215 μg/day/mouse for their study versus 220 μg/day/mouse in our
study, presumable 22 g of body weight for CKD mice) resulted in a significant increment
of total body mass and lean mass content. However, in contrast to the findings that the
treatment of GH did not influence serum concentration of IGF-I in mice [60], GH treatment
led to a significant increase in serum IGF-I in diabetic mice [63]. The mice used by List et al.
were obese and hyperinsulinemic and showed impaired glucose tolerance. These factors
may account for the difference in the results. Serum concentration of insulin, especially
insulin concentration of portal vein, is an important regulator of hepatic GHR expression
in rodents [64,65].

In this study, eight-week-old male CKD or sham mice on c57BL/6J background were
given GH or vehicle for 6 weeks, and all mice were sacrificed at the age of 14 weeks old. We
showed that GH administration elicited beneficial metabolic effects in CKD mice. c57BL/6J
mice are the most widely used inbred strain for biomedical research. For c57BL/6J mice,
many developmental processes such as T-cell and B-cell immunity, as well as the central
nervous system, are still ongoing until 26 weeks of life [66–68]. Furthermore, growth
patterns and body composition were evaluated in c57BL/6J mice. Data suggested that
cortical bone property and peak bone mass on male c57BL/6J mice are not reached until
around 26 weeks of age [69–72]. Thus, the results of our present study are of immerse
importance, as multiple disturbances in the GH/IGF-I axis have been observed in children
with CKD.

We recognize the limitations of this study. Firstly, according to our restrictive study
design, vehicle-treated CKD mice were fed ad libitum, whereas other mouse groups re-
ceived an energy intake amount equal to that of vehicle-treated CKD mice. However, we
observed that pair-fed mice consumed their restricted amount of the rodent diet within
a short period of time. These pair-fed mice were in an overnight fasting state. Mice, as
nocturnal creatures, are active mainly during the dark phase. Circadian rhythm affects
adipose tissue metabolism [73–75]. Disruption of circadian regulation has been implicated
in cancer-induced WAT wasting [42]. Secondly, our work was performed in male c57BJ/6J
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mice. Results generated from male mice cannot be unambiguously extrapolated to female
mice. Sex hormones influence regional adipose tissue fatty acid storage and BAT function
in animals and humans. Disruption of estrogen signaling such as by performing ovariec-
tomy resulted in reduced energy expenditure, gain of fat mass, and loss of BAT activity,
and these metabolic phenotypes can be reversed by subsequent estrogen replacement in
ovariectomized rodents [76]. The reduction of circulating concentration of estradiol is
associated with central obesity and decreased metabolism in menopause [77]. Murine and
human brown adipocytes express estrogen receptor α [78,79]. Intracerebral administration
of estrogen increased BAT activity in mice [80]. On the other hand, follicle-stimulating hor-
mones, which are elevated with estrogen deficiency, downregulated in vivo BAT function
in mice [81]. Currently, there are no published data on the effect of estrogen or estrogen
deficiency on in vivo BAT function in humans. Dieudonne et al. investigated the effects
of sex hormones on adipogenesis in preadipocytes from male versus female rats. They
found that androgens and estrogens did not affect adipogenesis in cultured preadipocytes
from male rats. However, opposite effects of androgens and estrogens on adipogenesis
have been demonstrated in cultured preadipocytes from female rats. Estrogens increased
adipogenesis, while androgens acted as negative effectors of terminal differentiation on rat
preadipocytes. Subsequent studies suggest that these opposite effects could be related to
differential expression of IGF-IR and Pparγ2 on those cultured preadipocytes [82]. Thirdly,
uncertainty remains about the precise role of BAT metabolic responses in the pathogene-
sis of cachexia, and this is partly due to the lack of BAT-specific pharmacological agents.
Currently, there is no convincing evidence to suggest that BAT activity can be selectively
modulated by any pharmacological agents without influencing WAT metabolism along
with cardiac chronotropic side-effects [83,84]. Moreover, BAT activity is mostly driven by
the sympathetic signal mediated by β-adrenergic receptors, namely, ADRB3 in mice and
ADRB1/ADRB2 in humans. However, the in vivo BAT metabolic activity is the result of
the interaction between sympathetic output signal to BAT and other concomitant signaling
processes such as α-adrenergic receptors and adenosine receptors as well as postsignal-
ing modulation of these signaling processes [84]. The complexity and redundancy of the
endogenous sympathetic regulation of BAT metabolic activity may explain the lack of an
optimal pharmacological approach to modulate BAT in vivo.

Previously, we performed RNAseq analysis in the gastrocnemius muscle in CKD and
control mice and identified the top 12 differentially expressed genes that have been associ-
ated with energy metabolism, skeletal and muscular system development and function,
nervous system development and function, as well as organismal injury and abnormali-
ties [23]. We evaluated the effects of GH treatment on muscle transcriptome in this study. A
total of 7 of the 12 muscle genes with variable expression in CKD mice were normalized or
reduced by GH (Figure 6). These seven muscle genes—Atp2a2, Cyfip2, Fhl1, Tnnc1, Atf3,
Fos, and Itpr1—had aberrant expression patterns that have been linked to enhanced tissue
thermogenesis, compromised mechanical muscle properties, poor muscle regeneration,
and diminished muscle-neuron regeneration capacity [23].

In conclusion, our findings imply that GH might be a useful treatment for adipose
tissue browning and muscular atrophy in CKD-associated cachexia.

4. Materials and Methods

4.1. Study Design

This study was conducted in compliance with established guidelines and the prevail-
ing protocol (S01754) as approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of California, San Diego, in accordance with the National In-
stitutes of Health. Recombinant human GH was kindly provided by Genetech (South
San Francisco, CA, USA). Six-week-old male c57BL/6J mice were purchased from the
Jackson Laboratory (strain: 000664) (Bar Harbor, ME, USA) and used for this study. CKD in
mice were induced by 2-stage 5/6 nephrectomy while a sham operation was carried out
in control mice [13]. Individual mice were housed in each cage in 12:12 hour light–dark
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cycles with ad libitum access to mouse diet 5015 (LabDiet, St. Louis, MO, USA, catalog
0001328, with a metabolizable energy value of 3.59 kcal/g) and water prior to the initiation
of the experiment. We performed the following two studies. Study 1: We evaluated the
dietary effects of GH in CKD and sham mice. CKD and sham mice were administrated
with GH (5 mg/kg/day or 10 mg/kg/day, intraperitoneal) or vehicle (normal saline),
respectively. The study period was 42 days, and all mice were fed ad libitum. We measured
caloric intake and accompanying weight change in CKD and sham mice. The caloric intake
for each mouse was calculated by multiplying total mouse diet consumption during the
42 days (in grams) with the metabolizable energy value of the diet (3.59 kcal/g). Average
daily energy intake in mice was expressed as kcal/mouse/day. Study 2: We evaluated the
effects of GH in CKD mice beyond nutritional stimulation by employing a diet-restrictive
strategy. CKD and sham mice were given GH (10 mg/kg/day, intraperitoneal) or vehicle
for 42 days. Each mouse was individually housed during the study period. CKD mice
treated with vehicle were fed ad libitum. We measured caloric intake in vehicle-treated
CKD mice by multiplying total mouse 5015 diet consumption during the 42 days (in grams)
with the metabolizable energy value of the diet (3.59 kcal/g). The average daily energy
intake for vehicle-treated CKD mice was calculated and expressed as kcal/mouse/day. We
then fed the same amount of mouse 5015 diet based on the recorded average daily energy
intake for vehicle-treated CKD mice to other groups of mice, i.e., CKD mice treated with
GH (10 mg/kg/day, intraperitoneal) as well as sham mice treated with GH (10 mg/kg/day,
intraperitoneal) or vehicle. We fed the mice daily during the daytime (0900-1200). We
measured weekly weight change for each mouse. The schematic study plan for the ad
libitum and diet-restrictive study is illustrated in Figure 1A,D, respectively.

4.2. Body Composition, Metabolic Rate, and In Vivo Muscle Function

Body composition (for lean and fat content) was measured by quantitative magnetic
resonance analysis (EchoMRI-100TM, Echo Medical System, Houston, TX, USA) [13,23].
Resting metabolic rate was assessed by using Oxymax calorimetry (Columbus Instruments,
Columbus, OH, USA) during the daytime (0900-1700) [13]. At the end of the study, rotarod
activity (model RRF/SP, Accuscan Instrument, Columbus, OH, USA) and forelimb grip
strength (Model 47106, UGO Basile, Gemonio, Italy) in mice were assessed [13,23].

4.3. Serum and Blood Chemistry

Mice were sacrificed and serum samples were collected within 4 h after the last rhGH or
vehicle injection. VetScan® Comprehensive Diagnostic Profile reagent rotor and the VetScan
Chemistry Analyzer (Union City, CA, USA) were used for quantitative determination
of BUN and serum creatine concentration (Supplemental Table S1). Concentrations of
serum GH in mice were analyzed using commercially available ELISA kits according to the
manufacturer’s protocols (Supplemental Table S1).

4.4. Protein Assay for Muscle and Adipose Tissue

Portions of the right gastrocnemius muscle, inguinal WAT, and interscapular BAT
were processed in a tissue homogenizer (Omni International, Kennesaw, GA, USA). Pro-
tein concentration of tissue homogenate was assayed using a Pierce BCA Protein Assay
Kit (Thermo Scientific, catalog 23227, Waltham, MA, USA). Uncoupling (UCP) protein
content in muscle and adipose tissue homogenates were assayed. In addition, adenosine
triphosphate (ATP) content of tissue homogenate was assessed by using an ATP Assay Kit
which relies on the phosphorylation of glycerol that could be quantified by colorimetric or
fluorometric methods (Abcam, catalog ab83355, Cambridge, UK). Protein concentration
of phospho-JAK2 and total JAK2, as well as phospho-STAT5 and total STAT5, in muscle
homogenates was measured (Supplemental Table S1).
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4.5. Muscle RNAseq Analysis

Previously, we performed RNAseq analysis on gastrocnemius muscle mRNA in
12-month-old CKD mice versus age-appropriate sham control mice [23]. Detailed pro-
cedures for mRNA extraction, purification, and subsequent construction of cDNA libraries
as well as analysis of gene expression were published. We then performed ingenuity
pathway analysis enrichment tests for those differentially expressed muscle genes in CKD
mice versus control mice, focusing on pathways related to energy metabolism, skeletal
and muscle system development and function, and organismal injury and abnormalities.
We identified the top 12 differentially expressed muscle genes in CKD versus control
mice. In this study, we performed qPCR analysis for those top 12 differentially expressed
gastrocnemius muscle genes in the different experimental groups.

4.6. Quantative Real-Time PCR

Portions of the right gastrocnemius muscle of mice, inguinal WAT, and interscapular
BAT were processed by using a tissue homogenizer (Omni International, Kennesaw, GA,
USA). Total RNA from tissue homogenate was isolated using TriZol (Life Technology,
Carlsbad, CA, USA). Total RNA (3 μg) was reverse transcribed to cDNA with SuperScript
III Reverse Transcriptase (Invitrogen, Waltham, MA, USA). Quantitative real-time RT-PCR
of target genes was performed using KAPA SYBR FAST qPCR kit (KAPA Biosystems,
Wilmington, MA, USA) [23]. Glyceraldehyde−3-phosphate dehydrogenase (GAPDH) was
used as an internal control. Expression levels were calculated according to the relative
2−ΔΔCt method. All primers are listed (Supplemental Table S2).

4.7. Statistics

Statistical analyses were performed using GraphPad Prism version 9.4.1 (GraphPad
Software, San Diego, CA, USA). All data are presented as mean ± S.E.M. For comparison of
the means between two groups, data were analyzed by Student’s 2-tailed t-test. Differences
of the means for more than two groups containing two variables were analyzed using
2-way ANOVA. Posthoc analysis was performed with Tukey’s test. A p-value of less than
0.05 was considered significant.
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Abstract: Chronic Kidney Disease (CKD) is a global health burden with high mortality and health
costs. CKD patients exhibit lower cardiorespiratory and muscular fitness, strongly associated with
morbidity/mortality, which is exacerbated when they reach the need for renal replacement therapies
(RRT). Muscle wasting in CKD has been associated with an inflammatory/oxidative status affecting
the resident cells’ microenvironment, decreasing repair capacity and leading to atrophy. Exercise may
help counteracting such effects; however, the molecular mechanisms remain uncertain. Thus, trying
to pinpoint and understand these mechanisms is of particular interest. This review will start with a
general background about myogenesis, followed by an overview of the impact of redox imbalance
as a mechanism of muscle wasting in CKD, with focus on the modulatory effect of exercise on the
skeletal muscle microenvironment.

Keywords: chronic kidney disease; skeletal muscle wasting; reactive oxygen species (ROS); oxidative
stress; exercise

1. Introduction

Unlike de novo embryonic muscle formation, adult myogenesis or muscle regenera-
tion in higher vertebrates depends on the extracellular matrix (ECM) scaffold remaining
(after tissue damage), serving as a template for the muscle fibres [1]. The mechanisms
of embryonic myogenesis are to some extent recapitulated during muscle regeneration
(see [2,3] for a more detailed description). In brief, it is during embryonic myogenesis
that the first muscle fibres are generated [4]. These are derived from mesoderm structures
and are the template fibres for the following wave of additionally generated ones [5,6].
Initially, an exponential proliferation occurs up to a degree where the number of fabricated
myonuclei starts decreasing, up until a steady state of synthesis rate is reached [7,8]. This
leads to the establishment of a matured muscle, followed by quiescence of the progenitor
cells and its occupation within the muscle fibres as satellite cells [9,10]. The myogenic
rely on the satellite cells’ capacity to become activated, and to proliferate and differentiate
(including self-renewal), ensuring an efficient muscle repair [11]. Satellite cells exist in a
dormant state (i.e., quiescence or reversible G0 state), retaining the ability to reverse to a
proliferative state in response to injury, which is essential for satellite cell pool long-term
preservation [12–14]. Both timing and extension of satellite cells’ activation and subsequent
myoblasts’ migration, in response to myotraumas to the injury sites, are partly regulated by
a plethora of autocrine and paracrine factors [15,16]. These factors are released either from
damaged myofibres, by the ECM or secreted by supporting inflammatory (e.g., neutrophils,
macrophages) and interstitial cells, present in the niche or that migrate to the site following
injury [17]. Moreover, cell-to-cell interactions are fundamental both during developmental

187



Int. J. Mol. Sci. 2023, 24, 6017

(i.e., embryogenesis) and regenerative myogenesis [i.e., in response to physical activity (PA),
trauma or disease]. These interactions allow myoblasts to adhere and fuse with myotubes
during myogenesis (initial stage) [18] (Figure 1).

Figure 1. Schematic representation of the mammalian skeletal myogenesis process. Upon muscle
injury, a resident population of quiescent skeletal muscle satellite cells can become activated, start to
proliferate and differentiate into myoblasts. Over the course of several days, these myoblasts fuse
together to form multinucleated myotubes. Further, myoblasts can also fuse to the already existing
myotubes to create even larger myotubes, which will eventually align to form muscle fibres. This
whole process is regulated by many internal and external cues.

Satellite cells sit closely opposed to the myofibres or near capillaries, facilitating
their nutrition, sitting within the ECM, which functions as a scaffold to facilitate their
purpose [19,20]. Additionally, activated satellite cells undergo symmetric—give rise to
two identical daughter-cells that will self-renew satellite stem cell pools—and asymmetric
division—generate one stem cell and one daughter-cell committed to progress through
the myogenic lineage and eventually will join the myofibre, ensuring repetitive rounds of
regeneration [21,22]. These myofibres are formed by myoblast fusion, producing multinu-
cleated myotubes, further maturing into myofibres (see [23,24] for details). Each myofibre
is surrounded by a specialised basal lamina (BL)—endomysium—that harbours a spe-
cialised plasma membrane—sarcolemma—allowing neuronal signal transduction and
structural stability [25,26]. The sarcolemma is anchor to the BL through transmembrane
proteins—dystrophin-associated glycoprotein complex (DGC)—which allow the connection
of cytoskeleton to ECM [27].

Muscle fibres are the base of skeletal muscle, being their basic contractile units [28]. These
fibres are surrounded by a layer of connective tissue and are grouped in bundles [25,26]. Each
myofibre is connected to a single motor neuron and expresses characteristics (e.g., molecules
and metabolic enzymes) for contractile function, specifying the myofibre contractile proper-
ties, ranging from slow-contracting, fatigue-resistant/oxidative (type I) to fast-contracting,
non-fatigue-resistant/glycolytic (type II) fibres. Moreover, the proportion of each fibre type
determines overall contractile property within the muscle [29]. The connective tissue that
surrounds the skeletal muscle functions as a framework, combining myofibres with my-
otendinous junctions (i.e., the place where myofibres attach to the skeleton), transforming
myofibre contraction into movement [30]. Hence, the skeletal muscle functional properties
are dependent on myofibres, motor neurons, blood vessels and ECM.

Skeletal muscle maintenance is accomplished by an interplay between multiple sig-
nalling pathways, including two major ones that control protein synthesis, IGF1-PI3K-
Akt-mTOR pathway (positive regulator) and myostatin-Smad2/3 pathway (negative reg-
ulator) [3,31]. These interconnected pathways control and coordinate hypertrophic and
atrophic signalling, creating a balance between protein synthesis and proteolysis [32,33].
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Skeletal muscle cells are not isolated elements; they are inserted in their ecological
niche, creating a social network with their surroundings. This context consists of interstitial
cells, vascular features, ECM proteins and soluble factors, which together constitute the
skeletal muscle microenvironment [34]. This microenvironment must be adequate to
support skeletal muscle functions and allow a suitable regeneration after assault, such
as that imposed by disease (discussed in Sections 3, 4 and 6) or exercise (discussed in
Sections 4–6). When this does not occur, we may be confronted with processes leading to
muscle wasting.

2. REDOX Imbalance as a Mechanism of Muscle Wasting

Skeletal muscle atrophy is a process that occurs as a result of conditions such as disuse,
malnutrition, aging and in certain states of disease. Nonetheless, it is characterized firstly
by a decrease in muscle mass (and volume), force production and, on a more detailed
perspective, by a diminishment of protein content and fibre diameter [35]. Moreover, the
primary loss in muscle strength that occurs with atrophy results from the rapid destruction
of myofibrils, the contractile machinery of the muscle, constituting around >70% of the
muscle protein [36].

Among all the potential aetiological foundations of muscle wasting, reactive oxygen
species (ROS) generation, including the oxidative damage and/or the defective redox
signalling, has stood out as the possible main explanation [37–39].

ROS are reactive molecules that contain oxygen, and this family is comprised of
free radicals (i.e., species with at least one unpaired electron) and nonradical oxidants
(i.e., species with their electronic ground state complete). The chemical reactivity of the
various ROS molecules is vastly different; for instance, hydroxyl (•OH), the most unstable,
reacts immediately upon formation with biomolecules in its vicinities, whereas hydrogen
peroxide (H2O2) is capable of crossing cell membranes to exert its effects beyond its original
compartment [40–42] (Table 1).

Table 1. The most common reactive oxygen species, antioxidants and respective scavenging reactions.

Reactive Oxygen
Species-Oxidants

Antioxidants
Enzymatic Scavenging
Reactions

Superoxide radical (O2-
•)

(Rad)
Superoxide dismutase (Enz),
Vit C (Non-Enz)

2O2-• + 2H+ -> O2 + H2O2

Hydrogen peroxide (H2O2)
(Non-Rad)

Catalase (Enz), Glutatione
peroxidase (Enz)

2H2O2 -> 2H2O + O2
H2O2 + 2GSH -> 2H2O + GSSG

Hydroxyl radical (OH•)
(Rad)

Glutatione peroxidase (Enz),
Vit C (Non-Enz)

GSH + OH• -> GS• + H2O

ROS are generated by various sources, mainly endogenous sources, including mito-
chondrial respiratory chain enzyme, nicotinamide adenine dinucleotide phosphate oxidase
(NOX) activity, microsomal cytochrome P450 and xanthine oxidase; and exogenous sources
such as ultraviolet radiation, X- and gamma (γ)-rays, ultrasounds, pesticides, herbicides,
and xenobiotics [43]. Superoxide anion (O2-•) is the most frequently generated radical,
under physiological conditions. Its main source is the inner mitochondrial membrane,
in the complexes I and III, during respiratory chain, by the inevitable electron leakage
to O2 [44,45]. It can also be generated in the short transport chain of endoplasmic retic-
ulum upon electron leakage and during NOX activity, by transferring one electron from
nicotinamide adenine dinucleotide phosphate (NADPH) to O2 [46].

To cope with ROS, the cells have developed control systems to regulate oxidation/reduction
balance, since redox balance is critical. A key component is the antioxidant system, which
prevents ROS accumulation and deleterious actions. The cells contain both enzymatic and
non-enzymatic antioxidants that work by mitigating ROS effects and by drastically delay-
ing/preventing oxidation from happening. Key enzymatic antioxidants are superoxide
dismutase (SOD), catalase, glutathione peroxidase (GPx) and thioredoxin (Trx), whereas
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non-enzymatic are mainly vitamin C (ascorbic acid) and E (tocopherol), zinc and selenium,
glutathione, plant polyphenols and carotenoids [47,48]. These act primarily by using three
different strategies: (1) scavenging ROS; (2) converting ROS molecules into less reactive
ones, and (3) chelation via metal binding proteins. Throughout the cells, antioxidants are
compartmentalized in both organelles and cytoplasm, but also exist in the interstitial fluid
and blood [49].

ROS are normal products of cell metabolism with significant physiological roles.
They regulate signalling pathways (redox signalling) by changing the activity of struc-
tural proteins, transcription factors, membrane receptors, ion channels and protein ki-
nases/phosphatases [50,51]. ROS physiological roles depend partly on antioxidant control,
establishing a redox balance. When redox homeostasis is disrupted, due to the rising of
ROS levels and the unlikely neutralization by the antioxidant defence, a state referred to as
oxidative stress (OS) occurs. This leads to an impairment of redox signalling and induces
molecular damage to biomolecules [52,53]. Moreover, OS has a graded response, with
minor or moderated changes provoking an adaptive response and homeostasis restoration,
whereas violent perturbations lead to pathological insults, damage beyond repair and may
even lead to cell death [53]. Interestingly, something that is not appreciated often is that our
understanding of “low” or “high” response regarding ROS levels is somewhat imprecise,
redox time-courses in vivo are scarce and our knowledge is based of immunohistochemical
analysis or measuring more stable elements of the family [54,55].

As in other tissues, redox signalling in skeletal muscle has important roles, be-
ing the base of skeletal muscle function to elicit exercise adaptation. It supports the
neuromuscular development and the long-term remodelling/adaptation of contractile
activity [56,57]. Moreover, regulated ROS levels are also involved in skeletal muscle re-
generation, regulating the activity of skeletal muscle stem cells, through redox-sensitive
signalling pathways [58] (Figure 2).

When an ROS overproduction occurs, cells are capable of maintaining a redox state
by activating distinct transcription factors that induce the transcription of antioxidant
enzymes to tilt the balance back to homeostasis, protecting them from OS [59,60]. One
important transcription factor is the nuclear factor erythroid 2-related factor 2 (Nrf2), which
is a ubiquitous protein that modulates OS [61]. In response to elevated ROS levels, Nrf2
triggers the expression of NADPH quinone oxidoreductase (NQO1), heme oxygenease-1
(HO-1), glutamate-cysteine ligase catalytic (GCLC) and glutamate-cysteine ligase modifier
(GCLM), which are enzymes involved in redox homeostasis maintenance, cellular defence
and detoxification [62,63]. Moreover, enzymes that encapsulate the redox cycling group,
mediating the elimination of ROS such as thioredeoxin, thioredoxin reductase, sulfire-
doxin, peroxiredoxin, gluthatione peroxidase, superoxide dismutase 1 (SOD1), catalase and
various glutathione S-transferases, are all of them targeted by Nrf2 [64].

However, during ageing, cells produce even more ROS, mainly from mitochondria and
NOX, and even though the activity of antioxidant enzymes in cells and muscle also increases
with age, this compensatory adaptation is not sufficient to neutralize ROS levels [37–39].
These increased ROS levels cause deleterious macromolecules oxidative modification,
leading not only to various cellular dysfunctions, but also affecting signal transduction
pathways that control multiple essential cellular processes, such as protein turnover, mito-
chondrial homeostasis, energy metabolism, antioxidant gene expression and redox balance
(see, for example, [65] for more details). Moreover, the systemic increase in ROS, associated
with an OS state, increases proinflammatory transcription factors levels, for instance, nu-
clear factor kappa B (NF-kB) [66,67]. NF-kB regulates specific UPS genes and leads to the
expression of proinflammatory cytokines such as IL-6 and TNF-α that are involved in the
development of muscle atrophy [68–70].
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Figure 2. Diagram of the skeletal muscle microenvironment. This niche is composed of various
cell types and ECM proteins. In adult skeletal muscle, the quiescent satellite cells stand on the
myofiber, under the basal lamina, being surrounded by the ECM, containing blood vessels, nerves,
immune cells, fibro-adipogenic progenitors (FAPs), adipocytes and myofibroblast. The satellite cell
states are regulated by their interactions with the surrounding microenvironment, direct interaction
(e.g., M-cadherin) between muscle fibres and satellite cells; or interact with a variety of components of
the ECM and cytokines and growth factors. In addition, stromal cells present can physically interact
with satellite cells and release cytokines, growth factors and ECM components, which influence the
behaviour of satellite cells, contributing to muscle growth, homeostasis and regeneration.

In summary, ROS load increment and the establishment of an OS state are detrimental
to muscle function and are associated with the mechanism of skeletal muscle atrophy [71].

There are two common but distinct conditions that are characterized by skeletal muscle
loss, which are sarcopenia and cachexia. In sarcopenia, skeletal muscle loss occurs in a
slow and progressive way, being associated with ageing process (in the absence of disease),
whereas, in cachexia, skeletal muscle loss is associated with inflammatory conditions
(e.g., AIDS and sepsis) and chronic diseases such as cancer, diabetes, obesity, chronic
obstructive pulmonary disease, chronic heart failure, chronic liver disease and chronic
kidney disease [72–74].

3. REDOX Imbalance in CKD

CKD consists of a progressive and irreversible loss of kidney function in that, in the
more advanced stages of the disease, patients require renal replacement therapy or renal
transplantation [75]. The aetiologic factors of the myopathy observed in CKD patients are
diverse, from the kidney disease itself, regardless of the need for renal replacement therapy,
to the actual dialysis treatment and the typical chronic low-grade inflammation [76,77].
The skeletal muscle fibres of CKD patients present several abnormalities, such as changes
in the capillarity, contractile proteins and enzymes [78]. In dialytic patients, this occurs
to a greater extent to those who do not undergo dialysis, where atrophy is normally par-
ticularly observed in type II fibres [78]. This can be partially explained by the substantial
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amino acid loss during dialysis, a reduced energy and protein intake and low PA levels,
which are recognised to be even lower on dialysis days [79–81]. In fact, these patients
present a catabolic environment due to a dysregulated state of energy and protein bal-
ance, which includes altered muscle protein metabolism—increased protein degradation
(e.g., activation of ubiquitin–proteasome system) (more noticeable) and decreased pro-
tein synthesis (e.g., suppressed IGF-1 signalling) (less observed)—and impaired muscle
regeneration—satellite cell dysfunction [82]. Furthermore, the haemodialysis procedure
itself can stimulate protein degradation and reduce protein synthesis, persisting for 2 h after
dialysis [83]. Moreover, even though increasing protein intake (and calories) could enhance
protein turnover, the haemodialysis responses were not fully corrected [84–86]. CKD has
been previously described as a model of ‘premature’ or ‘accelerated’ ageing, associated
with a redox imbalance. However, since the mechanisms of age-related muscle loss are
similar, but not the same as the CKD-induced, it may be proposed that the two-simile
combined amplifies the dysregulated mechanisms [87,88] (Figure 3).

Figure 3. Skeletal muscle wasting induced by chronic kidney disease. Chronic kidney disease creates
metabolic changes due to inflammation, haemodialysis increased cytokine production and myostatin
and especially oxidative stress, which leads to skeletal muscle atrophy inducing a catabolic program
and a vicious cycle of ROS production in site. In CKD patients, this is observed by decreased muscle
strength and increased weakness.

Skeletal muscle wasting appears to be a shared feature in the presence of disease, which
implies that disease itself can trigger a muscle atrophic response, suggesting that skeletal
muscle acts as a source of amino acids providing nourishment for other tissues [89–91].

The dysregulation of skeletal muscle function observed in CKD may also be caused
by the presence of uremic toxins, which are normally filtered and excreted by healthy
kidneys. However, when kidney function is impaired or inexistent, as in CKD, these uremic
toxins are accumulated in the circulation and target other tissues [92,93]. Haemodialy-
sis is in some cases incapable of removing uremic toxins such as protein-bound toxins
[i.e., indoxyk sulfate (IS) and p-cresyl sulfate] due to their high affinity to serum albu-
min [94,95]. The accumulation of these uremic toxins appears to exert negative effects on
myoblast proliferation and myotube size (in vitro), skeletal mass (in vivo), reduction of
instantaneous muscle strength (loss of fast-twitch myofibres; in vivo) and is accompanied
by intramuscular ROS generation [96–98]. High levels of ROS induce the expression of
inflammatory cytokines by the muscle, such as tumour necrosis factor (TNF)-α [99,100].
This increase in TNF-α stimulates myostatin expression via NF-kB pathway, which fur-
ther stimulates myostatin expression accompanied by a rise in IL-6 release [101]. As a
result, these activated pathways further increase ROS production by NADPH oxidase [99].
These inflammatory cytokines are known to be elevated in CKD patients, alongside a more
pronounced myostatin expression [101,102].
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Local high levels of ROS and the subsequent cascade of events (i.e., decreased antioxidant
defences and increased inflammatory response) [103] disturb ECM synthesis/degradation
homeostasis, favouring excessive collagen deposition, thus promoting tissue fibrosis [104,105].
Additionally, in these more severe CKD stages, skeletal muscle satellite cells and myoblasts
are surrounded by an altered microenvironment composed of fibrotic tissue, fat and inflam-
matory cells [106,107]. The imbalanced crosstalk between resident cells and ECM in the
skeletal muscle of CKD patients leads to the production of numerous growth factors, prote-
olytic enzymes, angiogenic and fibrogenic factors [108,109]. Interestingly, a study by Dong
and colleagues [110] observed a differentiation effect of myostatin on fibro-adipogenic
progenitors (FAPs), being that myostatin stimulated the proliferation and differentiation
of FAPs isolated from EGFP-transgenic mice, leading to fibrosis in the skeletal muscle
of CKD mice. An increased α-smooth muscle actin expression was also observed, with
the in vivo inhibition of myostatin suppressing both CKD-induced FAP proliferation and
muscle fibrosis. This provides a foundation for elucidating what the mechanisms of fibrosis
may be in human CKD patients. In a nutshell, these patients present high levels of ROS
that increase TNF- α, which stimulates muscle myostatin production. This consequently
leads to FAPs proliferation and differentiation, further stimulating muscle fibrosis.

The net consequence of these alterations firstly involves the satellite cell population
exhaustion (i.e., loss of activity) or decreased capacity to mediate repair over time, progres-
sively leading to atrophy and loss of individual muscle fibres, associated with concomitant
loss of motor units [111]. In fact, it has been already reported that a fibrotic state-derived ex-
cess ECM accumulation has a negative impact on muscle force production, thus suggesting
that ECM alterations can have significant functional repercussions, with current research
highlighting the ECM-cellular interactions as key to better understanding it [112,113].
Keeping this in mind, it has been reported that human-derived muscle cells isolated from
CKD patients display and retain CKD-specific cachexia phenotypes in vivo outside of their
microenvironment [114]. In addition, there is a reduction in certain muscle properties
related to its overall metabolic function (i.e., muscle quality) due to fat infiltration and
other non-contractile material [115]. This decrease in overall muscle architecture results
in an increased susceptibility to mechanical stress and muscle fibre necrosis. Hence, it is
important that ECM microenvironment be actively remodelled to allow ECM cleavage
fragments to be released. These “cleaning” programs are activated by endothelial cells
sensing mechanical forces such as the ones produced during physical exercise [116,117].

CKD development profoundly linked to OS, in which Nrf2 inactivation seems to be
essential. Interestingly, CKD patients appear to have balance between Nrf2 and NF-kB
expression; conversely, in CKD patients, under haemodialysis, it has been observed that
an Nrf2 expression downregulation was accompanied by NF-kB upregulation [118,119].
Since Nrf2 downregulation contributes to OS and inflammation, it plays a role in causing
cardiovascular disease and other complications in CKD patients [120]. Moreover, low levels
of Nrf2 increase fibrosis markers, with fibrosis being observed in several tissues in CKD
patients, such as kidney, skeletal muscle and heart [121–123].

Additionally, CKD has also been associated with patients with physical inactivity, which
is linked with adverse clinical outcomes, increased risk of morbidity and mortality [124].

4. Exercise in Chronic Kidney Disease

Haemodialytic CKD patients are considerably less physically active than their age-
matched counterparts [125,126]. Additionally, despite the diverse aetiologic factors of
muscle wasting and decreased muscle quality observed in CKD patients, physical inactivity
has been proposed as one of the major contributors [127–129]. In fact, a study performed
on CKD patients showed similarly low levels of PA between two groups of CKD patients
separated depending on disease severity [pre-dialytic (stage 3–4) vs. haemodialytic patients
(stage 5)] [130].
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Physical inactivity along with the disease itself leads to the patients experiencing
skeletal muscle wasting, contributing to frailty, and limiting exercise tolerance [126]. More-
over, considering that CKD patients experience anaemia, hypertension, bone loss and
take medications, it is understandable that these patients avoid exercise [131]. This result
is unlucky since exercise is beneficial for cardiovascular health and helps with slowing
down the progressive skeletal muscle mass loss [132]. Additionally, living a sedentary life
and suffering from muscle mass loss negatively affect health [132]. For instance, a single
resistance exercise session has been shown to be able to stimulate protein anabolism in
haemodialytic patients [133], and 21 weeks of endurance exercise was found to improve
protein metabolism markers (e.g., IGF-1 and myostatin). Although it may be demanding of
dialysis patients to engage in moderate to vigorous exercise sessions, those who can often
experience great benefits. Strategies such as regular resistance and aerobic exercise have
shown promising effects in reducing the progression of sarcopenia [102,134–137]. In short,
resistance training has shown to be effective in improving skeletal muscle strength and
functional capacity and stimulating muscle hypertrophy (e.g., increase in type I, type IIa
and type IIx muscle fibre cross sectional areas) [138–142], whereas aerobic training appears
to significantly increase aerobic capacity and exercise duration, reduce intra- and interdi-
alytic systolic and diastolic blood pressure, diminish arterial stiffness, increase dialysis
efficiency, enhance exercise-induced capillarization in the muscle, improve quality of life
(reducing anxiety symptoms), and even exert comparable effects with those of resistance
training (i.e., muscle strength) due to poor initial physical state of patients [143–151].

Moreover, CKD is associated with a dysregulated myokine activity and a systemic
increase in cytokines [152–154]. In response to exercise, skeletal muscle releases myokines
(e.g., IL-15 and IL-6), which exert positive physiological effects on skeletal muscle and
bone [155]. This crosstalk through the skeletal muscle secretome (e.g., IGF-1 and myo-
statin) positively influences bone health [155–157]. In CKD, intradialytic resistance training
showed an elevation in osteoprotegerin, which acts by avoiding/protecting excessive
bone resorption [158]; bone-specific alkaline phosphatase, another bone resorption in-
hibitor, showed elevation in resting concentrations after an 8-week intradialytic resistance
exercise [159]. For more detailed information about skeletal muscle and bone crosstalk
in CKD, see [160].

Connective tissue accumulation (e.g., ECM) has been observed in aged skeletal
muscle [161]. A study with aged rats submitted to a resistance exercise protocol—3 times
a week for 12 weeks—has shown that training mitigated the age-associated increase of
connective tissue. These results can be extrapolated to CKD, since fibrosis is also present in
this population [110].

In sum, although there is extensive evidence of the benefits of exercise in CKD, studies
showing exercise-induced mechanistic ROS modulation are still lacking.

5. The Impact of Exercise in the REDOX System

Exercise puts pressure on body structures and organs, so blood must be delivered in
quantity to the skeletal muscle, heart, lung (among others) rich in oxygen and nutrients
to atone for that [162]. However, this stressor leads to an oxygen supply insufficient for
the demands of the body, and then, in response to that, many tissues produce ROS [163].
Under normal and healthy conditions, with oxidative levels within a normal range, the
available free radicals promote vasodilatation, production of muscle force and maintenance
of its content, signal transduction and other related activities [58,164]. In the muscle,
contractions during exercise also induce ROS formation, with this upregulating the activity
of transcription factors such as NF-kB, activator protein 1 (AP-1) and NRF2, which leads to
a more pronounced activity of antioxidants enzymes, inducing muscle adaptations and
protecting it from periods of increased OS [165–167]. A study performed in old rats who
performed 12 weeks of treadmill-run exercise observed an increased Nrf2 expression [168].
Moreover, a study performed in recreationally active males observed an exercise-induced
Nrf2 elevation to 3 h of eccentric contractions of the knee extensors [169].
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On this basis, exercise has been shown to enhance ROS detoxifying pathways by
increasing the activity of SOD, Gpx, catalase and the master regulator of antioxidant de-
fence, Nrf2 [170,171]. It is the upregulation of these detoxifying pathways that appears
to be essential for the adaptive protection developed to work against detrimental effects
of OS [172]. For instance, the sarcoplasmic reticulum, which releases Ca2+ necessary for
muscle contraction, is highly sensitive to ROS levels, with dysregulated increments in ROS
reducing myofibrils sensitivity and therefore affecting muscle contraction [173,174]. An-
other example that corroborates that ROS effects are dependent on their levels is observed
when talking about JNK/SMAD signalling axis, responsible for muscle growth via SMAD2
phosphorylation leading to myostatin inhibition [175]. Low levels of ROS induce JNK
phosphorylation, followed by SMAD2 phosphorylation and consequently muscle growth
(transient activation of JNK), whereas high levels of ROS also activate JNK but deacti-
vate phosphates, resulting in JNK persistent activation, and were associated with muscle
adaptation failure [51,175]. Excess of free radicals, due to intensive exercise or not, may
result in OS, putting molecules (i.e., protein, lipids and DNA) at risk for oxidative modifica-
tions [53,100]. Proteins are the most susceptible to oxidative modifications, with the more
common type of oxidation modification being carbonylation, altering protein conformation
leading to partial or total inactivation [176]. The direct consequence is loss of function
or structural integrity having wide downstream effects leading to cell dysfunction [177].
PA appears to promote protection against protein carbonylation, which may occur due to
antioxidant defence activation or increased protein carbonyls turnover [178]. Other types of
oxidation modification that proteins are susceptible to are, for example, tyrosine nitration,
S- glutathionylation and advanced glycation end products (AGEs) (see [179,180] for more
detailed description of these processes).

Beneficial changes observed in muscle occurs in response to long-term, regular, and
moderate training due to muscle adaptation, whereas acute and strenuous exercise pro-
vokes excessive free radicals, causing OS damage and fatigue and impacting the body’s
health and exercise capacity [181,182]. Moreover, exercise modulation through ROS towards
muscle provokes different effects on structure and function; this is majorly dependent on
the type of training, which leads to activation of different pathways. In general, exercise is
divided into two groups: aerobic/endurance exercise and resistance exercise. In endurance
(non-exhaustive) training, the source of energy is mainly from the mitochondrial biogenesis,
dependent on ROS production by exercise, modulated by peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1α), the principal pathway to rise oxidative
capacity of the muscle [183,184]. Regarding resistance training, the produced ROS activates
signalling pathways such as IGF-1 and PI3K/AKT/mTOR, and they are associated with
increments in protein synthesis [185]. Additionally, in sprinting, a short-term anaerobic
exercise, high levels of ROS are produced mainly by NOXs and xanthine oxidase system;
in this case, ROS production by mitochondria is less noticeable [186,187]. Moreover, in
general, both resistance and endurance (exhaustive) training are shown to increase ROS
levels by the skeletal muscle leading to OS, an increase in cortisol levels and a transitory
immunosuppression [39]. In short, together aerobic and resistance training reduces OS,
increasing resistance against it, and improves antioxidant status in the long term [188–198].

Finally, it appears that the influence that exercise has on the metabolism and on the
redox system may explain the already proven benefits of exercise in health and disease.

6. The Potential Modulatory Effects of Exercise on Skeletal Muscle Redox Status in CKD

It has been already established that exercise is the main stressor that drives skeletal
muscle remodelling and metabolic adaptation, and that it achieves that by, in a simple way,
stressing the body to produce free radicals and at the same time stimulating it to generate
antioxidants to maintain homeostasis, a new homeostasis, being more prepared for the
next stress, adapted. However, CKD patients experience elevated OS, and the increase
in free radicals induced by acute exercise, especially in unaccustomed patients, could
further shift the imbalanced redox status to an even more pro-oxidant state, impairing
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skeletal muscle metabolism [199]. In response to that, our group has already shown that
unaccustomed exercise creates a large inflammatory response in the muscle and that ex-
pression of inflammatory cytokines such as IL-6, MCP-1 and TNF-α was upregulated [136].
Still, this is no longer present after a period of training, showing that exercise does not
appear to elicit an ongoing and detrimental inflammatory response in the muscle, but an
adaptive response instead [136]. Similar to unaccustomed exercise in CKD patients, it can
be partially observed with the incidence of the overtraining syndrome (OTS), in which a
state of chronic OS is observed due to intensified training/competition and inadequate
post-exercise/competition recovery, leading to a persistent fatigue and decline in physi-
cal performance [200]. Moreover, a study from our group showed that, after intensified
training, leukocyte phagocytic activity decreases and testosterone levels were blunted,
showing dysfunction of inflammatory response and at the hypothalamic-pituitary gonadal
axis [201]. Interestingly, in OTS are also observed OS blood markers, for example, persis-
tence for more than a month of a reduced glutathione depletion after an ultra-endurance
marathon [202]. In these cases, resorting to an antioxidant treatment has been shown to be
helpful in restoring muscle weakness and force production [203,204]. In CKD, a systematic
review on the use of antioxidants in CKD patients (pre and post dialysis) shows that, in
predialysis patients, it may help go prevent end-stage kidney disease, but more powered
studies are needed to assess this finding [205].

CKD is considered by some a form of accelerated ageing, so we can withdraw data
from older adults. For instance, after 12 weeks of moderate resistance training in elder
people, it was observed that ROS generation and OS were decreased [197]. Another
study also showed similar results: increase in muscle strength and function associated
with decrease in OS markers and enhanced mitochondrial functions [206]. However, one
study demonstrated no significant changes in OS biomarkers after aerobic exercise [196].
In sum, it appears that exercise has a positive role in elderly people, with them having
OS levels similar to untrained young subjects when exercising [207]. Therefore, it is
speculated that decrease in ROS generation, and consequently OS reduction, which could be
accompanied by increase in muscle strength and function, may be observed in CKD, despite
further evidence still being required. Moreover, like the inflammatory response observed
in CKD, aged muscle produces high levels of ROS after acute exercise, while chronic
exercise prepares and protects muscle against oxidative damage [208]. In CKD, the majority
of studies report disease functional parameters’ improvement after a period of training
but left out reports about OS markers or investigate mechanisms that cause the exercise
benefits observed. A 6-month study performed on haemodialysis patients separated into
two groups, intradialytic training (bedside cycling) or no-exercise control group, observed
a chronic reduction in various redox status parameters, such as protein carbonylation and
lipid oxidation, and an increase in enzymes responsible for ROS detoxification such as
catalase and glutathione as an effect of regular exercise [209]. Additionally, this was also
accompanied by an increase in aerobic and functional capacity, observed by an elevated
peak oxygen consumption, and improved scores on the North Staffordshire Royal Infirmary
(NSRI) walk test, and on the 60-s sit-to-stand (STS-60) test [209]. A 4-month intradialytic
exercise training (cycling) could reduce plasma lipid peroxidation [210]. The same was
observed after 12 weeks of aquatic exercise [211]. Interestingly, a study compared OS
parameters in untrained volunteers, CKD patients and professional athletes before and after
a strenuous exercise in a rowing cycle ergometer and showed that only athletes presented
elevation of antioxidant enzymes due to limited antioxidant capacity in both untrained and
dialysis patients, yet the last exhibited increased OS [212]. Moreover, resistance exercises
during dialysis appear to be capable of inducing Nrf2 activation [213] (Figure 4).

196



Int. J. Mol. Sci. 2023, 24, 6017

Figure 4. Factors affecting skeletal muscle maintenance in CKD patients. In CKD patients, various
factors interact and consequently transduce their effects intracellularly, which affects skeletal muscle
maintenance. For instance, insulin and IGF-I positively regulate skeletal muscle due to the activation
of mTORC1 through PI3k/Akt, initiating protein synthesis. Later, stimulation of PI3k/Akt by
insulin increases FOXO phosphorylation, activates MuRF1 transcription and Atrogin-1, leading to
protein degradation via ubiquitin–proteasome pathway. On the other side, myostatin, a negative
regulator, leads to SMAD2/3 phosphorylation, reduces Akt activation and consequently FOXO
phosphorylation, which inhibits its translocation to nucleus, again accelerating protein degradation.
Defective mitochondrial function, due to kidney damage, increases local ROS production, resulting in
muscle protein degradation through activation of MuRF1 and Atrogin-1 transcription. These defective
mitochondria lead to activation of caspase 9,3 triggering intrinsic apoptotic pathway. Transforming
growth factor-β (TGF-β) is activated due to the increased exposure to ROS, while, among other
functions, acting as ECM preservatory. It enhances matrix protein synthesis and suppresses ECM
degradation proteins such as matrix metalloproteins, which happens in CKD due to an exaggerated
activation of TGF-β. Extravagant ECM production leads to fibrosis, impinging on muscle quality,
decreasing its force production. This microenvironment affects satellite cells, leading to population
exhaustion and regeneration failure; protein degradation also leads to defective differentiation. On the
other hand, exercise activates mTORC1, mediating S6k activation, thus promoting protein synthesis
and differentiation/proliferation of satellite cells. Additionally, exercise can increase Akt activation,
consequently translocating FOXO to the nucleus, blocking protein degradation pathways. Moreover,
exercise elicits an increased Nrf2 expression, leading to an elevation in the expression of antioxidant
enzymes, therefore decreasing ROS levels.

7. Final Remarks

The balance between muscle mass synthesis/breakdown is essential for the normal
function of the muscle, which is partly regulated by ROS. More research is accumulating
regarding the impact of redox imbalance in the process of muscle wasting, even though the
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exact mechanisms are still to be determined. Moreover, the potential influence of exercise on
the attenuation of muscle wasting in CKD patients appears to be gaining points. However,
it is urgent that worldwide exercise programs be implemented to better solidify the existing
results to date. Although numerous dialysis patients may appear too frail and incapable
of engaging in exercise sessions, those who do it have experienced the benefits [214]. In
these cases, less vigorous exercise offers value, and these types of adaptations will help to
gradually lessen some clinicians’ misconceptions of exercise as a potential contraindication
to the patients’ health [214]. Furthermore, besides the compelling evidence of the health
benefits, there may also be impactful advantages to the healthcare systems, by reducing
collateral costs of CKD patients, such as interventions associated with disease complications.
More and more, we believe that the cost savings in the long-term probably overcome the
financial limitations that are sometimes still imposed and impede the introduction of
exercise programmes as routine in clinical units. Since CKD patients who undergo dialysis
experience inevitable sedentary time during treatment, we encourage the implementation
of intradialytic exercise interventions as a coadjutant therapeutic strategy to reduce or at
least decelerate CKD-associated muscle wasting.
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