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Preface

Chronic kidney disease (CKD) is a pathological condition with high prevalence in the
world, and it is responsible for a significant socioeconomic burden. A large number
of patients suffer from this chronic disorder as a complication of systemic diseases,
mainly blood hypertension and diabetes. Chronic kidney disease causes various
pathophysiological consequences, inducing anemia, disorders of calcium and phos-
phorus metabolism, and secondary immunodeficiency. The most important clinical
aspect is that CKD is strongly associated with an increased cardiovascular risk and
represents one of the main pathological conditions with an increased risk of death.
These risks are particularly represented in patients undergoing replacement therapy
(extracorporeal hemodialysis and peritoneal dialysis) due to additional possible
complications related to the type of treatment.

Lifestyle changes, especially regarding dietetic aspects, smoke abuse, and pollution,
have significantly contributed to a worrying incidence of dysmetabolic, cardiovas-
cular, and oncologic pathologies that are also often responsible for or associated with
CKD. Therefore the prevalence and incidence of CKD are both continuously increas-
ing at this time, and medical assistance for patients will surely represent a challenge
in the next years. Compared to the past, therapeutic options to manage this condition
have greatly improved. Furthermore, progress in kidney transplant provides better
outcomes, with improved survival rates and lower incidence of severe complications,
even if the organ supply is still inadequate to the demand. Considering these aspects,
the incoming years are going to present new challenges for patients suffering from
CKD, and healthcare systems have the responsibility to offer the best medical assis-
tance. For this reason, clinical research has a pivotal role in this field and has provided
new insights into the pathophysiology and treatment of CKD.

In this book, some of the most important topics regarding new knowledge about CKD
are reported. After an introductory section that explains the aim of the project and
summarizes the most significant epidemiological and clinical aspects of CKD, the sub-
sequent chapters explore current important themes related to pathogenetic mechanisms
and therapeutic approaches, with an emphasis on quality of life. Considering patho-
physiologic aspects, the role of the epithelial TGF-p/B-catenin axis in proximal tubule
response to CKD is reported. The following chapter is dedicated to CKD of unknown
origin in Sri Lanka, with new insights into etiopathogenetic, clinical, and histologic
data and providing a revision of the current literature. The subsequent chapters are
focused on the nutritional aspects of CKD. The first one is dedicated to the important
role of diet in this pathological condition. Dietary requirements and restrictions for
patients suffering from CKD play a critical role in improving well-being and quality of
life, contributing to optimized outcomes of treatment and preventing severe complica-
tions. The following chapter describes the pathophysiological mechanisms involved in
the determination of kidney damage by adipose tissue, which represents a risk factor
for CKD. Then, the role played by resistin in diabetic patients with CKD and its con-
nections with nutritional status and cardiovascular outcomes is discussed in the next



chapter. The book continues with a section dedicated to therapeutic aspects for patients
suffering from CKD. One important chapter is focused on renoprotective strategies.
Nowadays a multimodal approach to prevent kidney damage and to preserve residual
renal function during CKD is recommended, and it includes dietary suggestions and
the use of renoprotective drugs, some of which have been recently developed and
introduced in clinical practice also for late stages of renal failure. Among drugs that are
very important in the late stages of CKD and in patients suffering from end-stage renal
disease who are under replacement therapy, potassium binders are the most important
because they prevent a severe and potentially fatal complication: hyperkaliemia. New
molecules capable of binding potassium are today available in the market for clinical
application and are presented and discussed in the final chapter.

It is our honor and pleasure to thank all the contributors to this book for their efforts
and their excellent work.

Giovanni Palleschi and Valeria Rossi
Nefrocenter Hemodialysis Center,
Medica San Carlo,

Frascati (Rome), Italy
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Chapter1

Introductory Chapter: Chronic
Kidney Disease — Introductive
Overview and Current Issues

Giovanni Palleschi

1. Introduction

Chronic kidney disease (CKD) is reported as a “kidney damage for >3 months,
as defined by structural or functional abnormalities of the kidney, with or without
decreased GFR” [1]. Chronic kidney disease has been classified into five different
stages based on disease severity from mild condition to the end-stage renal disease
(ESRD), which represents a status of complete renal failure and requires replacement
therapy (dialysis or kidney transplantation) [2]. Chronic kidney disease may be the
consequence of many pathologic conditions from genetic disorders to malforma-
tive alterations, inflammatory, degenerative, immunologic, metabolic, toxic, and
oncologic pathologies. However, despite the numerous and various etiopathogenetic
factors that can lead to CKD, a large part of patients suffering from this disorder are
affected by blood hypertension and diabetes, which are two of the most prevalent
pathologic conditions in the world. Lifestyle changes, especially regarding dietetic
aspects, smoke abuse, and pollution, have hardly increase the risk to develop dys-
metabolic, cardiovascular, and oncologic pathologies that are also often responsible
for CKD. As a consequence, the prevalence and incidence of CKD are continuously
increasing during the time and medical assistance for patients will become a chal-
lenge in the next years. New strategies for disease prevention to improve therapeutical
options that can delay its progression, and new perspectives that could replace the
invasive methods to treat ESRD are warranted to improve patients’ quality of life,
wellness of population, and to provide a favorable impact on public healthcare sys-
tems, being in most countries a significant economic burden to manage CKD patients
and substantial inequity for them in access to medical services.

2. Epidemiologic and socio-economic aspects

Epidemiologic aspects of CKD are important to understand how much this patho-
logic condition could have a negative socio-economic impact. Chronic kidney disease
is highly represented in the general population, accounting more than 800 million
individuals [3]. Furthermore, this disorder has presented a significant increase of
incidence and prevalence in the last 10 years, and it is one of the most frequent causes
of death [4]. Recent review studies, including rigorous metanalysis of epidemiological
investigations performed on large populations, report a prevalence of CKD varying
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from 10.6 to 13.4% [5]. One of the most important characteristics of CKD, under a
social point of view, is that patients affected by this condition have an increased risk to
death that has been estimated from one to five times higher than general population.
This specific risk increases with disease severity, being the most in subjects with renal
failure undergoing dialysis [5]. Patients suffering from CKD need continuous medi-
cal assistance since early stages of condition to advanced ones. General clinical status
worsens with progression of CKD requiring laboratory tests to assess kidney function,
imaging of urinary tract, and cardiovascular assessment. Nutritional restrictions,
medical pharmacological treatment, or invasive therapies (i.e., peritoneal or extracor-
poreal hemodialysis) are differently provided basing on the CKD stage. As a conse-
quence, patients’ quality of life (QoL) proportionally decreases either due to clinical
conditions related to the renal disorder or also due to the need of recurrent diagnostic
and therapeutic interventions. Most important studies on patients with CKD show
that QoL falls with disease progression, especially in patients with significant comor-
bidities such as diabetes, and that it is particularly compromised in those undergoing
dialysis [6]. The same studies assess that renal transplantation has the most favorable
impact on QoL of CKD patients if compared with all the other treatments available
for ESRD because it provides the most valuable functional ability [7]. During the

last years, the incidence and prevalence increase of CKD have presented the same
epidemiological trend shown by blood hypertension and diabetes, which have been
identified as the main responsible for CKD [8]. Blood hypertension still represents the
principal cardiovascular risk factor [8], and therefore, CKD significantly worsens the
cardiovascular risk of individuals, independently from sex and age, but proportionally
to stage disorder. Large epidemiological surveys show that CKD can be considered one
of the most important causes of death throughout the world [8]. There is still some-
what controversy about epidemiological findings of CKD because the studies during
the time have used different methods for its definition and classification [9]. However,
there is a common scientific agreement that the burden of CKD is considerable,
taking into account also direct and indirect costs of population needing diagnostic
assessments, medical treatments, and replacement therapy (hemodialysis, peritoneal
dialysis, and renal transplantation), whose number has been estimated approximately
between 4902 and 7083 million people [10]. All these data and considerations should
enforce the need of a general awareness about this pathologic condition and the pos-
sible future evolution in terms of incidence, prevalence, impact on Qol, and economic
burden, especially considering aging of population, which directly correlates to
functional kidney impairment. Some studies have provided data about the estimation
of the increase of nephropathic population in the next years. In European countries,

a number of people with CKD over 100 million are expected [10]. This will surely
induce the governments, sanitary systems, and social services to develop more preven-
tion strategies to reduce the impact of CKD on the world population and will prompt
medical research to improve nephroprotective measures and therapeutic options,
aiming to limit the number of patients who will need replacement therapies.

3. Current issues of chronic kidney disease

After the beginning of the new century, we have assisted to significant changes
under epidemiological point of view regarding health status [11]. World population is
continuously aging and chronic pathologic conditions are getting even more prevalent
proportionally to this phenomenon. Particularly, a consistent decrease of diseases
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than can be transmitted has been associated with a severe increase of risk factors of
chronic non-transmissible pathologies [12]. In this scenario, CKD has presented, as
above mentioned, a significant increase of incidence and prevalence, and the identifi-
cation of risk factors and their treatment is the most important action to adopt aiming
to reduce the CKD burden. Various levels of intervention can be applied to reach this
goal. Nutrition campaigns, that today can be delivered also by social media, to reduce
dysmetabolic syndromes (dyslipidemia, diabetes), obesity, and smoking (which are
strongly associated to cardiovascular risk) should be supported, and educational
strategies should be developed since the first years of school to limit also the onset of
the same disorders in the pediatrics and adolescents [13]. All these strategies have the
goal to reduce the number of people suffering from chronic diseases, including CKD,
and can contribute to lower the socio-economic impact of this condition on public
healthcare. The strongest effort regarding prevention should be focused on diabetes
and blood hypertension, which result to be the principal risk factors for CKD in all
countries. Unfortunately, promotion of these preventive actions is difficult to achieve
with the same efficacy in all the countries being these initiatives directly under the
control of different governments. However, various experiences with campaigns of
screening and prevention performed in different countries on adult and young people
(middle school) have shown to be feasible and to increase awareness of population,
among the public and policymakers [14-16]. Very important studies confirm that
screening and prevention programs can prevent CKD and that in those countries

that adopted and implemented management strategies the incidence of ESRD has
been reduced [17]. These experiences should convince about the utility of prevention
programs to limit the impact on the population of chronic pathologic conditions,
requiring in the future more economic investments. In fact, early detection of chronic
conditions is often based on the identification of biological markers as predictors of
disease and that have high costs if widely investigated on large populations. One of
the most important aspects that can prompt the governments and public healthcare
systems to face the clinical and socio-economic impact of CKD is represented by the
costs that this chronic disease requires for diagnosis and treatment of patients. Some
studies report that almost 70-80% of sanitary resources of public healthcare are spent
to manage chronic diseases [17]. Specific data from European countries estimate
annual costs at about 700 billion euro that are comprehensive of direct costs (for
diagnostic and therapeutic procedures) but mostly of the indirect ones (absence from
work, nutritional support, and psychological care) [18]. In particular, in patients for
CKD, it has been shown that these costs are directly correlated with disease progres-
sion reaching about 52,000 euros/patient per year in those undergoing hemodialysis.
Therefore, prevention strategies and rigorous therapeutic approach should be
adopted to strongly reduce the rate of patients undergoing replacement therapies,
offering people with CKD better QoL and hardly reducing costs for public healthcare.
Recent improvements on pathophysiology of CKD have contributed to develop better
therapeutic options to manage conservative treatment. In addition to the well-known
and commonly used pharmacologic treatments (as ACE inhibitors and angiotensin
receptor antagonists or sartans) [19], new drugs are today available with renopro-
tective effects. Glucagon-like peptide-1 receptor agonists, dipeptidyl peptidase-4
inhibitors, and sodium-glucose cotransporter 2 inhibitors represent a new frontier as
glucose-lowering agents for diabetic CKD, having a significant renoprotective effect
that can slow the disease progression and delay the need of replacement therapy

[20, 21]. Additionally, in specific disorders, such as in Lupus Nephritis, biological
agents (belimumab, obinutuzumab, anifrolumab, et al.) have shown to provide
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renoprotective effects by modulating self-antigens or by dual immunosuppressive and
antiproteinuric effects (voclosporin) [22]. Furthermore, it has been shown that in
lupus nephritis sodium-glucose cotransporter 2 inhibitors alleviate podocyte dam-
age, therefore, producing renoprotective effects [23]. Some interesting perspectives
are also under investigation for patients suffering from polycystic kidney disease. In
fact, new randomized clinical trials are going to assess the efficacy of new molecules
acting on specific pathophysiological pathways and sphingolipids, and preliminary
data suggest that in the future, the prognosis of these patients could improve [24].
These evidences induce to consider that in the future, the chance to lower the
incidence and prevalence at least of ESRD can be considered realistic, and the use

of these new pharmacologic options should theoretically have a lower economic
impact if compared with that associated with replacement treatments. The efforts of
governments and health systems should be focused on screening, prevention, health
education, and research in order to reduce as much as possible the epidemiological
trend toward growth of the population affected by CKD. On the other side, scientific
societies have the responsibility to implement research in this field and disseminate
knowledge on recent therapeutic advances to protect renal function. Although it is
still far from real-life application, a very promising solution will probably income in
the next 10 years for patients with ESRD needing replacement treatment and could
be represented by the bionic kidney. This device is under pre-clinical assessment and
it consists of an implantable system and a bioreactor. The bionic kidney is capable of
functioning as a filter for the blood and to maintain the plasmatic homeostasis, but at
the moment research is still far from clinical applications in humans, while prelimi-
nary data on animals have already published [25]. At the present, kidney transplant
still represents the best solution for patients with renal failure. The number of kidney
transplanted patients in the world has reported over 25,000 in 2022, and this number
is expected to be larger from data under revision of 2023 considering the increasing
number of donor nephrectomies (from living kidney donors) [26]. New surgical
devices, especially robot-assisted procedures, have contributed to improve patients’
compliance versus this type of surgery because less invasive. Furthermore, a better
awareness of population about the need of kidney donation has hardly contributed to
relief many patients from dialysis. The hope is that in the next years, all the efforts to
reduce CKD incidence will help also to reduce the request of renal transplants, lower-
ing the number of single-kidney individuals due to a donor nephrectomy.

4, Conclusion

Epidemiological and socio-economic data estimate a worrying growth of the
population affected by CKD in the world, with consequent increase of mortality risk
associated with this pathology, reduction of quality of life, and a significant economic
impact on healthcare systems. Various scientific evidences show that this trend
could be slowed down by screening and prevention programs and by the use of new
therapeutic resources today available to protect kidney function. More than being
a nephrological problem, nephroprotection has become a public health issue as the
etiopathogenetic factors associated with it are represented by the most widespread
chronic diseases, such as diabetes and hypertension, which are often related to mal-
nutrition, especially overweight and obesity. For this reason, all institutions should
be involved in programs intended to reduce the impact of CKD, including schools,
responsible for very important educational aspects.
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Chapter?2

Chronic Kidney Disease: Etiology,
Pathophysiology, and Management
Strategies to Increase Quality of
Life

Kogila Supramanian, Mahendran Sekar
and Nor Safwan Hadi Nor Afendi

Abstract

Chronic kidney disease (CKD) refers to a variety of pathophysiologic conditions
linked to poor kidney function and persistent reduction in glomerular filtration rate.
According to the National Kidney Foundation’s guidelines, CKD can be classified
based on the amount of glomerular filtration rate. There are numerous etiologies for
the occurrence of CKD. Various medications used to treat CKD will include slowing
the progression, which is medical treatment, as well as employing natural products.
Many strategies can be used to improve the quality of life of a CKD patient. This book
chapter will further discuss etiology, pathophysiology, clinical manifestation, inves-
tigation, and management of patients in renal replacement therapy and also usage of
medication to increase the quality of life.

Keywords: chronic kidney disease, glomerular filtration rate, quality of life, medical
treatment, severity of illness

1. Introduction
1.1 Chronic kidney disease (CKD)

CKD, or known as chronic renal failure (CRF), describes all degrees of decreased
kidney function, ranging from damaged-at-risk to mild, moderate, and severe chronic
kidney failure [1]. A patient can be confirmed as CKD when the estimated glomerular
filtration rate (eGFR) becomes less than 60 ml/min per 1.73 square meters, persisting
for 3 months or more. It is a progressive loss of kidney function that eventually neces-
sitates renal replacement therapy (dialysis or transplantation). This activity reviews
the etiology, evaluation, and management of chronic kidney disease and emphasizes
the roles of the interprofessional team in the care of chronic kidney disease patients.
Pathologic abnormalities in urinary sediment, abnormalities in urinary albumin
excretion rates, or increased urinary albumin excretion rates are all examples of
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kidney damage. The Kidney Disease Improving Global Outcome (KDIGO) has
classified details about the causes of CKD, and it is classified into six categories based
on eGFR, as stated in Table 1. Stage 3 has been classified into 3a and 3b in the year

of 2012 according to the eGFR and clinical manifestation. It also includes albumin-
uria staging (A1, A2, and A3), with each stage of CKD subcategorized based on the
urinary albumin-creatinine ratio in (mg/gm) or (mg/mmol) in an early morning
“spot” urine sample as in Table 2 [2]. The Kidney Disease Outcome Quality Initiative
(KDOQI) provides a guideline to classify CKD developed in 1997 that was revised in
2012. Albuminuria has been added as a predictor outcome as well [3].

1.2 Etiology of CKD

The causes of CKD vary globally, and the following are the most common primary
diseases that cause CKD and, ultimately, end-stage renal disease (ESRD) has been
demonstrated in Figure 1.

i. Diabetes mellitus type 2
The kidney’s filtering units are filled with tiny blood vessels. High blood sugar
levels can cause these vessels to narrow and clog over time. When there is insufficient
blood, the kidneys suffer damage, and albumin passes through these filters and ends
up in the urine, where it should not be.

ii. Diabetes mellitus type 1

About 30% of Type 1 (juvenile-onset) diabetes patients and 10 to 40% of Type 2
(adult-onset) diabetes patients will eventually develop kidney failure.

Stage Description GFR (mL/min/1.73m”)

1 Kidney damage with normal or high GFR >90

2 Mild decrease in GFR 60-89

3a Mild-to-moderate decrease in GFR 45-59

3b Moderate to deVere decrease in GFR 30-44

4 Severely decrease GFR 15-29

5 Kidney failure <15 or dialysis
Table 1.

Classification of CKD by GFR (KDIGO 2012).

Category Albumin excretion rate Albumin: creatinine ratio Terms
(mg/24 h) (mg/mmol)
Al <30 <3 Normal to mildly
increased
A2 30-300 3-30 Moderately increased
A3 >300 >30 Severely increased
Table 2.

Albuminuria categories in CKD (KDIGO 2012).
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Figure 1.
Examples of diseases related to chronic kidney disease (CKD).

iii. Hypertension

High blood pressure can constrict and narrow blood vessels, causing them to
become damaged and weak throughout the body, including the kidneys. Blood flow is
reduced due to the narrowing. If the blood vessels in your kidneys are damaged, they
may no longer function properly. When this occurs, kidneys are unable to remove
all waste and excess fluid from body. Extra fluid in the blood vessels can raise blood
pressure even higher, starting a dangerous cycle that can lead to kidney failure.

iv. Primary glomerulonephritis

Chronic inflammation of glomerulus causes long-term kidney damage and decline
in function. Chronic kidney disease is defined as kidney damage or decreased func-
tion lasting 3 months or longer. Chronic kidney disease can progress to end-stage
kidney disease, requiring dialysis or a kidney transplant.

v. Chronic tubulointerstitial nephritis (TIN)

GFR is reduced in acute TIN due to interstitial edema, lymphocyte and plasma
cell infiltration, and poor tubular function. The decrease in GFR in chronic TIN is
caused by fibrosis of the interstitium rather than edema. If prolonged, acute inter-
stitial inflammatory reactions can lead to accumulation of extracellular matrix that
causes irreversible impairment of renal function with interstitial fibrosis and tubular
atrophy.

vi. Hereditary or Cystic Disease

Cystic kidney disease (CKD) refers to a group of conditions that result in the
formation of cysts (fluid-filled sacs) in or around the kidneys. Kidney cysts can
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obstruct the kidneys’ ability to filter water and waste from your blood. Kidney failure
can result from cystic kidney disease.

vii. Plasma Cell Dyscariasis or Neoplasm

Renal disease in myeloma is typically characterized by renal insufficiency and
proteinuria. Patients with myeloma may occasionally present with renal tubular
dysfunction, including acidification and concentration defects and, in rare cases, the
Fanconi syndrome.

viii. Sickle Cell Nephropathy

Sickle cell disease causes damage to multiple structures within the kidney.

Chronic anemia’s hemodynamic changes, renal hypoxia caused by recurrent vaso-
occlusion, and hemolysis-related endothelial dysfunction can all lead to functional
and structural changes that can progress to CKD.

1.3 Pathophysiology of CKD

The rate of renal blood flow, which is approximately 400 ml/100 g of tissue per
minute, is significantly higher than that observed in other well-perfused vascular
beds such as the heart, liver, and brain. When there are any harmful circulating agents
or substances, there is a higher chance that renal tissue might be exposed to them [4].
In contrast to other capillary beds, glomerular filtration is dependent on relatively
high intra- and trans-glomerular pressure, even under physiological settings, which
makes glomerular capillaries prone to hemodynamic damage. The details of the
disease process are shown in Figure 2.

The major contributors to the progression of chronic kidney disease could be
hypertension and hyperfiltration. Negatively charged molecules in the glomerular
filtration membrane act as a barrier, slowing anionic macromolecules. When this
electrostatic barrier is breached, as occurs in many types of glomerular damage,
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Figure 2.
Diagrammatic representation of the glomerulus function in the process of reabsorption and secretion.
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plasma protein gains access to the glomerular filtrate. The sequential organiza-
tion of the nephron’s microvasculature and the downstream position of the tubule
with respect to the glomeruli not only maintains the glomerulo-tubular balance
but also allows glomerular injury to spread to the tubulointerstitial compartment
in disease, exposing tubular epithelial cells to abnormal ultrafiltrate [5]. Due to
the peritubular vasculature underpins the glomerular circulation, some media-
tors of the glomerular inflammatory response may overflow into the peritubular
circulation, contributing to the interstitial inflammatory responses commonly
observed in glomerular illness. Tubulointerstitial injury and tissue remodeling will
occur due to decrease in preglomerular or glomerular perfusion [6]. Therefore,

the concept of the nephron as a functional unit relates not only to renal physiology
but also to renal disease pathology. There are some main reasons that kidney can
go into impairment such as immunologic reaction, tissue hypoxia, and ischemia,
exogenic agents as drugs, endogenous substance as glucose or paraproteins, and

hereditary [7].
1.4 Stages of CKD

CKD can be divided into five stages and six categories that range from 1 to 5. The
determination of CKD with stages is done by blood investigation known as estimated
glomerular filtration rate (eGFR). Stage 1 kidney disease has an estimated glomeru-
lar filtration of 90 or higher with a progressive kidney involvement of more than
3 months. The estimated glomerular filtration rate is an absolute indicator of kidneys
function in the filtration of excess fluid from blood [8]. At every stage of CKD, the
kidneys function progressively deteriorates and requires different treatment to slow
down the damage to kidney that will keep them functioning as long as possible. A
patient with renal failure will need to go on renal replacement therapy such as hemo-
dialysis, peritoneal dialysis, or renal transplant to sustain life [9].

1.4.1 CKD stage 1

Stage 1 CKD is considered mild, and no significant clinical manifestation exists to
address it. GFR is 90 mls/min. This stage is considered mild. It may have proteinuria,
whereby there is leakage of protein in the urine allowed by glomeruli. Sometimes,
changes can be noticed through ultrasound or microalbumin in the urine. Many
times, patients may complain that they have foamy urine that is caused by excessive
amounts of urine albumin.

To reduce the progression of kidney disease, it is advisable to monitor patients’
blood pressure to be in health range under 120/80 mmHG. Also, it is important to
control salt intake less than 2300 milligrams (mg) per day. There are also patients
having difficulty in identifying hidden salt. If patients are known case of diabetes,
they should have good control of their glucose [10].

1.4.2 CKD stage 2

The damage is still considered mild, yet the kidneys will be functioning to the
optimum level with 20-40% normal function. GFR will 60-89 ml/min. The symp-
toms still remain as foamy urine.

A recommended lifestyle modification will include losing weight and con-
sidering a healthy diet. To delay the progress of CKD stage 2, a few conservative
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managements are recommended. For obese patients, it is recommended for

them to lose weight through exercise. Quitting smoking can help lower blood
pressure and reduce stress on the kidneys. Encouraging the patient to get enough
sleep and manage stress will influence blood pressure as well. For diabetic patients,
it is recommended to consume medication such as angiotensin-converting enzyme
(ACE) inhibitors, angiotensin II receptor blockers (ARBs), sodium-glucose
cotransporter 2 (SGLT2) inhibitors, or Kerendia which can slow down the progress
of CKD.

1.4.3 CKD stage 3

At this stage, the patient will have symptoms that indicate enough damage to
start producing symptoms. This happens when 15% of the function of normal
kidney remains is attained. Stage 3 can be categorized into 3a and 3b. Stage 3a
is kidney function having mild-to-moderate function loss with GFR 45-59 mL/
min, whereas 3b is moderate-to-severe loss of kidney function with GFR
30-44 mL/min. At this point, a CKD patient may have developed anemia and renal
osteodystrophy [11].

Clinical manifestations of stage 3a CKD may include:

* Polyuria or some patients may experience oliguria

* Fatigue and tiredness

* Dry or itchy skin

* Nausea

* Los of appetite

* Unintended weight loss

Clinical manifestations for CKD stage 3b may include:

* Unable to focus

* Muscle aches and cramping especially lower limbs

* Shortness of breath

* Peripheral edema (swelling in the arms, legs, hands, or feet)

* Peripheral neuropathy (numbness and tingling sensation in the hands and feet)

At this stage, the patient will be prescribed statin drugs to reduce cholesterol;
administration of a diuretic will promote urination, reduce blood pressure, and

reduce peripheral edema. For mineral bone disease, it is advisable to take calcium and
vitamin D supplements. Anemia can be managed with iron supplements.
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1.4.4 CKD stage 4

At this stage, kidneys have been impaired, moderate to severe with eGFR 15-29
mL/min. The complication of disease markedly increases like anemia, high blood
pressure, bone disease, and metabolic acidosis. Also, there will be hyperkalemia
and hyperphosphatemia that leads to cardiac dysrhythmia. Patients may experience
persistent lower back pain, insomnia, ammonia breath smell, and microscopic or
gross hematuria. At this stage, there is a need for treatment, and it includes dietary
adjustment that the patients need for protein restriction. Low phosphate diet and low
potassium diet will minimize the complication of electrolyte imbalance. Nephrotoxic
drugs such as nonsteroidal anti-inflammatory drugs (NSAIDs), cephalosporins,
statins, insulin, and proton pump inhibitors should be avoided. Low hemoglobin level
can be treated using erythropoiesis-stimulating agents (ESAs). Although the treat-
ment for CKD stage 4 uses medication to control symptoms, this medication itself can
damage the kidney as well.

1.4.5 CKD stage 5

Stage 5 of CKD is the most alarming stage where the patient experiences kidney
failure with eGFR<15 mls/min. The kidney function at this stage GFR drops to less
than 15 mL/min, and if only 10% of the remaining kidney is there, this is considered
as End-Stage Renal Disease (ESRD). Stage 5 is associated with uremia, whereby the
waste product accumulates in the blood [12]. The patient will experience dyspnea,
pruritus, chest pain, nausea and vomiting, restless leg syndrome, abnormal bruises,
hiccups, seizure, and coma. At this stage, the treatment will include renal replace-
ment therapy that is dialysis, either hemodialysis or peritoneal dialysis or kidney
transplant.

System Complication

Central nervous system Difficulty concentrating, mood swing, seizure, depression, uremic
encephalopathy, and coma.

Circulatory blood Anemia, fluid and electrolyte imbalance, edema, metabolic acidosis,
hyperkalemia, hyperphosphatemia, hypocalcemia, and bleeding
tendency.

Cardiovascular system Hypertension, cardiac dysrhythmia, left ventricular hypertrophy,

tachycardia, and hypervolemia.

Respiratory system Pulmonary edema, difficulty in breathing due to excess fluid,
Kussmaul respiration due to metabolic acidosis.

Gastrointestinal system Gastrointestinal bleeding, nausea and vomiting, loss of appetite due to
uremia, metallic taste in the mouth, hiccup, and uremic halitosis.

Integumentary system Uremic frost, pruritus, bruises, and pallor with edema.

Musculoskeletal system Mineral bone disease or osteodystrophy.

Endocrine system Hyperparathyroidism.

Immune system High risk for immune suppression and infection.
Table 3.

Complication of CKD on multiple systems in body.
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CKD is linked to various unfavorable clinical consequences, including cardio-
vascular events, mortality, and diminished quality of life [13]. Table 3 explains the
complication of CKD on system in the body function.

2. Pharmacological therapies for CKD in various stages

2.1 Mineralocorticoid receptor antagonist (MRA): Finerenone, spironolactone,
eplerenone, esaxerenone, apararenone

Among the class of medications known as mineralocorticoid receptor antagonists
(MRAs) are the classic steroid antagonists, spironolactone and eplerenone. We can
differentiate between the nonsteroidal MRAs, such as apararenone, esaxerenone,
and eplerenone [14]. Simpson et al. isolated aldosterone in 1953 [15]. The adrenal
glands’ glomerulosa cells are primarily responsible for producing it. The heart, blood
arteries, and adipocytes can create aldosterone under specific conditions [16]. Human
coronary arteries from multi-organ donors have demonstrated elevated expression of
aldosterone synthetase (AS), which is also elevated in people suffering renal failure
and coincides with the vascular expression of osteoblastic transforming factor: core-
binding factor alpha 1 (CBFal) [17].

In contrast to spironolactone or eplerenone, which is found primarily in the kid-
neys, the nonsteroidal MRA finerenone exhibits a balanced distribution between the
heart and kidneys. Another important difference is that finerenone has a shorter half-
life and no active metabolites, which may lessen its long-term impact on the sodium-
potassium balance [18]. Despite a rise in hyperkalemia, classic mineralocorticoid
receptor (MR) antagonists have been beneficial in reducing cardiovascular events and
death in individuals with heart failure and reduced ejection fraction (EF). Activation
of MR causes detrimental effects on the heart through several mechanisms that
have been covered in this study. Nonsteroidal aldosterone antagonists may provide
higher benefits in critical renal and cardiovascular variables due to their potential for
increased cardiorenal protective capability and decreased risk of hyperkalemia. Two
clinical trials involving finerenone will provide the definitive answer. The first trial,
called FIDELIO-DKD (Finerenone in reducing kidney failure and disease progression in
diabetic kidney disease), examines the effectiveness of finerenone in relation to placebo
in reducing major renal and cardiovascular (CV) events in subjects with diabetes
mellitus type 2 (DM-2) and chronic kidney disease (CKD) treated with angiotensin-
converting enzyme inhibitor (ACEI) or angiotensin II receptor antagonists (ARA2)
[19]. The second trial, called FIGARO-DKD (Finerenone in reducing CV mortality and
morbidity in diabetic kidney disease), examines the safety and efficacy of finerenone in
relation to placebo in patients with DM-2 and CKD [20].

2.2 Methylxanthine derivative: Pentoxifylline

Pentoxifylline (PTF) is a derivative of methylxanthine having a variety of
pharmacologic actions, including immunological modulation, enhanced cellular
membrane fluidity, fibrinolysis stimulation, anticoagulant effects, and altered
fibroblast physiology [21]. PTF, a nonselective phosphodiesterase (PDE) inhibitor,
has been shown to have strong inhibitory effects on the growth of cells, inflam-
mation, and the buildup of extracellular matrix (ECM) [22]. It is widely accepted
that PTF, by its hemorheological action as well as its anti-TNF « activity, can lessen
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proteinuria in diabetic individuals [23]. In a recent investigation on early-stage type

2 diabetic nephropathy, pentoxifylline was found to further decrease urine protein
and N-acetyl-n-glucosaminidase excretion in patients receiving treatment with an
ACE inhibitor or an angiotensin-receptor blocker (ARB) [24]. Based on these results,
there is clinical evidence that PTF and renin-angiotensin-aldosterone system (RAAS)
blockage together may further preserve kidney function.

Studies in humans and animals have shown that adding PTF to current CKD
treatment might make it even better. In a randomized experiment conducted in
2012, the pharmacological therapy of 91 patients resulted in a one-year decrease in
blood levels of fibrinogen, tumor necrosis factor a (TNF-a), and high-sensitivity
C-reactive protein (hs-CRP), while eGFR rose by 2.4 mL/min/1.73 m? [25]. The
results from this experiment demonstrated that 24 patients from the control group
(13 started dialysis therapy and 11 had a twofold increase in serum creatinine)
and 11 patients from the PTF group (seven started dialysis and four observed a
double increase in serum creatinine) experienced renal events during follow-up.
Irrespective of the existence of diabetes mellitus, the potential protective impact of
PTF was more significant in individuals with albuminuria. PTF treatment decreased
renal events by 35% as compared to the control group in a Cox model that incorpo-
rated basal renal function, albuminuria, and diabetes mellitus into account. With
PTF therapy, cardiovascular mortality was considerably lower (2 patients vs. 10 in
the control group). When age and diabetes mellitus were considered, PTF therapy
decreased cardiovascular mortality by 55%. Another study has demonstrated that
PTF administration lowers proteinuria and enhances renal function in people with
chronic kidney disease [26]. In summary, PTF has been shown to have renoprotec-
tive properties in individuals with chronic kidney disease. To find out if PTF might
improve renal outcomes in individuals undergoing proven-effective treatments,
more clinical trials are required.

2.3 Glucagon-like peptide-1 (GLP-1) receptor agonists: Exenatide, lixisenatide,
semaglutide, liraglutide

As a relatively recent class of antidiabetic medications, glucagon-like peptide-1
(GLP-1) receptor agonists are already in widespread usage. They modify the function
of incretin GLP-1, a protein generated by small intestinal cells, by interfering with
the GLP-1 receptor. By increasing glucose-dependent insulin secretion and decreas-
ing glucagon secretion, stomach emptying, and food intake, this lowers HbA1lc levels
[27]. GLP-1 receptor agonists, in terms of CKD, play a role in lowering risk factors by
reducing blood pressure, insulin, glucose, and inducing weight reduction [28]. The
kidneys’ GLP-1 receptor has been found in a few locations. Research carried out on
animal models revealed that GLP-1 receptor messenger RiboNucleic Acid (mRNA)
was expressed in the glomerulus and the first segment of the proximal convoluted
tubes but not in any other area of the nephron [29]. GLP-1 receptors have also been
detected in human kidneys, namely in proximal tubular cells and preglomerular
vascular smooth muscle cells [30].

GLP-1 and GLP-1R agonists have been shown in experimental investigations to
decrease renal RAAS activation indicators, such as angiotensin II levels and their
detrimental effects on the glomerulus. These findings may point to additional
possible renal protective mechanisms in diabetic kidney disease (DKD) [31].
Nevertheless, there is currently no solid data to support the impact of short- or long-
term GLP-1R agonist therapy on circulating RAAS components. A little decrease

19



Chronic Kidney Disease — Novel Insights into Pathophysiology and Treatment

in low-density lipoprotein levels is linked to inflammation in diabetes, according

to GLP-1 receptor agonist treatment. Increased vascular inflammation and fibrosis
have been linked to profibrotic growth factors, cytokines, and inflammatory cells

in the pathophysiology of diabetic nephrotic (DN). GLP-1 affects inflammation at
several places, including blood vessels and the kidneys, according to recent research
[32]. It is possible to lower reactive oxygen species (ROS) generation in the dia-
betic kidney by activating the cyclic adenosine monophosphate-protein kinase A
(cAMP-PKA) pathway. Since GLP-1 receptor activation stimulates the cAMP-PKA
pathways, which have antioxidative properties, it is likely that GLP-1 shields the
kidney from oxidative [33]. All of these results will serve as the foundation for the
next clinical research examining whether GLP-1R agonists may enhance renal out-
comes when DKD is present. SUSTAIN 6 (Trial to Evaluate Cardiovascular and Other
Long-term Outcomes With Semaglutide in Subjects With Type 2 Diabetes) and LEADER
(Liraglutide Effect and Action in Diabetes) were two randomized, double-blind,
placebo-controlled studies that were carried out [34]. The benefits of once-weekly
and once-daily semaglutide and liraglutide on several clinically significant kidney
outcomes have been shown by analysis of these studies. These outcomes include
changes in albuminuria, changes in the annual slope of the estimated glomerular
filtration rate change, time to persistent proportional estimated glomerular filtration
rate reductions of 40 and 50% from baseline, and a composite endpoint (time from
randomization to first occurrence of kidney failure/death or proportional estimated
glomerular filtration rate decline). The study’s findings imply that patients with
type 2 diabetes and diabetic kidney disease may have more alternatives for kidney-
protective therapy if they take the glucagon-like peptide-1 receptor agonists such as
semaglutide and liraglutide. Kidney Disease Improving Global Outcomes (KDIGO)
recommends long-acting GLP-1 receptor agonists for patients with type 2 diabetes
mellitus (T2DM) and chronic kidney disease (CKD) who have not reached individu-
alized glycemic targets despite using metformin and SGLT2i treatment, or who are
unable to use those medications [35].

2.4 Sodium-glucose cotransporter-2 (SGLT?2) inhibitors: Empagliflozin,
dapagliflozin, canagliflozin

Since the first SGLT?2 inhibitor was introduced in 2012 [36], the class of drugs has
expanded to include canagliflozin, dapagliflozin, empagliflozin, and ertugliflozin in
the Americas and Europe, with other members of the class starting to gain traction
in other areas [37]. SGLT?2 inhibitors are glucose-lowering medications that decrease
the renal filtrate’s ability to absorb glucose, hence eliminating excess glucose through
a glucosuric action [38]. Even though SGLT?2 inhibitors have been developed to lower
hyperglycemia and help with body weight control in people with type 2 diabetes,
further therapeutic prospects for these drugs to treat the cardiorenal consequences
and comorbidities of the disease are now identified. A growing number of research
studies indicate that SGLT2 inhibitors can prevent DKD from developing and reduce
the course of the condition both independently and in combination with RAAS
inhibition.

The renal composite (doubling of serum creatinine, eGFR <45 ml/min/1.73 m?,
commencement of renal replacement therapy, or death from kidney disease) was
46% lower in the empagliflozin-treated groups in the EMPA-REG OUTCOME study
[39]. According to the DECLARE-TIMI 58 study, dapagliflozin treatment was linked
to a 47% lower renal composite of new end stage kidney disease (ESKD), mortality
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from renal cause, and a sustained drop in estimated glomerular filtration rate (eGFR)
of >40% to <60 ml/min/1.73 m? [40]. Dapagliflozin was associated with a 46%
reduction in eGFR decline (from >40% to <60 ml/min/1.73 m?) as well as substantial
reductions in ESKD and renal mortality. Dapagliflozin also reduced new-onset macro-
albuminuria by 46% and new-onset albuminuria by 21% [41]. These study results
demonstrate that SGLT2 inhibitors have a range of effects on the kidney, including
acute and long-term nephroprotective effects that slow the progression of diabetic
kidney disease and may even partially reverse its hallmark indicators. These effects
are both directly and indirectly linked to decreased glucose reabsorption.

2.5 Pharmacological treatment using natural product for CKD in various stages

Plants, algae, and fungi have been used as natural remedies throughout history
[42]. Natural products are regarded as an acceptable, cost-effective, readily avail-
able, and relatively safe source of many active pharmacological chemicals [43]. Many
medicinal plants and their extracts have already been shown to improve kidney
function via antioxidant action, with concomitant advantages for inflammation and
fibrosis. For preclinical research, in vitro and in vivo tests with natural product-based
medicines show some significant therapeutic advantages.

Wang et al. [44] found that Shen shuaining capsules containing Rheum officinale,
Radix pseudostellariae, Coptis chinensis, Carthamus tinctorius, the rhizome of Salvia
miltiorrhiza, and Bidentate achyranthes significantly reduced serum creatinine and
blood urea nitrogen, increased hemoglobin, and improved overall efficacy of CKD
symptoms and signs. A decoction of the roots of two Chinese herbs, Astragalus
membranaceus and Angelica sinensis, has exhibited antifibrotic effects in rats with
chronic kidney disorders and improved renal blood flow in rats with acute ischemic
renal injury [45]. Aqueous extracts of Fructus Corni and Radix Astragali reduced urine
protein levels and altered protein patterns, indicating that Fructus Corni and Radix
Astragali could play a significant role in maintaining renal function in nephropathy
mice [46].

Cordyceps sinensis and Tripterygium wilfordii polyglycosidium protected the podo-
cytes of rats with diabetic nephropathy [47]. Cordyceps cicadae may inhibit renal
fibrosis in vivo through the TGF-p1/CTGF pathway. According to the researchers,
the usage of Cordyceps cicadae could provide a sensible strategy for fighting renal
fibrosis [48]. Elsholtzia ciliata ethanol extract (ECE) may function by inhibiting the
activation of TGF-f and inflammatory cytokines, resulting in the breakdown of the
extracellular matrix accumulation pathway. Based on these findings, ECE may be a
more effective treatment for renal fibrosis [49].

Treatment with Azuki beans (an aqueous extract of Vigna angularis) improved
renal function parameters and significantly reduced glucose levels, triglycerides,
VLDL, alanine aminotransferase, uric acid, and creatinine, while also significantly
increasing high-density lipoprotein (HDL) levels in rats subjected to a model of mod-
erate chronic kidney disease [50]. Shenkang granules (SKGs) are a Chinese herbal
medicinal formula consisting of rhubarb (Rheum palmatum), Salvia miltiorrhiza,
milkvetch root (Astragalus membranaceus), and safflower (Carthamus tinctorius L.).
SKG was shown to reduce renal damage in a rat model of chronic renal failure (CRF).
Thus, SKG may have a positive therapeutic effect on CRF [51].

The hydro-ethanolic extract of Euphorbia neriifolia significantly restored anti-
oxidant enzyme levels in the kidney and demonstrated a significant dose-dependent
protective effect against N-nitrosodiethylamine-induced nephrotoxicity, which can be
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attributed primarily to the extract’s antioxidant properties [52]. The hydroalcoholic
extract of Rubia cordifolia roots (HARC) protects against ethylene glycol-induced
urolithiasis by reducing and inhibiting the formation of urinary stones. As a result,
HARC can help prevent the condition from recurring because it has been shown to
influence the early stages of stone growth. The mechanism underlying this benefit
may be mediated by an antioxidant, nephroprotection, and its influence on urinary
stone-forming ingredients and risk factors [53]. Aunaea procumbens efficiently
protects rats’ kidneys from CCly-induced oxidative damage via the antioxidant and
free radical scavenging properties of flavonoids and saponins in the fractions [54].
Another study reported that grape seed extract reduced inflammation by lower-
ing CRP and triglyceridemia while counteracting anemia and thrombocytopenia.
Supplementation with 2 g GSE/day for 6 months improved various kidney function
parameters in CKD patients, and this therapeutic effect of Grape seed extract appears
to be mediated at least partially by its antioxidant and anti-inflammatory character-
istics [55]. Jimenez-Osorio et al. [42] reported that curcumin administration lowers
oxidative stress in Mexican patients with nondiabetic or diabetic proteinuric CKD.
There is no disagreement that natural products represent a significant untapped
source of novel CKD therapy. Clinical and preclinical trials of plant extracts have
occasionally shown benefits; however, some research has also shown that plant
extracts can cause chronic organ dysfunction when administered over time due to
the presence of toxic compounds. Natural products are frequently regarded as safer
than standard drugs, and many of our current medications are developed from herbs.
Nonetheless, several researchers are concerned about their safe use.

2.6 Management of CKD patients in stage 4 and stage 5
2.6.1 Renal replacement therapy

Renal replacement therapy (RRT) is a medical intervention that substitutes the
essential functions of the kidneys in individuals with severe kidney failure of End-
stage renal disease (ESRD). This therapy is necessary when the kidneys are no longer
able to adequately filter waste products and excess fluids from the blood [56]. The
three modalities of RRT are hemodialysis, peritoneal dialysis, and kidney trans-
plantation. The choice of treatment is the patient’s preference and according to their
condition.

2.7 Hemodialysis

Hemodialysis is a complex procedure for renal failure patients that require
frequent dialysis center visits or hospitalizations that may be encountered 3 to 4 times
per week [57]. The goal of dialysis is to remove the end product of protein metabolism
from the blood. Maintain a safe concentration of serum electrolytes. Correct the aci-
dosis, replenish the body’s bicarbonate buffer system, and remove excess fluid from
the blood. Hemodialysis is needed when the eGFR drops below 20 ml/min/1.73 m? or
when there is a rapid progression of kidney disease to end-stage renal disease. Gotch
and Sargent established the Kt/V urea as a measure in their National Cooperative
Dialysis study (1985). In contrast to a Kt/V of more than 1.0, which resulted in a
favorable outcome, it was shown that Kt/V of less than 0.8 was linked to increased
morbidity or treatment failure [58].
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It is a dimensionless ratio calculated by dividing the amount of plasma cleared
of urea (Kt) by the distribution volume of urea (V). The urea-free plasma volume is
the product of blood urea clearance (K) and dialysis session length (t). A Kt/V ratio
of 1.0 indicates that the total blood volume cleansed during a session equals the urea
distribution volume. Dialysis can be intermittent or continuous. Continuous intra-
vascular procedures are preferred for patients who are hemodynamically unstable or
have a high-volume overload. A dialyzer will connect the circuits. Side ports in the
veins are used for saline or heparin infusion, air entrance detection, and pressure
measurement. The dialysate is pushed through the dialysate compartment which is
isolated from the blood compartment by the dialyzer’s semi-permeable membrane.
Regenerated cellulose, with its very hydrophilic character, permits miniaturization
of the dialyzer and lower membrane thickness. Biocompatible synthetic membranes
composed of polysulfone have a semi-permeable surface and lower complement
cascade activation than previous bioincompatible ones. The temperature and con-
centration of dissolved components in dialysis fluid are controlled. A blood leak
detector pauses dialysis when it detects blood products in the outflow dialysate.
Approximately 25% of patients having uremia need hospital administration for the
procedure preparation and management of complications. The distal arteriovenous
(AV) fistula serves as the gold standard for hemodialysis access. If the patients’
superficial veins are exhausted, the alternative methods will be intrajugular cannula-
tion (IJC), femoral catheter, permanent catheter, and synthetic graft. Patients that
need to undergo dialysis treatment can make appointments in the dialysis unit and
schedule their time according to their daily routine. Some of the patients will need
three times per week [59].

2.8 Peritoneal dialysis

This is another type of renal replacement therapy that uses the patient’s own
peritoneum cavity as a natural permeable membrane that allows water and solutes to
equilibrate [60]. Peritoneal dialysis is a more suggested procedure for patients than
hemodialysis due to less physiological stress, does not require vascular access, and can
be done at home, and the patients have more flexibility. Although this is the most sug-
gested procedure, it still needs more patient involvement than in-center hemodialysis.
The sterile technique is very important for this procedure. Two processes involved in
this procedure are osmosis and diffusion. In this procedure, the usage of dialysate is
the mainstay for the dialysis, and it is instilled using a Tenckhoff catheter. Peritoneal
dialysis can be done manually or by using an automated device [61].

Manual methods of peritoneal dialysis include:

* Continuous ambulatory peritoneal dialysis (CAPD) that does not require a
machine for exchange. For an adult, approximately 2 to 3 L of dialysate can be
used four to five times per day. Dialysate is a glucose solution for the process of
osmosis.

* Intermittent peritoneal dialysis is used for immediate management of acute
kidney injury. Warm dialysate will be instilled for 10 to 15 minutes. Frequent

exchange will be needed for almost 12 to 48 hours.

Using machines for peritoneal dialysis are as follows:
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* Continuous cyclic peritoneal dialysis (CCPD) will need 12 to 5 hours of dwelling
time and 3 to 6 nighttime exchanges using automated cycler.

* Noctural intermittent peritoneal dialysis (NIPD) will need nighttime exchange,
and the patient will not need daytime exchange.

* Tidal peritoneal dialysis involves the remaining dialysate fluid in the peritoneum
for one exchange to another, which may allay frequent repositioning.

Although peritoneal dialysis is a recommended procedure, it still can be a failure
for patients if an aseptic technique is not applied. Therefore, all the patients with
peritoneal dialysis will be given training and health education to maintain the aseptic
technique and adhere to the procedure without the main complication, which is
peritonitis [62].

3. Renal transplant

It is known that when a CKD patient has been scheduled for a kidney transplant,
they are considered to have a gift of life. Patients that have 10-15% of remaining
kidney function are known to be in the condition of end-stage renal disease (ESRD),
and kidney transplant is performed to prolong and improve the quality of life (QOL)
for them [63]. This surgery has been developed for over 50 years. This procedure has
better long-term survival. There is evidence that patients undergoing renal trans-
plants have survived more than 10 years. The first renal transplant was successfully
conducted by Dr. Joseph Murray in 1954with major development in immunology
and transplant procedure. If the patients have no contraindications, the nephrologist
will refer the patients for transplant workup plan. There is a clear survival benefit for
kidney transplant recipients over those who remain on dialysis.

There are many complications and comorbidities from kidney disease for ESRD
patients. Therefore, careful screening is needed for both donor and recipient. They
will need to undergo investigation such as cardiovascular assessment, renal angio-
gram, human leukocyte antigen (HLA) compatibility, cerebellar vascular disease
screening, frailty test, gastrointestinal evaluation, hematologic disease screening,
infectious disease screening, and pulmonary assessment. There are three types of kid-
ney donors: living-related donor, living nonrelated donor, and cadaveric donor [64].
Living related can be parents, siblings, and other blood-related. Living nonrelated
can be husband and wife or friends, and cadaveric donor is the deceased donor that is
broken down to brain death.

Currently, there is robotic surgery for transplants. Access is achieved to the
intraperitoneal space to insert the port. The left kidney’s ureter and gonadal vein are
discovered at the pelvic brim after the left colon is released from peritoneal attach-
ments and tracked cephalad to locate and isolate the renal vein and artery [65]. The
adrenal gland is separated from the upper pole of the kidney, and the adrenal vein has
been divided. Once the kidney is fully mobilized and only connected by the artery,
vein, and ureter, a slightly bigger incision is created to prepare for rapid extraction.
The distal ureter is divided with clips, and the hilar arteries are separated with a
laparoscopic vascular-load stapler. Some changes in dissection exist depending on
which kidney is obtained. To access the right kidney, the liver is retracted, and the
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right colon and duodenum are partially mobilized. Following extraction, the organ is
moved off the pitch and ready for implantation on the back table.

The open surgical approach for living donor procurement involves making a
subcostal incision and exposing the retroperitoneal region. Before extraction, the
ureter is followed down to the iliac vessels, where it is split. The kidney will be isolated
on its vascular pedicle, and when the recipient team is ready, the renal artery and vein
are transacted before the organ is transferred. The tributary stumps are then ligatured
or oversewn. The remaining perinephric fat is trimmed while the kidney is prepared
for implantation.

Patients with CKD and ESRD depend on hemodialysis and peritoneal dialysis
before the initiation of the transplant. Once the transplant was set in gear, the survival
rate of ESRD patients increased. Those who went for renal transplants experienced
a better quality of life than those on dialysis treatment. CKD, concomitant diseases,
and its treatment impose significant burdens on patients’ health-related quality of
life. Kidney illness, including polycystic kidney disease and nephrotic syndrome, is
associated with significant QOL impairment.

4. Quality of life for CKD patients’

Monitoring patient-reported outcomes to capture CKD’s effect on health-related
quality of life (QOL) is critical for both population and individual care. Patients with
CKD require more practice and clinically relevant patient-reported outcome measures
[66]. QOL declines with increasing CKD severity; patients at earlier CKD stages have
smaller but still significant QOL impairments compared to the general and hyper-
tensive populations. Those patients with CKD stage 5 who are about to start dialysis
report physical health lower than the general population.

4.1 Methods to increase CKD patients’ quality of life

1. Education and empowerment provides comprehensive education about CKD
including its cause, progression, treatment options, and self-management strate-
gies. Empowering patients with knowledge helps them make informed decisions
and actively participate in their care.

2. Dietary management can collaborate with a registered dietitian to develop a person-
alized nutrition plan that addresses the patient’s specific dietary needs including re-
strictions on sodium, potassium, phosphorus, and protein intake. A well-balanced
diet tailored to CKD can help manage symptoms and slow disease progression.

3. Physical activity is needed, and it should be within the patients’ capabilities. Exer-
cise can improve cardiovascular health, muscle strength, and overall well-being.
Recommend activities such as walking, swimming, or light resistance training,
considering the individual’s fitness and any physical limitations.

4. Medication adherence by ensuring that patients adhere to their prescribed medi-
cation regimen, including medications to control blood pressure, manage symp-
toms, and treat comorbid conditions such as diabetes or cardiovascular disease.
Monitor for any adverse effects and adjust medications as needed.
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5.Symptom management by identifying fatigue, nausea, itching, and pain through
appropriate interventions, including medication adjustments, lifestyle modifica-
tions, and supportive therapies. Managing symptoms effectively can enhance the
patient’s comfort and quality of life.

6. Psychological support is important to recognize and address the emotional impact
of CKD, which may include anxiety, depression, stress, and adjustment difficul-
ties. Offer psychological support through counseling, support groups, or refer-
rals to mental health professionals.

7.Social support and community engagement by fostering connections and encourag-
ing participants in support groups or community activities. Social support can
provide emotional comfort, practical assistance, and opportunities for socializa-
tion, which are essential for maintaining overall well-being.

8. Palliative care and hospice service can be considered for patients with advanced
CKD, focusing on symptom management, pain relief, and improving the qual-
ity of life. These services provide comprehensive support for patients and their
families during the end-of-life stage.

9. Advanced care planning facilitates discussions about advanced care planning to
help patients articulate their healthcare preferences, values, and goals of care.
Advance directives, including living wills and surfable power of attorney for
healthcare, ensure that patient’s wishes are honored, particularly in critical or
end-of-life situations.

10. Regular monitoring and follow-up are needed to monitor kidney function, assess
treatment efficacy, and address any concerns or complications promptly. Close
monitoring allows for timely adjustments to the treatment plan, optimizing
outcomes and quality of life.

11. Financial assistance and resources will provide information about financial assis-
tance programs, insurance coverage options, and community resources available
to support CKD patients in managing the financial aspects of their care. Access
to affordable healthcare and medication is crucial for improving quality of life
and treatment adherence.

By implementing these strategies, healthcare providers can effectively enhance the
quality of life for CKD patients and support them in managing their condition.

5. Conclusion

This book chapter delves into the intricate landscape of chronic kidney disease
(CKD), offering a comprehensive exploration of its multifaceted dimensions.
Through a meticulous examination of the underlying causes, diagnostic criteria, and
progression of CKD, we have gained valuable insights into the complex interplay
of genetic, environmental, and lifestyle factors that contribute to its develop-
ment. Furthermore, the discussion on the various stages of CKD underscores the
importance of detection and intervention, emphasizing the potential for preventive
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measures to mitigate the advancement of this silent yet pervasive condition. The
nuanced exploration of treatment modalities, including pharmacological interven-
tions and lifestyle modifications, highlights the evolving landscape of CKD manage-
ment and the promising avenues for improving patients’ outcomes. As we navigate
the intricate web of complications associated with CKD, ranging from cardiovascular
issues to metabolic alterations, a holistic approach to patient care emerges as a central
theme. The integration of multidisciplinary strategies, encompassing nephrology,
cardiology, endocrinology, and lifestyle interventions, underscores the imperative of
a collaborative and patient-centered paradigm.

Moreover, this chapter not only serves as a valuable resource for healthcare profes-
sionals but also empowers patients with the knowledge to actively engage in their
journey toward optimal kidney health. This exploration of CKD contributes to the
ongoing discourse on public health initiatives, emphasizing the need for early detec-
tion, preventive measures, and comprehensive management strategies to alleviate the
burden of CKD on individuals and healthcare system alike. As we continue to unravel
the complexities of CKD, this chapter serves as a stepping stone to a deeper under-
standing and more effective management of the pervasive health challenge.
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Chapter 3

Epithelial TGF-B/B-Catenin Axis
in Proximal Tubule Response to
Chronic Kidney Disease

Stellor Nlandu Khodo

Abstract

Chronic kidney disease (CKD) affects 10% of humans and increases the risk of
cardiovascular diseases. Regardless of the etiology, tubulointerstitial fibrosis (TIF)
is the histopathological feature of CKD that correlates with the loss of renal func-
tion, and excessive growth factor (GF) activation is a common mechanism in CKD.
Among several GF pathways, the TGF-p/f-catenin axis plays a crucial role in the
pathophysiology of CKD. Most compelling studies reported the pivotal role of the
proximal tubule (PT), the most metabolic and vulnerable renal segment, in the post-
injury response and the pathogenesis of CKD. Though the systemic activation of the
TGF-B/p-catenin axis is detrimental in CKD, recent studies have reported the ben-
eficial effects of the TGF-p/p-catenin axis in the PT’s response to chronic injury. This
chapter describes the recent findings on the role of TGF-p/p-catenin axis in the PT’s
response to CKD. Using genetically modified mice and biochemical and microscopy
techniques, TGF-f/p-catenin axis revealed promoting mitochondrial homeostasis,
regenerative Thl immune response, G1 cell arrest, and survival. Future experimental
studies should identify key downstream effectors in this axis that can be targeted to
mitigate CKD progression.

Keywords: chronic kidney disease, epithelial TGF-f signaling, epithelial f-catenin
signaling, proximal mitochondria and metabolism, Thl immune response, cell cycle arrest

1. Introduction

Fibrosis or accumulation of extracellular matrix (ECM) proteins is a common
pathological feature of progressive chronic diseases. Regardless of the organ, most
therapeutic strategies fail to impede the progression of fibrosis and organ loss of func-
tion [1-3]. Tubulointerstitial fibrosis (TIF), the hallmark of chronic kidney disease
(CKD), affects more than 10% of humans worldwide and increases the risk of cardio-
vascular diseases and stroke [4-8]. CKD treatment represents a considerable financial
burden that threatens global health care systems [9-11]. Though our understanding
of mechanisms involved in TIF progression has improved in the last few decades, a
curative treatment for CKD patients is still out of reach in practice. Excessive trans-
forming growth factor-beta (TGF-p) and Wnt/p-catenin activation signaling are
two common features in CKD progression [12, 13]. Several studies demonstrated
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the beneficial effect of systemic inhibition of TGF-f signaling in mouse models

of TIF; however, genetic inhibition of TGF-f signaling in the renal epithelia and
matrix-producing interstitial cells (MPICs) did not mitigate TIF progression [14, 15].
Moreover, Voelker ] et al. demonstrated that the addition of TGF-$1 monoclonal
antibody to renin-angiotensin system (RAS) inhibitors did not slow the progres-

sion of diabetic nephropathy, suggesting that TGF-p signaling is not exclusively the
main driving force in CKD progression [3]. Recently, experimental studies in mice
demonstrated that deletion of the TGF-p type II receptor (ThRII) in the proximal
tubule (PT), the most metabolic renal segment, aggravates TIF in two models of CKD
mimicking toxin-induced (aristolochic acid nephrotoxicity) and hypertensive (uni-
nephrectomy/angiotensin 2) nephropathies, implying a possible beneficial effect of
epithelial TGF-p signaling in chronic tubular injury [16-19]. Wnt/f-catenin pathway
is upregulated in biopsies of human diabetic kidneys and in the PT of proteinuric
human patients. Several studies have shown the profibrotic effect of Wnt/f-catenin
in fibroblasts/pericytes, but not in renal epithelia [20-24]. Recently, compelling data
demonstrated the beneficial effect of constitutive active §-catenin stabilization in the
PT upon chronic tubular injury [18, 25].

The PT is the most sensitive renal segment to injury partly due to its high meta-
bolic rate, oxygen dependency, and higher exposure to toxins. Upon injury, PT cells
sense their substratum integrity, undergo cell-autonomous mechanisms, and secrete
growth factors/cytokines that activate renal interstitial cells to complete the post-
injury recovery [26]. Unfortunately, this tubulointerstitial crosstalk usually becomes
maladaptive under chronic injury, leading to TIF. Though the reparative capacity of
the PT is incontestable, the mechanisms and molecular signature underlying this
process are still elusive. This chapter recapitulates the most recent knowledge on how
the TGF-p/B-catenin axis mediates PT adaptive response to chronic injury.

2. Renal tubulointerstitial fibrosis (TIF)

Fibrosis is a pathological condition characterized by the accumulation of extracel-
lular matrix (ECM) proteins including collagens, fibronectin, and vimentin. TIF is
the common pathological feature of late-stage renal diseases associated with progres-
sive loss of renal function. The histopathological features of TIF are notable ECM
protein accumulation in association with immune cell infiltration, tubular cell loss,
myofibroblast proliferation, and rarefaction of micro-vessels. Multiple mechanisms
including chronic inflammation, hypoxia, oxidative stress, cell reprogramming,
and excessive growth factor activity intertwine in the pathophysiology of TIF [27].
Maladaptive growth factor (GF) activity and chronic inflammation seemingly initi-
ate TIF, while subsequent oxidative stress constitutes a vicious microenvironment
that fuels TIF progression. Peritubular capillary rarefaction and associated chronic
hypoxia likely result from endothelial cell death under the biochemical/physical
effect of matrix expansion and increased ROS production. Cell reprogramming is a
(mal-)adaptive mechanism to the micro-environmental changes occurring in chronic
diseases and cancers. To survive in this hypoxic and oxidative harmful environment,
tubular cells undergo epithelial to mesenchymal transition (EMT) and accordingly,
rewire their metabolic profile [28-30]. Cadherin switch or replacement of E-cadherin
by N-cadherin is a key characteristic of EMT that reportedly plays an important role
in the pathophysiology of TIF and can be reflective of the loss of renal parenchyma
[31]. Considerable progress has been made in understanding the pathophysiology

34



Epithelial TGF-p/p-Catenin Axis in Proximal Tubule Response to Chronic Kidney Disease
DOI: http://dx.doi.org/10.5772/intechopen.1004383

of TIF progression; however, the critical point of irreversibility in CKD progression
remains a conundrum. Sustained GF/cytokine activity combined with an aberrant/
excessive interstitial cell stimulation arguably constitutes a “self-enhancing loop”
that promotes tubular injury and TIF. TGF-p is arguably the most potent profibrotic,
though its effects depend upon the microenvironment, the dose, and the type of
targeted cells. Mesenchymal activation of the Wnt/p-catenin pathway reportedly
promotes fibrosis in experimental models of CKD. However, intact TGF-f/p-catenin
activity is reportedly required to mediate PT adaptive response to chronic injury.
TGF-p/B-catenin axis is therefore pivotal to studying post-injury PT regenerative
capacity and the mechanisms leading to a maladaptive fibrotic response.

3. The kidney and proximal tubule (PT)

The kidney ensures body fluid and electrolytes homeostasis and secretes two
hormones, renin and erythropoietin, respectively, regulating blood pressure and
erythrocyte regeneration. Renal anatomy comprises two macroscopic parts: The
cortex and the medulla. Its structural and functional unit, the nephron, includes the
glomerulus and the tubular system. Under normal physiology, the kidney receives
20% of cardiac output (5 L/min), from which only 10% of the oxygen delivery is
extracted. This inefficient use of oxygen in comparison to other metabolic organs
such as the brain (34%) and the heart (65%) is due to the heterogeneous vascular-
ization of the cortex and medulla. The bulk of renal blood flow (90%) is directed
to the cortex (30 to 50 mmHg), resulting in a relatively low oxygen tension in the
medulla (10 to 20 mmHg), creating a cortico-medullary metabolic switch [32-34].
The proximal tubule (PT), the most abundant segment dwelling in the renal cortex,
relies on high cortical perfusion to achieve 70% water and sodium reabsorption
and maintain its normal physiology [35, 36]. In end-stage renal disease (ESRD), the
accumulation of extracellular matrix (ECM) proteins dramatically decreases cortical
oxygen diffusion and imposes a metabolic adaptation in the PT to overcome chronic
hypoxia and oxidative stress [37]. In addition to the cortico-medullary oxygen supply
gradient, while distal renal epithelia express E-cadherin to ensure cell-cell adhesion,
the PT relies on N-cadherin. N-cadherin is mostly expressed in mesenchymal cells
and in high oxygen-dependent organs including the heart and the brain. Whether
this E-to-N-cadherin switch plays a role in PT metabolism and survival in chronic
injury is unknown. N-cadherin expression is targeted by TGF-p signaling, and its
specific expression in the PT implies its possible role in PT oxidative metabolism.
The PT is the most sensitive renal segment to injury partly due to its high metabolic
rate and oxygen dependency but also its higher exposure to diverse toxins. PT energy
supply relies on their abundant mitochondrial network, representing up to 40%
of the PT cell volume, and the utilization of fatty acid beta-oxidation to couple
oxygen consumption to ATP production [38-41]. The PT is divided into three parts:
the convoluted tubules (S1 and S2) dwelling in the cortex and the parse recta (S3)
located at the cortico-medullary junction and in the outer medulla (Figure1). S3 PT
cells are the most vulnerable to ischemia/toxins-induced acute kidney injury (AKI),
and depending on the injury severity, injured cells dedifferentiate and proliferate or
undergo necrosis [42, 43]. Mitochondria are crucial for PT cell survival by hosting
and orchestrating intrinsic apoptosis. Injured PT is not only a victim but can become
pivotal in the initiation of TIF progression through the paracrine effects of their
secreted GFs and cytokines. Indeed, in acute kidney injury (AKI), injured PT cells
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Figure 1.

Representative microscopy images of PTs (S3) isolated from tdTomato reporter mice carrying Cre-recombinase
expression under the control of gamma-glutamyl transpeptidase (yGT-Cre; WT; tdTomato). From Dr. Nlandu
Khodo Stellor.

secrete GFs and chemokines that promote epithelial recovery and reparative activa-
tion of interstitial cells, leading to post-injury recovery. However, in chronic injury,
this tubulointerstitial crosstalk becomes maladaptive, leading to TIF [26, 44-47].
Thus, promoting adaptive PT cell response to chronic injury represents an important
therapeutic strategy to counteract TIF progression. Among several pathways, TGF-f
signaling has been reported to induce N-cadherin expression, a terminal differentia-
tion marker of the PT cells [48], and Wnt/f-catenin is crucial in kidney development
and B-catenin participates in the cellular structure integrity by linking cadherins to
the actin cytoskeleton [49, 50].

4. TGF-p and p-catenin axis in tubule-interstitial fibrosis
4.1 TGF-f signaling

TGF-p is the most potent fibrotic factor in CKD. Three mammalian isoforms (TGF-
B1, 2, and 3), encoded by distinct genes, have been identified. TGF-p1 is the predomi-
nant and best-characterized isoform and will be the focus of this chapter [51-53].
TGF-ps function through two serine/threonine kinase receptors, the type II (TbRII)
and type I (TbRI or ALK5) TGF-p receptors. TBRII binds the active ligand and phos-
phorylates ALKS5, which subsequently activates downstream Smad2/3. Active Smad2/3
oligomerizes with Smad4 and translocates to the nucleus, where their interactions
with transcriptional co-factors lead to the expression of TGF-p target genes. TGF-f
also activates Smad-independent pathways including MAP kinase [54, 55].

TGF-p signaling plays a pivotal role in normal (organ development, tissue homeo-
stasis, and injury response) and pathological conditions (cancers and organ fibrosis)
by mediating cell differentiation, migration, survival, and death. TGF-f signaling is
required for kidney morphogenesis through inhibition of HGF-induced branching
morphogenesis and promotion of tubule elongation [56, 57]. TGF-p displays multiple
and opposing effects depending on the microenvironment and the targeted cell type.
TGF-p is a tumor suppressor through induction of growth arrest and cell death;
though it promotes malignancy by inducing epithelial to mesenchymal transition
(EMT), particularly E-to-N-cadherin switch [58]. TGF-$1 and ThRII knockout mice
die around weaning age due to severe inflammation in most organ systems [59, 60].
Genetic or systemic/pharmacological inhibition of TGF-f mitigates TIF in mouse
models of CKD; whereas kidney-specific Smad 2 knockout exacerbates TGF-p/Smad3
mediated fibrosis [61-63]. However, compelling data revealed the beneficial effect
of the epithelial TGF-p signaling in experimental models of TIF, though the underly-
ing subcellular mechanisms remained unclear in the last decades. Recent studies
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demonstrated that deletion of ThRII promotes PT cell survival and reduces TIF pro-
gression in two models of CKD by promoting cell survival and p-catenin activation,
leading to reduced tubular injury (atrophy, dilatation, and flattening) and fibrosis
(increased collagen accumulation) (Figure 2) [18]. Among multiple mechanisms in
the pathophysiology of CKD, excessive TGF-p signaling has been reported to mediate
mitochondria dysfunction through disruption of the electron transport chain (ETC)
and suppression of antioxidant factors. However, TGF-p enhances mitochondrial
function (oxygen consumption rate, mitochondrial membrane potential) and gly-
colysis in primary podocytes through activation of the mTOR pathway [64, 65]. Smad
2, a TGF-p’s downstream effector, promotes mitochondrial fusion by interacting with
mitofusin 2, a pro-fusion mitochondrial shaping protein. TGF-p induces autophagy/
mitophagy, a protective mechanism whereby damaged organelles (mitochondria)

are eliminated from cells and mediates mitochondrial elongation in ARPE-19 cells
through the down-regulation of Opa3 [66-68]. TGF-p has been shown to induce the
expression of glucose 6-phosphate dehydrogenase (G6pd), an enzyme that commits
glucose breakdown to the pentose phosphate pathway. A recent study reported that
TGF-p signaling mediates PT adaptive response to chronic injury by modulating
mitochondrial homeostasis and Thl immune response [69].

4.2 Wnt/p-catenin signaling

p-catenin is a multifunctional protein that functions as a structural anchor linking
cell-cell adhesion proteins, notably cadherins, to the actin cytoskeleton at the adherens
junctions. Interestingly, p-catenin is the signaling molecule of the Wnt/f-catenin path-
way, which is crucial in organ development and in multiple pathogenic states including
organ fibrosis and cancers. The binding of Wnts to the LRP/Frizzled receptor complex
rescues p-catenin from phosphorylation by the destruction complex (Axin2/APC/
GSK3p) and escapes the proteasomal degradation. This allows p-catenin cytosolic
stabilization, nuclear translocation (activation), and interaction with its canonical
co-transcriptional factors TCF/LEF to activate the transcription of pro-survival genes
including c-myc, cyclin D1, and VEGF [70, 71]. p-catenin can also interact with other
co-transcription factors, including FoxOs, to mediate non-canonical signaling [72].
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Figure 2.

H§7’E (structure), Sivius red (fibrosis) images showing deleterious (increased injury and fibvosis) effects of
abrogating TGF-p signaling in mice lacking Tgfbr2 (TbRII) in the PT (yGT; Tgfbr2™") upon aristolochic acid
(AA)-induced CKD (left). Graphs showing increased PT injury (KIM-1) and decreased renal function as
reflected by increased blood urea nitrogen (BUN) in AA-injured yGT;Tgfbr2™" mice (from Nlandu Khodo et al.
JASN 2017).
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Wnt/B-catenin signaling mediates branching morphogenesis during kidney develop-
ment. Wnt/f-catenin signaling is silenced in adult kidneys except in the inner medulla
and is enhanced in both the cortex and medulla upon AKI to promote epithelial
self-renewal potentially through reduction of apoptosis and/or altered prolifera-

tion [73-75]. Moreover, B-catenin and K-ras synergy leads to neoplasms, whereas its
expression in the metanephric mesenchyme leads to renal dysplasia [76]. Wnt pathway
is upregulated in biopsies of human diabetic kidneys and in PT of proteinuric human
patients [22]. Several studies have shown the profibrotic effect of Wnt/p-catenin in
fibroblasts/pericytes but not in renal epithelia. A study reported a maladaptive effect
of Wnt signaling in the PT, but the authors overexpressed a Wnt ligand (Wnt9a),
which likely had distant and maladaptive effects on interstitial/stromal cells [21].
Recent studies demonstrated the beneficial role of constitutive active f-catenin in PT
under chronic tubular injury by reducing tubular injury and fibrosis (Figure 3) [25].

4.3 TGF-/B-catenin axis and proximal tubule response to chronic injury

Sustained GFs/cytokines activity combined with aberrant/excessive interstitial
cells stimulation arguably constitutes a “self-enhancing loop” that promotes tubular
injury and TIF. Aberrant mesenchymal TGF-f and Wnt/p-catenin signaling arguably
mediate TIF progression, though their effects depend on the type of targeted cells and
the microenvironment. Experimental studies demonstrated that genetic inhibition
of TGF-p signaling in the PT worsens TIF, and stabilization of p-catenin in the PT
mitigates TIF under chronic injury, implying the pivotal role of synergistic p-catenin/
TGF-p axis in PT adaptive response to chronic injury and survival [18, 25].

The TGF-p/B-catenin axis promotes cell differentiation, which is a prerequisite in
post-injury survival prior to proliferation. Several studies illustrated the mechanisms
whereby the TGF-f pathway activates Wnt/p-catenin signaling, though additional
evidence must be provided to clarify how TGF-p regulates p-catenin activation in
PT cells (Figures 4-6). According to the literature, TGF-p may regulate -catenin
activation at different levels of p-catenin signaling. TGF-p has been reported to inhibit
DKK1, an inhibitor of the LRP5 receptor, suggesting a possible regulatory effect of
TGF-p at the level of the receptor activation. TGF-p has been reported to promote

Aristolochic Acid; 6 weeks
yGT-Cre;
Ctnnb1ff

Figure 3.

H§7’E (structure) and Sivius red (fibrosis) images showing beneficial effects (decreased injury and fibrosis) in
mice carrying constitutive stabilization of B-catenin in the PT (yGT;Ctnnb1™*"") upon AA-induced CKD
(from Nlandu Khodo).
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V\/e;gstern blot showmg increased p-catenin nuclear accumulation (activation) upon treatment of PT cells isolated
from Tgfbr2™" mice (TPRIF**%) with TGF-p. a-tubulin and H3-histone are used as cytosolic and nuclear
fraction markers, vespectively ( left) qPCR showing basal decrease of canonical p-catenin transcriptional activity
as reflected by decreased Axinz in PT cells lacking ThRII ( TBHRIT) ( ‘from Nlandu Khodo et al. JASN 2017).
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Western blot and quantification showin, zﬁ decreased p-catenin nuclear accumulation (activation) in mice lacking
Tgfbra (ThRIL) in the PT (yGT;Tgfbr2™) 3 weeks after AA-induced injury. a-tubulin and H3-histone are used
as cytosolic and nuclear fraction markers, vespectively (from Nlandu Khodo et al. JASN 2017).
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Figure 6.

TGF- veceptor signaling is proposed to facilitate successful recovery from cellular damage by interacting with
the Whnt-f-catenin pathway. Genetic ablation of the TGF-p receptor in proximal tubule inhibits normal nuclear
localization of p-catenin, resulting in increased death, cell cycle arrest, and expression of fibrotic factors (from
Basile DP and Mehvotra B, JASN 2017).
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Ser9 phosphorylation of GSK3p, leading to its inactivation and, subsequently, to
p-catenin activation; finally, several studies have reported a direct interaction of
pSMAD3 and with p-catenin that prevents f-catenin degradation and promotes its
nuclear accumulation [77-79]. -Catenin is one of the components of the intercel-
lular junctions (aderens junctions), where it directly interacts with the intracellular
fragments of cadherins. TGF-p represses E-cadherin expression while increas-

ing N-cadherin expression [80, 81]. The TGF-f’s repressive effect on E-cadherin
expression involves the activation of zinc-finger transcription factors including
Snaill, Slug, and Twistl. Recent studies in human PT cells (HK-2) reported the

role of histone deacetylase (Hdac), particularly Hdac8, as an important regulator

of TGF-p repressive effect on E-cadherin expression. Moreover, TGF-p may post-
transcriptionally regulate cadherin expression through the induction of proteinases
including Sheddases (ADAM 10 and TACE) and other metalloproteases [82]. This
repressive effect of TGF-p signaling on E-cadherin may increase f-catenin cytosolic
pool and promote its activation. Decreased E-cadherin expression has been reported
to increase p-catenin cytosolic pool and promote f-catenin signaling [83]. TGF-f
signaling induces N-cadherin expression in PT cells, and the putative expression of
N-cadherin in the PT implies an intrinsic role of TGF-p signaling in the maintenance

of PT cell terminal differentiation and functional homeostasis.

4.3.1 TGF-p/p-catenin axis and mitochondria

Mitochondria are cylindrical organelles (0.5 to 1 mm of diameter) delimited by
a double membrane, outer (OMM) and inner (IMM) membranes, which form two
compartments: inter-membrane space (IMS) and mitochondrial matrix. The OMM
is less specialized and quasi-permeable to small molecules compared to the IMM,
which is selectively permeable and forms a series of folds (cristae) projecting into the
matrix. The matrix is the site of the tricarboxylic acid cycle (TCA), which performs
the oxidation of Acetyl-CoA from multiple sources (hexoses, fatty and amino acids)
to generate NADH, further converted to adenosine-5'-triphosphate (ATP), through
the IMM electron transport chain (ETC). The ETC is composed of four multi-protein
complexes that receive and transfer electrons and create a proton (H+) gradient
to generate ATP using FOF1 ATPase (complex V) enzymatic activity. The NADH
coenzyme Q reductase or NADH dehydrogenase (complex I) accepts and transfers
2 electrons from NADH to coenzyme Q, which transfers them to cytochrome bcl or
coenzyme QH2-cytochrome c reductase (complex III). Through cytochrome c, com-
plex III transfers electrons to cytochrome AA3 (complex IV), which reduces oxygen in
two molecules of water.

Mitochondria are abundant and elongated in highly energetic and healthier cells,
whereas they fragment under cellular stress [84, 85]. They possess their own genome
of 16.6 K bp, coding for 37 genes (13 polypeptides of the ETC enzymes, 22 tRNA, and
2 rRNA); however, most mitochondrial proteins (1100) involved in mDNA replica-
tion, structure, and function come from the nuclear genome, implying a consider-
able role of nuclear genome derived factors in the maintenance of mitochondria
homeostasis.

The mechanism whereby TGF-p signaling affects ETC protein expression and
function remains unclear for a long time. Mitochondria are composed of proteins
coded by their own genome and nuclear genome, and mitochondrial protein sort-
ing and localization are tightly regulated. Nuclear genome-coded protein import
into mitochondria is mediated by different translocases and porins. The Tomm
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complex and Vdac (in the OMM) are involved in protein import into the IMS while
Timm?23/Pam3 (in the IMM) complex facilitates their transport to the mitochondrial
matrix. The sorting and assembly machinery (SAM) and Timm?22 are involved in
protein insertion into the OMM and IMM, respectively [86, 87]. Mitochondria are
the cornerstone of PT cell metabolism and survival, respectively, through fatty acid
oxidation (FAO) and modulation of response to apoptosis/injury. They represent an
important proportion of PT cell volume while cells of the inner medulla, displaying
parsimonious oxygen consumption, have lower mitochondrial density. Given its high
dependency on mitochondrial oxygen metabolism, the PT necessitates a powerful
antioxidant buffering system to neutralize mitochondrial metabolism-derived ROS
and maintain its functional integrity.

The quality control of mitochondria is regulated at different levels: morphology,
density, and function. The morphology is mainly regulated by mitochondrial shaping
proteins (MSP), which mainly include pro-fission (dynamin-related protein Drpl
and its downstream Fis1), pro-fusion (Mfn1/2 and the dynamin family GTPase Opal)
proteins. Several studies have reported the pivotal role of Pgc-1a in mitochondrial
biogenesis, while Pink1/Parkin and BNIP3/Nix have been associated with cell disposal
of damaged mitochondria through mitophagy [88, 89]. Mitochondrial dysfunc-
tion has been implicated in a broad range of inherited and acquired renal diseases,
including tubular defects (Fanconi and Bartter-like syndromes), cystic disease,

AKI, glomerular diseases (FSGS), and CKD. Several data have reported disruption
of mitochondrial respiration in TIF, including inactivation of complex IV in CKD
patients [90]. The uremic toxins impair ETC function and cause cell dedifferentia-
tion. Moreover, the reduction of mitochondrial copy number and increased oxidative
stress in skeletal muscle is associated with CKD in humans and mice [91].

TGF-p signaling is necessary to maintain and promote homeostatic OXPHOS,
and excessive TGF-p signaling has detrimental effects on oxygen consumption rate
(OCR) and ATP production. PT cells lacking ThRII show decreased basal OCR and
slightly increased extracellular acidification rate (ECAR) in line with decreased mito-
chondrial coupling efficiency, suggesting that TGF-p signaling inhibition directly
impacts the PT cell’s capacity to efficiently produce ATP via OXPHOS. The absence
of TGF-p signaling in mouse PT cells induces a metabolic switch from OXPHOS to
increased lactate production consistent with anaerobic glycolysis preference and
decreased expression of the polymerase y. Moreover, the ubiquinone metabolism and
complex I are the most affected pathway in PT cells lacking the ThRII, implying that
deletion of ThRII induces mitochondrial dysfunction and metabolic switch, partly
through impaired expression and function of complex I subunits. Mitochondria
homeostasis involves its quality control, which is mainly mediated by their renewal
through biogenesis and mitophagy. Pgcla, the master regulator of mitochondrial
biogenesis, has been shown to protect against CKD, though it is regulated in a
dose-dependent manner by TGF-f. PT cells lacking the ThRII have decreased Pink1l
protein level, an important protein in mitophagy, suggesting that TGF-p signaling
regulates mitochondrial homeostasis by promoting mitophagy and expression of
complex I subunits [69].

4.3.2 TGF-p/p-catenin axis and inflammation

TGF-f is a multi-faceted cytokine that mediates pro-and anti-inflammatory
responses depending on the microenvironment and the targeted cell types. However,
global ThRII or TGF-p1 knockout causes lethal inflammatory disorders in mice,
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notably by regulating lymphocyte homeostasis [59, 60], suggesting its intrinsic
anti-inflammatory function. Mitochondrial damage-associated molecular patterns
(DAMPS) reportedly lead to the activation of Cgas/Sting/IFNy axis in renal fibrosis
[92, 93]. Though macrophages and dendritic cells initiate inflammation in response to
tubular injury, T cells are involved in the whole evolution of injury [94]. Abrogation of
TGF-p signaling in the PT leads to increased IFNy and TNFa+ CD4+ cells in kidneys,
whereas CD8+ cells are augmented but not significantly different between genotypes.
Moreover, the percentage of the reno-protective Foxp3+ (T reg) CD4+ cells out of
CDA45+ cells is decreased in the kidneys of mice lacking ThRII in the PT cells. Cgas/
Sting proteins, which are responsive to DAMPS and induction of IFNy, are reportedly
increased in the absence of ThRII in the PT, suggesting that ThRII deletion-induced
mitochondrial dysfunction worsens Thl inflammatory response in acute to chronic
PT injury models in mice [69]. Consistently, several studies reported the anti-inflam-
matory effect of Wnt/B-catenin activation by inhibiting TNFa and IFNy pathways
[95-97]. Taken together, PT specific TGF-p/p-catenin axis activation ameliorates
response to chronic injury, partly, by promoting expression of epithelial factors that
mediate renal recovery (“PRLs”) which can act autonomously at the level of PT
metabolism (mitochondria) and inflammatory cell-cell communication (Figure 7).

4.3.3 TGF-p/p-catenin axis and cell cycle

The cell cycle is a ubiquitous and highly coordinated process involved in organ
development and tissue homeostasis whose dysfunctions lead to several pathological
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states including CKD [98]. It is characterized by the phase of nuclear division (mito-
sis) and the interlude between two mitoses (interphase). The mitosis (M phase) is
divided into four stages (prophase, metaphase, anaphase, and telophase) charac-
terized by chromosomal dynamics and segregation into two daughter nuclei. The
interphase is composed of the G1, S, and G2 phases. The S phase is characterized by
DNA replication while G1 and G2 phases are cell cycle gaps during which the cell is
prepared for DNA synthesis and mitosis, respectively.

The cell cycle arrest is an important mechanism during kidney injury response
whose dysfunction participates in the pathogenesis of CKD. While GO/G1 cell cycle
arrest is considered as a mechanism contributing to the maintenance of organ homeo-
stasis, G2/M cell cycle arrest has been associated with the maladaptive repair process
following kidney injury and increased susceptibility to cell death. The G1 phase of
the cell cycle is an intermediate stable state during which the two daughter cells that
exit the mitosis must sense and integrate the microenvironmental stimuli to enter a
resting stage (GO) or to, commit to a new cycle or die.

The cell cycle integrity is intimately regulated by cyclin-dependent kinases
(CDK:s), a family of serine/threonine protein kinases activated at specific points of
the cell cycle. CDK activation necessitates interaction with proteins called cyclins,
whose expressions fluctuate throughout the cell cycle, ensuring periodic and specific
activation of CDKs during the cell cycle. Several studies identified specific CDK/
Cyclin interactions during the progression of the cell cycle, notably in G1 (CDK2,
CDK4, CDK®6 and Cyclins type D/E), S (CDK2 and cyclin type A), G2 and M (CDK1
and Cyclins type A/B). The G1/S phase transition is characterized by the retinoblas-
toma protein (Rb) hyperphosphorylation and activation of E2F transcription factors,
and these two events constitute the restriction point (R point) or the commitment to
anew cell cycle. In addition to CDK/Cyclins, the cell cycle is also controlled by two
families of Cyclin-dependent kinase inhibitors (CKIs), the INK4 (p15, p16, p18, and
p19) and the Cip/Kip (p21, p27, and p57). CKIs counteract the cell cycle progression
by specifically binding to CKDs or CKD/Cyclin complexes. The INK4 family specifi-
cally inactivates G1 CDK (CDK4 and CDK6) while the Cip/Kip family inhibits G1
CDK/Cyclins complexes and M CDK/Cyclin complex (CDK1/Cyclin type B).

Activation of TGF-p, known for its role in organ development and tissue homeo-
stasis, has been reported to regulate both G2/M and G1 cell cycle arrest in dose and
context-dependent manner. This effect may be inherent to the pleiotropic nature
of TGF- signaling or likely mediated by some of its downstream effectors, such as
Forkhead box O 1 (FoxO1) transcription factor, known to induce G1 arrest and medi-
ate cytoprotection under oxidative stress. Depending on the dose, TGF-f-induces cell
cycle arrest at GO/G1 or G2/M phases [99-101]. TGF-p-induced cell cycle arrest at GO/
G1 is likely the mechanism by which this growth factor promotes survival in chronic
kidney injury. Indeed, though renal epithelia are relatively quiescent in homeosta-
sis, renal injury stimulates cell cycle entry. Most compelling data demonstrate that
epithelial cells in either GO or G1 have improved survival in response to chronic
stress (oxidative stress, hypoxia, toxins, ...) than cells at later stages in the cell cycle
(S, G2/M), which are more vulnerable to apoptosis [102, 103]. TGF-f stimulates G1
arrest in epithelial cells, likely through multiple pathways that target CDK, which,
in conjunction with cyclins, promote G1 progression to S [104-106]. Two families
of CDK inhibitors that play an important role in regulating TGF-f-dependent G1
arrest are INK4 and the Cip/Kip family [107-110]. G1 arrest may also be beneficial by
decreasing the number of injured epithelia that progress to G2 arrest. Other authors
have shown that injured renal epithelia that are arrested in G2/M acquire a secretory
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phenotype and produce increased amounts of profibrotic GFs in chronic renal injury
[111]. Palbociclib, recently FDA-approved for breast cancer, induces G1 arrest by
inhibiting CDK4/6, a mechanism like that of the INK4 family of CDK inhibitors. This
pharmacologic inhibitor protected renal function in a murine model of acute kidney
injury and CKD [112]. TGF- signaling in renal epithelia increases transcription of
INK4 proteins (e.g., pI5INK4B) but not that of Cip/Kip family members p21 or p27.
Consistent with an inhibition of CDK4/6, TGF-f signaling increases the number of
PT cells in GO/G1 and reduces G2/M arrest. By inducing G1 arrest, TGF-p signaling
may augment epithelial cell survival in the hypoxic CKD microenvironment and
decrease TIF by limiting the number of epithelial cells that progress to G2/M arrest
[113]. FoxO1, a forkhead transcription factor and established regulator of G1 arrest,
is regulated by TGF- signaling in mouse PT cells [114]. TGF-p and FoxO1 promote
G1 arrest in a variety of ways, but they both target similar CDK inhibitors of the
INK4 and Cip/Kip families. In fact, FoxO has been reported to interact with Smads
and promote transcription of the p15INK4B gene, a well-described target of TGF-f
[115, 116]. TGF-p may augment FoxOl-mediated G1 arrest through both increased
FoxO1 transcription and through interactions with Smads to promote the expression
of CDK inhibitors [115, 117, 118]. Treatment of PT cells with BIO, a p-catenin activa-
tor, decreases aristolochic acid toxicity-induced G2/M arrest and promotes GO/G1
arrest in the absence of TGF-f signaling in accordance with the synergistic interaction
between TGF-p and B-catenin in cell cycle regulation in PT cells [18].

5. Discussion

CKD is a silent-onset disease mainly caused by diabetes and hypertension. Regardless
of the initial insult, tubulointerstitial fibrosis (TIF) is the hallmark of late-stage CKD
that directly correlates with the loss of renal function. Though our understanding of
the pathophysiology of CKD has tremendously improved in the last decades, there is
no curative treatment for CKD patients. Alternative replacement therapies include
dialysis and renal transplantation. Renal injury can occur at both the glomerular and
the tubulointerstitial (lesions in the renal tubules/proximal tubules and the peritu-
bular capillaries) compartments, leading to elevated level of proteins in the urine
(proteinuria) and the decline of the glomerular filtration rate (GFR). The treatments
are adjusted according to the disease etiology and target the amelioration of specific
clinical parameters, notably proteinuria and GFR. Several mechanisms intertwine in the
pathophysiology of CKD, including chronic hypoxia, inflammation, oxidative stress,
and cell reprogramming, and have been targeted to mitigate CKD progression in animals
and patients [119-121]. The activation of the renin-angiotensin-aldosterone (RAA)
system in response to injury-induced systemic and intrarenal hemodynamic changes isa
common pathophysiological feature that fuels CKD progression. Thus, RAAS inhibitors
and voltage-dependent calcium channel antagonists have been the main therapeutic
strategies to slow CKD progression, and specific families of these inhibitors/antagonists
are adjusted according to the patient’s history [122]. Renal anemia is an important feature
of CKD progression, which is traditionally treated by recombinant erythropoietin (Epo)
supplementation. The elucidation of the molecular principles of oxygen-sensing which
control Epo production, notably the HIF-PHD-VHL interplay, in the last few years
(Nobel Prize 2019) has led to the development of novel oral PHD inhibitors as a potential
alternative to the expensive Epo supplementation to treat anemic CKD patients, though a
better understanding of the renal oxygen-signaling pathway becomes even more crucial
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[123]. Lately, sodium-glucose transport protein 2 (SGLT2) inhibitors have emerged as
an efficient strategy to treat CKD patients while providing cardiovascular benefits [124,
125]. TGF-p is a pleiotropic factor and arguably the most potent profibrotic factor in
CKD progression. TGF-f and Wnt/p-catenin axis is emerging as an important pathway
that couples renal epithelial homeostasis and oxygen metabolism. TGF-p signaling
interferes with most of the therapeutic targets in CKD treatment including the RAA
system and HIF pathway [126-129]. Upon chronic injury, growth factors including
TGF-p and Wnt/p-catenin orchestrate tubulointerstitial interactions, which lead to
stromal/interstitial cell activation and fibrosis. Although several studies have dem-
onstrated the harmful effects of systemic TGF-p activation, targeted TGF-f signaling
inhibition has not revealed beneficial in clinical studies. Previous study demonstrated
that pan-mesenchymal inhibition of TGF-p signaling does not mitigate CKD progression
[15]. Surprisingly, a recent study has shown that deletion of Tgfbr2 in Pdgfrp positive
cells prevents the decline of Epo production without altering fibrosis [130]. However, by
targeting a broad population of stromal cells, it is difficult to sort out the intrinsic effect
of TGF-f signaling on renal erythropoietic cells from the effect of cellular interaction
within the subpopulation. Abrogation of TGF-p signaling in the proximal tubule (PT),
the most vulnerable renal segment to injury, worsens CKD in mice [18, 69]. TGF-p
signaling reportedly induces G1 cell cycle arrest; pharmacological induction of G1/S cell
cycle arrest using selective inhibitor of CDK4/6 revealed protection in mouse models of
CKD [113]. As TGF-p signaling, Wnt/f-catenin signaling displays multiple and opposing
effects in renal fibrosis. While mesenchymal activation of Wnt/f-catenin promotes renal
fibrosis, its proximal tubular activation mitigates CKD progression partly by activating
cytoprotective/antioxidant pathways [25]. Despite its beneficial effect in PT response to
injury, long-term activation of Wnt/p-catenin leads to neoplasms and increase the risk of
developing renal tumors in case of activating K-RAS mutation [76].

Given the current findings and the pleiotropic effects (cell type, microenviron-
ment, and dose dependency) of TGF-f and Wnt/f-catenin axis, it will be difficult to
systemically target these pathways as therapeutics strategies to treat CKD patients due
to potential on and off-target side effects. Nanoparticle drug delivery strategies (DDS)
can be used to specifically target TGF-p and Wnt/p-catenin activation in specific cell
types, notably in PT cells, and overcome the deleterious effect of systemic activation
of TGF-p and Wnt/p-catenin axis in clinical studies. Though the proposed approach
appears promising, future studies should aim to identify downstream effectors whereby
the TGF-p and Wnt/f-catenin axis mediate PT adaptive response to chronic renal injury.

6. Conclusion

Chronic kidney disease (CKD) is a growing health problem affecting 10% of the
global population, and this number will likely increase given the huge burden of
diabetes and hypertension, the two leading causes of CKD. Glomerular and tubu-
lointerstitial injuries both lead to CKD through progressive tubulointerstitial fibrosis
(TIF), and chronic tubular injury is an important component in the pathophysiology
of TIF progression. Understanding how tubular epithelia respond to chronic injury is
therefore crucial for the development of effective therapy to halt CKD progression.
TGF-p is uncontestable, the master profibrotic factor involved in the pathophysiology
of CKD, and Wnt/p-catenin activation in mesenchymal cells promotes renal fibrosis.
However, these two pathways mediate many different responses, some of which may
be beneficial in renal chronic injury.
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This chapter summarizes the most recent findings describing the mechanisms
whereby the TGF-f/B-catenin axis mediates proximal tubule (PT) adaptive response
to chronic renal injury. TGF-p/p-catenin axis mediates PT adaptive response to chronic
injury by promoting mitochondrial homeostasis, adaptive Thl inflammatory response,
and promotes GO/G1 cell cycle arrest upon chronic renal injury. Several mechanisms can
be targeted to hamper CKD progression including complex I expression and function,
oxidative stress, glycolysis, mitophagy, Thl immune response, and cell cycle arrest.
Targeting inhibition of the TGF-f/f-catenin axis failed to mitigate CKD in clinical prac-
tice. Although promoting tubular TGF-f/f-catenin axis signaling revealed benefits upon
chronic injury in mice, it is not safe to pharmacologically target direct TGF-p/p-catenin
activation as a therapeutic strategy against CKD due to its pleiotropic effects. However,
identification of post-injury key regenerative effectors in this axis may help to pinpoint
specific anti-fibrotic factors that can be targeted to mitigate CKD progression in humans.
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Abstract

Sri Lanka is a tropical island situated south of India. A rise of incidence of chronic
kidney disease (CKD) was reported from the dry zone of the country in the 1990s,
which was not attributed to the traditional causes of CKD. It was named as chronic
kidney disease of unknown origin (CKDu). We reviewed the literature to summarize
the existing information on CKDu in Sri Lanka. The disease is more prevalent among
farmers and has a unique locality. Numerous nephrotoxins, irrigation networks,
genetic susceptibility, soil factor, and even bioterrorism as possible etiologies have been
considered. Drinking water was proven to be hard and contain high fluoride levels,
but toxins in food and water were controversial. Urine and tissues of affected patients
contained some of the suspected toxins at higher levels. Though the majority of the
researchers agreed on a toxic nephropathy, none of their hypotheses explain the clinical
findings, and the unique locality of the disease, and its appearance in the 1990s. The
absence of an identifiable cause has hampered controlling the disease. Careful use of
agrochemicals and more researches to unravel the mystery is recommended.

Keywords: CKD, traditional causes of CKD, CKDu in Sri Lanka, dry zone,
nephrotoxins, tubular- interstitial nephritis

1. Introduction

Chronic kidney disease is a global health problem which accounts for nearly 700
million active cases and 1.2 million deaths per year [1]. CKD is defined as abnormali-
ties of kidney structure or function, present for >3 months, [2] with implications for
health (Table1).

The traditional causes for CKD include diabetes mellitus, glomerulonephritis,
hypertension and structural abnormalities. However, chronic kidney diseases not
attributed to any of the traditional etiologies have been reported throughout the
world [3-5]. Because the cause of this disease is obscured, it is termed CKD of
unknown etiology (CKDu). CKDu is well documented in areas including Central
America [3], Eastern Europe [4], and Sri Lanka [5]. Many research papers have been
published, and we linked those together to summarize the current knowledge on the
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Either of the following present for > 3 months

Markers of kidney damage (One or more) ¢ Urine albumin: creatinine >30 mg/g)
¢ Urine sediment abnormalities

¢ Electrolyte and other abnormalities due to tubular
disorders

¢ Abnormalities detected by histology
e Structural abnormalities detected by imaging

* History of kidney transplantation

Decreased Glomerular Filtration Rate (GFR) <60 ml/min/1.73 m?

Note that the table depicts the structural and functional abnormalities that account for CKD.

Table 1.
Criteria for CKD [2].

epidemiology, possible etiological factors, clinical and histopathological features of
the disease. We obtained unpublished data from personal communications.

2. Sri Lanka and CKDu

Sri Lanka is a small island with a square area of 65,610 km? lying between latitudes
5°and 10° N, and longitudes 79° and 82° E, in the Indian Ocean, separated from the
Indian subcontinent by the narrow marine strips, gulf of Mannar and the Palk Strait
[6]. Sri Lanka has a tropical monsoon climate with three climatic zones; the wet zone,
dry zone and the intermediate zone. The dry zone has an atmospheric temperature of
25-30°C with a mean annual rainfall <1500 mm (Figure 1) [8].

The majority of the Sri Lankan population depends on agriculture and related
industries. Paddy (rice) is the main crop that is grown. A traditional and primitive form

Climatic Zones in S Lanka

ury zone

Intermediate
O zone

- % . Wet zone

20 miles

Figure 1.
A map of Sri Lanka illustrating the climatic zones of Sri Lanka: Dry, intermediate, and wet zones. Note that the
dry zone is the largest zone on the island, involving nearly 2/3 of the territory [7].
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Figure 2.
Map of Sri Lanka illustrating its 9 provinces. Note that the NCP is extending in the dry zone.

of agriculture called ‘Chena’ cultivation where a farmer cultivates in a newly deforested
land and moving on the next year to a fresh land is practiced in the country, mainly in
the less populated dry zone. Agrochemicals including pesticides, herbicides and fertil-
izers are used all around the country [9]. Sri Lanka recorded the highest agrochemical
consumption (287 units of agrochemicals per hectare) in the region [9].

Sri Lanka is divided into 9 administrative provinces and CKDu was first reported
in the North-Central province (NCP) which is located in the dry zone of the country
(see Figure 2).

The NCP is the largest province by area, with a population of 1,266,663, placing
it the 3rd least populated province on the island. The NCP is the home to the ancient
cities of Anuradhapura and Polonnaruwa, both of which were historical capitals of
Sri Lanka for many centuries. From ancient days onwards, the area was famous for
agriculture, mainly paddy. The insignia of the area is the vast number of medium and
large-scale water tanks, some were built by ancient kings and some after the inde-
pendence from the British rule in 1948. The area is supplied by irrigation water from
‘Mahaweli’, the longest river in the country, which was diverted in the 1970s.

Urinary tract disease was the 8th leading cause of in-hospital mortality in Sri
Lanka in 2016 [10]. In contrast, it was the leading cause of hospital deaths in 2 dis-
tricts that lie in the NCP of Sri Lanka, namely Anuradhapura and Polonnaruwa. The
primary contributor to this relatively high death rate is the emergence of a new form
of CKD-the CKDu, during the last few decades.

In Sri Lanka, CKDu was first reported in 1994 [11]. In 2009, the Sri Lankan minis-
try of health introduced criteria for case definition of CKDu. These included [12]:

1. No past history of, or current treatment for diabetes mellitus or chronic and/or
severe hypertension, snake bites, urological disease or glomerulonephritis.

2.Normal glycosylated hemoglobin levels (< 6.5%).
3.Blood pressure < 160/100 mmHg untreated or < 140/90 mmHg on up to two
antihypertensive agents.
3. Epidemiology of CKDu in Sri Lanka

CKDu was first reported in the NCP of the island [13] which is situated in the
dry zone of the country. It was subsequently spread to the adjacent North-Western,

57



Chronic Kidney Disease — Novel Insights into Pathophysiology and Treatment

Eastern, and Uva provinces [12]. The endemic region covers approximately
24,000 km?, providing shelter for about 3 million people. Out of that, about 2 million
are at high risk of contracting CKDu (see Figure 3) [7].

The true prevalence is not known due to insufficient epidemiologic studies on
the disease. A prevalence of 8-21% was reported in 2021 [11]. A point prevalence
between 15.1 and 22.9% in 3 administrative districts including Anuradhapura and
Polonnaruwa was reported in 2016 [14]. The World Health Organization (WHO)
study in 2011 reported a prevalence of 15.6% in Anuradhapura, 20.6% in Medirigiriya
in Polonnaruwa district and 22.9% in Giradurukotte in Badulla district [15]. The
disease is prevalent in 11 out of 24 districts in Sri Lanka by 2017 [16]. About 400,000
CKDu cases were reported, with an estimated death toll of around 20,000 by
2013 [11].

There is a global male preponderance for CKDu [11]. A male preponderance for
CKDu in Sri Lanka was reported in 2016 [14] which was confirmed by another study
in 2017, with a prevalence of 17.5% in males and 7.6% in females [16]. However, an
age-standardized prevalence of CKDu in Sri Lanka was at 12.9% in males and 16.9%
in females, demonstrating a female preponderance [17]. The same cross-sectional
study demonstrated a higher risk for the disease in females. In contrary, advanced
CKDu was more frequent in Sri Lankan males. The prevalence CKDu stage 3 in males
was 23.2% versus 7.4% in females; that of stage 4 was 22.0% versus 7.3% [17]. A more
recent study in 2020 reporteor a male preponderance.

CKDu mostly affects the young and middle-aged in the world [5]. CKDu in Sri
Lanka is more prevalent among the age group of 40-69 years [14]. CKDu principally
affects communities in countries with developing economies [18]. Similarly, in Sri
Lanka, lower socioeconomic groups are mainly affected [19].

Farming communities are the most affected stratum globally [19]. The Sri Lankan
counterpart is also more common among the farmers indulge in ‘Chena’ and paddy
cultivation [5]. Some researchers identified the primary victims of the epidemic
as paddy farmers [1]. However, another study confirmed a higher risk for CKDu in
‘Chena’ cultivators than paddy farmers [17].

R Distribution of CKDU

Healthy
= 100

Figure 3.

Map of Sri Lanka depicting the distribution of CKDu [7]. Note that CKDu is entively distributed in the dry zone
and mainly involved the NCP. Note that one of the worst affected areas is situated outside the NCP in the adjacent
North-Western province, and there ave a few small pockets of CKDu in the southern parts of the island. The blue
lines indicate rivers crossing the affected areas.
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4, Clinical features

The CKDu is a disease that progresses slowly [20]. Patients are asymptomatic dur-
ing most of the course of the disease [20]. Early detection of CKDu is a challenge [21].
Many victims of CKDu are not aware of being ill until the end stage [11].

Edema and hypertension occur late in the disease progression [14]. Hypertension
was detected in half of the patients who underwent renal biopsies [22]. Anemia,
immunodeficiency due to leucopenia and platelet dysfunctions are associated with
the end stage CKDu like in any other end stage kidney disease [23].

Histopathology confirmed glomerular and tubulointerstitial disorder with vas-
cular involvement [22]. Having examined 64 renal biopsies obtained from CKDu
patients, researchers came to the following conclusions [22].

* Global sclerosis is the most common glomerular abnormality seen in renal
biopsies.

* Glomerular enlargement was the second most common abnormality probably
representing compensatory hypertrophy.

* Absence of endocapillary, extracapillary, or mesangial cell proliferation
differentiates the lesion from chronic glomerulonephritis and diabetic
glomerulosclerosis.

* PAS-positivity were not seen and immunocomplex disorders are less likely.

* Absence of tubulitis with invasion of tubular cells by inflammatory cells makes
the etiology unlikely to be inflammation of tubular cells.

* Mononuclear infiltration is characteristic of the biopsies.
* Plasma cells and eosinophils that represent allergic nephritis were not observed.
* Interstitial fibrosis is common but tubular regeneration is uncommon.

* Out of vascular lesions, sclerosis, fibrous intimal thickening and arteriolar
hyalinosis have been observed.

Figure 4.

Renal biopsy of a CKDu patient [22] showing interstitial inflammation, obsolescent glomeruli, tubular atrophy,
and interstitial mononuclear cell infiltration on the right side. A hypertrophic nephron is seen on the left side
(arrow) (PAS x 40).
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* Histopathological features are compatible with tubular interstitial nephritis (see
Figure 4).

The disease is characterized by tubular proteinuria, usually alpha-1 and beta-2
microglobulinuria, and high urine neutrophil gelatinase-associated lipocalin levels
(>300 ng/mg creatinine) [12]. The available evidence on geographical and socioeco-
nomic distribution of the disease hypothesizes that environmental, socioeconomic
and occupational factors have a pivotal role to play as the main causative agents [12].

5. Etiology

Though the disease is believed to be a toxic nephropathy, conventional nephrotox-
ins such as lead, non-steroidal anti-inflammatory drugs, aminoglycosides, aristolo-
chic acid and mycotoxins are highly unlikely as an isolated cause of CKDu in Sri Lanka
[12]. A considerable number of researches have been conducted over the last couple
of decades to identify an etiology of CKDu in Sri Lanka. However, no investigator has
so far arrived at a solid conclusion on a definite causative factor of CKDu. A number
of theories have been proposed which include pesticides, weedicides, chemical fertil-
izers, heavy metals, hard water, dehydration, fluoride, indigenous medications, illicit
alcohol, beetle chewing, irrigation work, algae, fungal toxins, bioterrorism and pets
[1, 5, 24]. Though majority of the researchers agreed on a toxic nephropathy, none
of their hypothesis so far could explain the clinical, biochemical, histopathological
findings, and the unique geographical distribution of the disease and its appearance
in the mid-1990s.

6. Agrochemicals

Green revolution in the 1960s completely revolutionized the agricultural system in
Sri Lanka with replacement of the traditional eco-friendly farming with modernized
machinery, technology, hybrid seeds and agrochemicals. Change of economic policies
in 1977 in Sri Lanka allowed to importation and application of agrochemicals on a
large scale [12]. Agrochemicals are imported to Sri Lanka as finished products, or as
materials which are formulated locally [15].

Estimated pesticide use in Sri Lanka is around 0.308 kg and around 1.056 kg
per hectare of arable lands and actively cultivated lands, respectively. Due to
the influence of local traders and availability of pesticides in a large number
of trade names, farmers inadvertently overuse the same active ingredient from
different products. In 2010, WHO recommended taking immediate steps to limit
agrochemical use [9].

Further, Sri Lankan farmers do not consistently utilize personal protective equip-
ment like face masks, gloves and body aprons while engaged in application of poison-
ous agrochemicals. However, occupational pesticide exposure was not found to be
significant risk factors for CKDu in Sri Lanka [5]. Further, Sri Lanka uses only about
1/5 to 1/10 the agrochemicals per hectare used by New Zealand (1836 kg/hectare in
2013) which is free of chronic kidney disease of unknown etiology [25].

Organophosphates are the commonest pesticide used in Sri Lanka (see Table 2).
The earliest CKDu study in Sri Lanka evaluating pesticide exposure revealed
a significant difference in red cell acetylcholinesterase levels: exposed CKD
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Name of the chemical Use kg or L approved for import
Glyphosate (acid equivalent) Herbicide 5,295,082
Propanil Herbicide 995,310
MCPA Herbicide 686,375
Mancozeb Fungicide 671,504
Chlorpyrifos Pesticide 420,008
Carbofuran Pesticide 299,000
Diazinon Pesticide 196,735
Profenofos Pesticide 140,768
Carbosulfan Pesticide 107,000
Pretilachlor + Pyribenzoxim Herbicide 102,297

The table indicates that the commonest herbicide imported is glyphosate (acid equivalent) while the commonest
imported pesticide and fungicide are chlorpyrifos and mancozeb respectively.

Table 2.
Leading pesticides, herbicides and fungicides imported to Sri Lanka in 2012.

(18.6 U/g) < unexposed CKD (26) < exposed non-CKD (29.1) < non-exposed non-
CKD (32.6) and the authors suggested further investigations to assess the possible
association between pesticide use and CKDu [26].

Pesticide residues were detected in the urine of CKDu patients. The frequency of
detection of 2,4-D, 3,5,6-trichloropyridinol (metabolite of chlorpyrifos), p-nitro-
phenol (metabolite of parathion), 1-naphthol (metabolite of carbaryl naphthalene),
2-naphthol (metabolite of naphthalene), glyphosate, AMPA (metabolite of glypho-
sate) was 33%, 70%, 58%, 100%, 100%, 65% and 28% respectively. p-nitrophenol
excretors did not have CKD while 10.5% each of 1-naphthol and 2-naphthol excretors
had CKD [17].

Glyphosate is the most widely used weedicide in Sri Lanka (see Table 2).
Glyphosate was thought to be readily degradable to non-toxic compounds and hasa
typical half-life of 47 days [12, 27]. However been extremely water-soluble, glypho-
sate readily escapes into the environment causing contamination of groundwater
and accumulation in the plant tissues impeding its elimination [28]. It has descaling
properties and bind to metals like calcium and magnesium [12]. Glyphosate metal
complex increases the half-life of the herbicide in the soil up to 7 years or even up to
22 years [12]. The soil and groundwater in the CKDu affected area are rich in calcium
and magnesium and have the capacity to retain glyphosate in them for a long period.
Though there are no human studies on glyphosate nephrotoxicity, animal trials have
shown to cause nephrotoxicity in mice [29]. Further, glyphosate can explain the
unique geographical distribution of CKDu in areas with hard water and occurrence of
the epidemic in the 1990s [12].

However, some researchers point out that there is no evidence to confirm that
glyphosate has any adverse effect on kidneys with the amounts that are recommended
for farming activities. Further, glyphosate binds soil particles and form insoluble
complexes with calcium and magnesium [25] making the possibility of leaching
into water resources and getting absorbed from the human intestine very remote.
Glyphosate make no complexes with cadmium and arsenic and has no role of been a
vehicle for those cations [25].

61



Chronic Kidney Disease — Novel Insights into Pathophysiology and Treatment

7. Hard water

Crystal-tubular nephropathy (CTN) has been inadvertently categorized under
the umbrella of CKDu [18]. CTN is due to natural geogenic water contamination.
Consumption of hard water obtained from deep-dug wells and tube wells over
decades is required for its manifestations. The CTN prevailing area are identified
north of the equator close to it [18] and Sri Lanka is situated in that geographic local-
ity. Scanty rainfall and hot climate further concentrate the minerals in the groundwa-
ter by evaporation. Hard water is unpalatable and as a result, peasants consume lesser
amounts of water subjecting themselves to chronic dehydration, which favors calcium
phosphate crystal formation in renal parenchyma [18]. Histological and preliminary
electron microscopic findings confirmed the deposition of calcium phosphate in
kidney tissue [18].

Hardness of water in endemic areas is mainly due calcium, magnesium, strontium
and iron [12]. Ninety six percent of the CKDu patients had consumed hard water
obtained from ground wells for at least five years [12]. Places with high ground water
hardness and the geographical distribution of the CKDu in Sri Lanka are well cor-
related [12].

People who consume natural springs located in the CKDu endemic area and those
who consume treated water and centrally purified pipe borne water are less affected
by the disease [12]. However, northern province with the maximum hardness of water
in the entire island has a low prevalence of the disease [12]. Figure 5 illustrates the
distribution of hardness of water in Sri Lanka.

8. Fluoride (F)

Hard water in areas where CKDu is known to contain higher levels of fluoride [7].
The presence of fluoride stabilizes calcium phosphate nano-minerals and permit their

Figure 5.
Map of Sri Lanka illustrating the hardness of water. Note that the hardness is tallying with the CKDu prevalence
(see Figure 3) except in the Northern province [7].
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Area Number of samples Average F Maximum F
Giradurukotte 38 0.74 214
Nikawewa- Siyabalangamuwa 45 141 5.30
Medawachchiya 22 1.02 4.9
Padaviya-Sri Pura 14 0.50 1.96
Vavuniya 08 0.63 118
Huruluwewa 14 1.03 1.68

Note that Nikawewa- Siyabalangamuwa having the highest level though situated outside the most affected NCP.

Table 3.
Fluoride content of ground water in some affected area in mg/L [31].

growth in the renal parenchyma [18]. The ground water fluoride levels and the CKDu
distribution has a close relationship [30].

In the mid-1980s, the rise of the water table in the affected area resulted from
diversion of water from new irrigation project [30]. This led to leaching of more
fluorides to ground water from fluoride rich minerals in the earth [30].

Fluoride levels in ground water in the affected areas in Sri Lanka exceed the World
Health Organization (WHO) recommended limit of 0.5 mg/L for tropical countries
(see Table 3).

The incidence of dental fluorosis is common even in areas with fluoride levels
below the statuary upper limit [31]. This raises the suspicion of other sources of
fluoride toxicity. Black tea is rich in fluoride and is a popular beverage among farming
communities [31]. High content of fluoride in groundwater results in higher fluoride
contents in local food crops subjecting the consumers to higher fluoride intake [30].
Presence of calcium and magnesium ions which is typical of the region enhances the
nephrotoxicity of fluoride [1, 25]. Further, cations like cadmium which is presumed
to contaminate drinking water in the endemic areas also aggravates fluoride induced
renal failure [1].

Figure 6.
Map of Sri Lanka showing the concentration of fluoride in ground water. Note that fluoride concentrations closely
agree with CKDu prevalence shown in Figure 3 [33].
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However, serum fluoride concentrations of most of the healthy and stages 1 and
2 CKDu patients were below the upper cut-off value of 50 pg/L [32]. Late stages of
CKDu patients had serum fluoride above the normal range [32]. This is explained by
decreased fluoride excretion in advanced CKD and further deteriorating the kidney
functions [32]. This indicates that increased serum fluoride levels in CKDu patients is
the effect rather than the cause of CKDu (Figure 6).

9. Chronic dehydration

Inhabitants of tropical countries who indulge in manual outdoor activities expose
themselves to high atmospheric temperature and develop chronic dehydration.
Chronic occupational heat stress and dehydration are now thought to be the key
etiologic factors for CKDu [27]. Chronic dehydration is a promoting factor for the
development of crystal nephropathy [18]. In Central America the main focus of atten-
tion for researches in CKDu is dehydration and heat stress, but it has been paid less
attention in Asia [11] including Sri Lanka.

The possible pathophysiological mechanism of CKD in chronic dehydration
includes sub-clinical rhabdomyolysis, hyperuricemia and hyperuricosuria, hyperos-
molarity and vasopressin effects [11]. Hard water in the CKDu prevailing area makes
the water unpalatable [18] and as a result people drink less which causes dehydration
in a vicious cycle.

The dehydration hypothesis, however, cannot fully elucidate the low disease
prevalence in the neighboring Northern province of Sri Lanka, where the conditions
are warmer and drier than the endemic areas [34].

10. Heavy metals
10.1 Aluminum

With its known nephrotoxic effect aluminum [5] is implicated as a possible cause
for CKDu. Substandard aluminum cooking utensils and containers used to store
drinking water are a possible source of aluminum toxicity. Boiling of water in those
containers which is done to kill pathogens increase the risk of aluminum leach and
contamination of water [5]. Triple superphosphate fertilizers contain aluminum as
impurities which is another source of water pollution with aluminum [34]. Aluminum
concentration of drinking water in the disease prevalent areas was above the statuary
upper limit of the WHO which is 10 pg/L [34].

Aluminum leaching is increased when fluoride concentration is more than
1 mg/L [35] which is encountered with the ground water of the endemic areas (see
Table 3). Leaching of aluminum is increased under acidic conditions regardless of
the fluoride content of water [24]. Inhabitants of the endemic areas use an extract
of an acidic fruit Tamarindus indica that contain organic acids to clean aluminum
containers.

However, according to some reports, aluminum fluoride complex is not likely to be
more toxic than fluoride itself [25]. Further, serum and urine studies do not suggest
aluminum as a causative agent for CKDu [15].

64



Chronic Kidney Disease of Unknown Origin in Sri Lanka: A Literature Review
DOI: http://dx.doi.org/10.5772/intechopen.1004707

10.2 Cadmium

Cadmium is a heavy metal with well-known nephrotoxic properties. Several
studies reported considerable amounts of cadmium in the biological samples of CKDu
patients [1]. A significant level of cadmium was found in rice, vegetables and raw
tobacco sold in CKDu endemic areas [12]. The same study revealed that triple phos-
phate fertilizers imported to Sri Lanka are contaminated with significant amounts of
cadmium [12].

Cadmium could enter the body through drinking water, food and tobacco [34].
Researchers demonstrated a cadmium level of 0.03 to 0.06 mg/L in reservoir water
which is well above the statuary upper limit of 0.005 mg/L recommended by the US
Environment Protection Agency [19]. Lotus (Nelumbo nucifera) root which is con-
sumed by the local people contained cadmium at 253.82 mg/kg [36]. The provisional
tolerable weekly intake of cadmium, based on the extreme exposure for rice and fish,
was also found to be high in the region [36].

Urinary excretion of cadmium is a consistent marker of chronic exposure to
cadmium [34]. The mean concentration of cadmium in urine in CKDu patients was
significantly higher (1.039 mg/g) compared to controls in the endemic (0.646 mg/g)
and non-endemic areas. (0.345 mg/g) [34].

Presence of cadmium and fluorides both mutually enhanced their toxicities by
three times in soft water [34]. A significantly higher cadmium concentration was also
seen in the nails of CKDu patients [17].

However, cadmium levels in drinking water of CKDu patients in the NCP was
found to lie below WHO recommended statuary upper limit of 5 pg/L [34]. Also, the
dietary load of cadmium was similar in the endemic areas, and in the non-endemic
areas which does not explain the unique distribution of CKDu. The cadmium levels
found in the rice grown in the rain fed wet zone exceed the amounts in the dry zone
by 40-60% [25]. He also pointed out that even an extremely contaminated sample of
fertilizers containing 50 mg of cadmium per kg will take 1.2 millennia for the soil to
impregnate with cadmium to a hazardous level [25].

10.3 Arsenic

Arsenic is not a well-known nephrotoxic agent. However, some researchers found
that it is potentially nephrotoxic in the presence of calcium and magnesium ions [12].
which are typical of the ground water in the endemic areas. They confirmed the presence
of arsenic in toxic concentrations in nails hair and urine of CKDu patients and healthy
individuals living in the affected areas. They proposed that the origin of arsenic is poor
quality agrochemicals rather than geological as is seen in some countries like Bangladesh
[12]. The WHO found approximately 88% of CKDu patients had urine arsenic >21 pg/g
creatinine, which is above the nephrotoxic limit [37]. Most crops do not take up much
arsenic from the ground, except rice which is the main staple in the country [7].
However, arsenic levels in the rice samples from both CKDu endemic and non-endemic
areas were well below the statuary upper limit for Codex standard [38].

Further, no arsenic was found in reservoir water in the endemic region [36] while
Gibbs free energy calculations confirmed that arsenic in the presence of fluoride and
hardness which is typical of the area, has no synergistic effect, in fact, may expect to
be less nephrotoxic [25].
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11. Other heavy metals

Possibility of lead, chromium, nickel, cobalt, copper, vanadium and strontium
toxicity as a causative factor of CKDu has been investigated [36]. Lead levels in urine
samples and tissue biopsies of patients were above the expected amounts [25].

Glyphosate makes complexes with nickel cobalt, lead and vanadium [12]. This
complex enters the body in water, food or by inhalation to cause nephrotoxicity. Rice
and soil in the paddy lands in the CKDu endemic area are rich in chromium, iron,
nickel and cobalt. Further, triple phosphate fertilizers available in Sri Lanka found
contaminated with significant amounts of heavy metals [12].

However, other researchers contradicted above findings. They found a negligible
amount of heavy metals found in the water and soil in the affected areas [17, 25].
Urine concentrations of copper, zinc, and titanium in CKDu cases were within normal
limits [17]. Further, there was no significant difference in urine lead concentrations
in CKDu cases compared to controls [17]. Serum chromium and strontium levels were
within normal limits [17].

11.1 Selenium

Selenium is thought to have a nephroprotective effect at a concentration of
90 pg/L. and about two-thirds of CKDu subjects had selenium levels below this cut-
off value [17].

12. Blue-green algae (Cyanobacteria)

The NCP is studded with an interconnecting irrigation system where the farming
lands are watered by canals from reservoirs. The reservoirs are filled by the Mahaweli
river which is fed mainly from the central hill country which is free from CKDu.
However, agrochemicals washouts are likely to get accumulated in the low-lying
reservoirs.

Algae infestation in the reservoirs could have been the result of fertilizer washouts,
global warming and diversion of river water which alters the local fauna and flora.
Algae growing in open water in the region were suspected as a cause for CKDu.

Blue-green algae synthesize cyanotoxins including microcystin, cylindrospermop-
sin and deoxy-cylindrospermopsin, all of which are acute nephrotoxins [34].

However, the affected community does not obtain drinking water from irriga-
tion canals or reservoirs [34]. Further, Padaviya reservoir providing water to one
of the most affected CKDu areas has shown low levels of cyanotoxins [34]. Also,
ground water in shallow wells and tube wells in the CKDu endemic area is free from
cyanotoxins [34].

13. Mycotoxins

Mycotoxins are linked to CKDu in some settings. These toxins include aflatoxins
ochratoxins and fumonisins [39]. They enter the human body through contaminated
cereals, beans, spices, dried fruits, nuts and oilseeds. All three toxins were detected
in CKDu patients in Sri Lanka with relatively higher levels than normal counterparts
living in the same area [40]. Most patients were detected with ochratoxins [40].
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However, levels in dietary mycotoxin levels were found in insignificant levels in
CKDu endemic areas [14]. The evidence for mycotoxins as a causative agent for CKDu
in Sri Lanka is inadequate up to date [14].

14. Irrigation networks

Some researchers have suggested an association between the CKDu and irriga-
tion network in the area, particularly the diverted water from the Mahaweli river
[7]. Mahaweli, the longest river in the island was planned to divert to the dry zone in
1960s and the process was accelerated in 1977.

The Mahaweli project is the one that irrigates areas with the largest number of
CKDu patients (Figure 7) [7].

The water diverted from the Mahaweli river is polluted with large quantities of
washed-off agrochemicals and other materials coming from the hill country [7]. Also,
the Mahaweli project led to inadvertent exposure of heavy metals deposited in the
deeper layers of soil and other potential contaminants, which were returned to the
surface water systems [7].

15. Bioterrorism

Sri Lanka was in a mid of a civil for from 1983 up to 2019. Several separatist armed
groups fought with Sri Lankan state military forces to make an independent state for
Sri Lankan Tamils claiming certain administrative districts of the island. The preva-
lence of CKDu is low in admirative districts claimed by the separatists. This raised
the suspicion of bioterrorism. However, as the Sri Lankan armed forces realized that
separatist groups make explosives using agrochemicals, they were banned to the war
zone. This led to the use of a comparatively low number of agrochemicals particularly
in the northern part of Sri Lanka. This is the most likely reason why CKDu is not
extended to the war zone of the yester era (Figure 8) [12].
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Figure?7.
Map of Sri Lanka demonstrating Mahaweli fed aveas. Note that the CKDu prevalence (see Figuve 3) is closely
related to the Mahaweli feeding areas [7].
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Figure 8.
The shaded area in ved indicates the territory claimed by the sepavatists. Note that the disease has not spread (see
Figure 3) into that territory [41].

16. Alcohol, tobacco and betel

Consumption of alcohol and tobacco and betel chewing is practiced among Sri
Lankans. Betel leaves are chewed with other condiments like arecanut tobacco and lime.

Regular alcohol intake aggravates chronic dehydration which is implicated in CKDu
[18]. Exposure to nephrotoxic heavy metals through alcohol is possible [1]. However,
alcohol consumption was not found to be a significant risk factor for CKDu [5].

Tobacco as a possible source of heavy metal poisoning implicated in CKDu was
proposed [1] and a statistically significant association with CKDu was observed with
chewing betel [5].

17. Herbal medications

Balkan nephropathy was renamed aristolochic acid nephropathy having
Aristolochia clematitis, a plant that contaminates wheat, been confirmed as the cause
[12]. Aristolochia indica (Sapsanda/Sassanda in local language Sinhalese) is a plant
belongs to the same botanical family is found in Sri Lanka (see Figure 9). This plant
is used in indigenous and traditional medicine. WHO reported 60 indigenous medi-
cal prescriptions in Sri Lanka containing Aristolochia [37]. A personal conversation
with Sisika Jagoda-Arachchi -a traditional medical practitioner from Thalawa,

Figure 9.
Avristolochia indica plant growing wild in the NCP of Sri Lanka.
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Anuradhapura (January 2024) revealed that the extracts of this plant are used as oral
medications to treat snake envenomation and worm infestation.

However, urothelial cancers that are associated with aristolochic acid nephropathy
is not seen in the Sri Lankan counterpart [12]. Therefore herbal medications and aris-
tolochic acid contaminated foods is an irrational suspect for CKDu in Sri Lanka [12].

18. Genetic susceptibility

Clustering of disease, as happens in CKDu, suggests an unexpected influence
from either genetics, environment, or both. These hotspots likely signify the
locations where genetic susceptibility and environmental triggers share the most
overlap [41]. A genome-wide association study was conducted to determine the
genetic contributors, and genetic susceptibility was identified as a major risk factor
for CKDu in Sri Lanka [42, 43]. Presence of numerous rare variants contributing
CKDu is also likely [43].

19. Soil factor

Sri Lanka has seven main soil groups, and red brown soil is the type found in the
dry zone (Figure 10) [44].
20. Screening program

In 2014, a committee for the control of CKDu was appointed by the state to plan
a systematic screening program for early diagnosis [45]. Epidemiology Unit of the

Ministry of Health Sri Lanka, selected fifty sentinel hospitals based on disease
burden, media reports, and public concerns [45]. Based on hospital data, the NCP and
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Figure 10.
Map of Sri Lanka illustrating the distribution of soil. Note that the endemic areas of CKDu (see Figure 3) are
mainly located in regions with red brown soil [44].
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several adjacent areas were identified as high-risk areas and some referral hospitals
were selected [45].

The primary target group in endemic areas includes those who are above the age
of twenty years and in non-endemic areas, those who are above the age of thirty [45].
Those who are suffering from acute illness, pregnant women and women during
menstruation are considered as exclusion criteria for screening [45].

The aims of the screening program include detection of asymptomatic individ-
uals in the early stages of the chronic kidney disease, assessing the disease burden
of CKD/CKDu in the entire country giving priority to CKDu endemic areas, refer-
ring the positive cases for specialized centers and identifying factors associated
with CKDu [45].

Field screening centers testing for serum creatinine with an estimated glomerular
filtration rate (eGFR) calculated by CKD-EPI formula, measuring urine albumin
creatinine ratio (UACR) on an early morning urine sample and measuring blood pres-
sure have been established [45]. A blood pressure above 140 mmHg and 90 mmHg
and/or serum creatinine above the age specific reference ranges and/or eGFR below
60 m1/1.73 m*/min, UACR 30 mg/g of creatinine is taken as positive for screening for
CKD and will be referred to a specialized unit for further evaluation [45].

21. Treatment

CKDu in Sri Lanka is managed as any other CKD. Dialysis and transplant are
offered to end stage CKDu patients. Dialysis units are in operation at Teaching
Hospital Anuradhapura (THA) and District General Hospital Polonnaruwa, while
dialysis centers available at in Nort- Central province include Padaviya, Kebithigollewa
Medawachchiya, Thambuththegama, Medirigiriya and Hingurangoda [46].

22. Current situation

Sri Lanka continues to diagnose new cases of CKDu in the new decade and the
apparent reduction in the number of new cases in 2020 and 2021 in comparison to
2018 is probably due to decreased number of screenings in the mid of the Covid-19
epidemic (see Table 4).

Data has not been updated after 2021. We obtained unpublished data from Dr.
PLGH Liyanage- medical officer, renal care unit, provincial directorate health ser-
vices, NCP in January 2024 in a personal communication. In 2022, 2781 cases were
positive out of 33,510 who were screened and in 2023 3868 were positive out of 64,026.

Year Anuradhapura Polonnaruwa

2018 2377 1048

2019 867 1165

2020 337 631

2021 1360 682
Table 4.

Newly diagnosed CKD patients in the NCP [46].
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Year Anuradhapura Polonnaruwa

2018 No data available 253

2019 276 276

2020 659 255

2021 660 376
Tables.

Number of CKD deaths in two districts in the NCP [46].

Year Anuradhapura excluding THA Polonnaruwa
2016 63 126
2017 81 160
2018 132 196
2019 165 279
2020 191 311
2021 266 354
Table 6.

Number of dialysis patients in two districts of the NCP [46].

Number of deaths from CKDu continue to rise in the NCP as depicted in Table 5.

The number of patients undergoing dialysis is also on the rise in the NCP
(see Table 6).

However, these data reveal only the tip of the iceberg as some CKDu patients have
the access to the dialysis units other than those placed in the NCP and the data has not
included the number of dialysis performed at Teaching Hospital Anuradhapura.

23. Discussion

A definite cause of CKDu in Sri Lanka is yet to recognize. But most probably it is
multifactorial in origin and therefore the term ‘CKD of multi-factorial origin’ (CKD-
mfo) has been proposed. 32] CKDu has emerged as a dreaded disease affecting the
farming communities of Sri Lanka who are the backbone of the national economy.
The prevalence of CKDu is on the rise and the disease has a major negative impact on
the economy of the country which is based mainly on agriculture.

Researchers confirmed contamination of water and food with potential neph-
rotoxins which entails long lasting disastrous consequences on health. Human
interventions in farming industry constantly disrupt the nature leads to ecological
imbalances with an exposure of toxic elements and emergence of new diseases like
CKDu.

Traditional agriculture was used for generations on the island. Organic agriculture
which is echo friendly has been proposed by various researchers [32] was inadver-
tently introduced to the country in 2020 ending up in a failure [47].

Most researches done were based on narrow or single cause hypotheses, ignoring
potential interactions and synergistic effects of various agents. Though no potential
single etiology for CKDu was identified, those suspected agents may be associated
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with the disease and may have an additive or synergistic pathological effect to cause
CKDu. This is likely even when the toxin levels are well below the upper statuary
limits.

Because CKDu is likely to be caused by adverse alterations in the environment
including soil, water and food, there is no medical solution to eliminate it. Instead,
health education and safe agrochemical handing are indicated in preventing CKDu.

24. Conclusions

The current epidemic of CKDu is most probably multifactorial in origin and
environmentally acquired. Provision of purified drinking water, health education and
proper handling of agrochemicals is important.

After three decades of researches in CKDu, Sri Lanka still need extensive epide-
miological study to identify the root cause, disease burden and spread of CKDu.
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Chapter 5

Diet in Chronic Kidney Disease

Mohd. Aslam and Mohd. Hatif

Abstract

With the increasing incidence of CKD worldwide due to the causes involving
multiple comorbidities such as hypertension, diabetes mellitus etc., CKD becomes
a common disease throughout the world where nutrition plays an important role in
the management of disease. Also, diet modification becomes necessary to control the
intake of energy, proteins, fats, vitamins & minerals (Na*, K*, Ca? & phosphorus) in
daily food ration which is quite a burdensome. Lack of adherence to dietetic recom-
mendation contributes to low consumption of nutrients including energy, vitamins
and minerals which can further lead to protein energy wasting (PEW) known as
protein energy malnutrition (PEM) of CKD. Additionally, usage of patient-centred &
cost-effective nutritional modifications and disease specific dietary changes may help
in enhancing longevity and delaying the need of hemodialysis in millions of people
across the world.

Keywords: diet, CKD, nutrition, protein energy wasting (PEW), protein, energy,
carbohydrates, fats, minerals

1. Introduction

Chronic kidney disease is defined as evidence of structural or functional renal
impairment for three or more months which is generally progressive and irreversibly
affecting multiple metabolic pathways [1]. In CKD, alteration in protein & energy
homeostasis, increase in protein catabolism, acid-base derangements and hormonal dys-
function occur which hinder normal growth and development of the patient. Chronic
kidney disease can be categorized in stages according to GFR as described in Figure 1.

As chronic kidney disease progresses, accumulation of nitrogen containing prod-
ucts from dietary & intrinsic protein catabolism may blunt appetite. There are ten-
dencies for negative nitrogen balance and loss of muscle mass which in consequence
can lead to cachexia, exacerbated by coexisting conditions & fraility, particularly in
adult patients. Hence, nutritional status of many patients often becomes disordered
and protein energy wasting shows up ending with dietary adjustement requirements
in CKD patients.

Nutritional therapy helps in managing various complications of CKD likewise
uremia, electrolyte imbalance, acid-base imbalance, water & salt retention, mineral
& bone disorders and failure to thrive. Again, it also helps in delaying or avoiding
dialysis therapy. However, possible yet not proved, dietary therapy can also slow
down the disease progression independent of uremia management. The symptoms of
CKD vary according to the respective stages given in Table 1.
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Stage 1 ‘ gch? 90+
e

Stage 2| GFR 60-90
60-839%"

Stage 3 ‘ GFR 30-60
| 60-89%"
Stage 4 | GFR 15-30

60-89%"

Stage 5| GFR <15
<15%"

Stage 6| ESKD
*% of normal Kidney function on dialysis

Figure 1.
Stages of chronic kidney disease (GFR in ml/min/1.73 m®).

2. General approach to dietary management
The widespread nutritional & metabolic alterations, high incidence of malnu-
trition and current evidence that dietary therapy retards the progression of CKD,
indicates the critical aspect of nutritional therapy in CKD patients. There are mainly
five goals of dietary management:
a.To maintain good nutritional status
b.To prevent or decrease uremic toxicity

c. To prevent or decrease metabolic disorders of renal failure

d.To reduce the risk of cardiovascular, cereberovascular and peripheral vascular
diseases

e.To arrest or retard the progression of renal failure

Adherence to special diets is often difficult and frustating for patients & their
families. This requires a team approach with support of family, doctor, dietician,
nursing staff and whenever available social worker or psychiatrist, who can also help
in improving the adherence capacity of patient to specific dietary changes.

3. Intrarenal hemodynamics
Dietary protein intake does not influence the level of systemic arterial blood
pressure but intrarenal hemodynamics regularly respond to the changes in dietary

protein intake and in return, protect against renal injury. Due to progressive loss
of nephron in CKD, protein intake is a primary determinant of the degree of
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Level of Normal Mild to Advanced CKD Transitioning to Prevalent
severity kidney moderate (eGFR <30) or dialysis therapy dialysis
orrisk function CKD (eGFR any CKD with with goodreserve  therapy, or
(eGFR >60) 30-<60) significant kidney functions any CKD
and no without proteinuria including stage with
proteinuria, significant (>0.3 g/day) incremental existing or
buthave CKD  proteinuria dialysis imminent
risk factors (<0.3 g/day) preparation PEW
(diabetes,
hypertension,
or solitary
kidney)
CKDstage  No CKD, or CKD Stage 3a CKD stage 4 Usually CKD Stage CKD stage 5,
CKD stage 1 (eGFR 45-<60)  (eGFR15-<30) or 5, although dialysis or any stage
(eGFR >90) or or 3b (eGFR 5 (eGFR < 15) transition but it with PEW
stage 2 (eGFR 30-<45) may happen at
60-<90) higher eGFR also
Symptoms At this stage, Patient may Worsening Symptomatically Additional
usually have no symptoms are deterjoration symptoms
there are no symptom, often observed and uremic related to
symptoms but some may including more complications may dialysis
related to report fluid severe peripheral ~ prompt transition treatment
kidney disease ~ retention, oedemaand to dialysis including  include post-
but patient may  e.g., oedema pulmonary decompensated dialysis light
have symptoms  of dependent symptomsdueto  heart failure, headedness
related to the extremities fluid overload. refractory hiccups, & fatigue,
underlying upon upright Other symptoms ~ peripheral worsening
conditionssuch  position or include foamy neuropathy, uremic ~ muscle
as diabetes facial oedema urine, fatigue, encephalopathy, wasting &
mellitus, inthe morning  pruritus, muscle uremic bleed like weight loss,
polycystic and shortness cramps, restless gum bleeding worsening
kidneys or of breath. extremities, or GI bleeding cramps during
uncontrolled Urination altered mental (due to platelet dialysis
hypertension. changes such status, sleepwake  dysfunction), treatment
Solitary kidney ~ as nocturia cycle disturbance,  pericarditis, sexual or with
usually is not (due to memory & dysfunction, ultrafiltration
associated with  isosthenuria) concentration amenorrhea, and worsening
any symptom may occur. disorders, skeletal deformities.  cardiovascular
unless ESRD Secondary decreased taste &  Weight loss, muscle ~ symptoms
develops. hypertension smell, diminished ~ wasting and such as
may arise appetite, nausea symptoms related palpitations or
and result in & vomiting, to electrolyte chest pain.
symptoms if growth & mineral
uncontrolled. retardation may derangements such
occurinchildren.  ashypocalcemia.
Table1.

Clinical symptoms in different stages of chronic kidney disease (CKD).

functional & structural growth in remaining nephrons of remnant kidney. High
protein intake stimulates the growth of cells (hypertrophy), exacerbate protein-
uria and increases the weight of kidney while restricting protein intake prevents
an increase in kidney size [2]. Likewise, both GFR and renal blood flow can be
improved following an acute or chronic increase in dietary proteins. There is also
an evidence, indicating a low protein diet lowers intraglomerular pressure by

81



Chyonic Kidney Disease — Novel Insights into Pathophysiology and Treatment

PREGLOMERULAR : GLOMERULUS \ POSTGLOMERULAR
EFFECTS | / | EFFECTS

- .‘\_"

7

Frhancement

-\-.q
|
|
\

\I‘I : Angiotensin-
it \ pathway modulation
y 7

Vasodilation

Afferent — W], ‘

arteriole

Efferent
arteriole

1 Interstitial Slowed
fibrosis progression
to CKD

Figure 2.
Effects of low protein, low salt diet on afferent arteriole [3].

constricting the afferent arterioles and enhance the post glomerular effect of angio-
tensin pathway modulators that dilate efferent arterioles which further diminishes
progressive renal injury (Figure 2) [3].

There are also various studies, stating the risks of toxicity from high protein
diet which potentiates proteinuria and had both direct and indirect toxic effects on
proximal tubular epithelial cells. Proteins also catabolize into some toxic inter-
mediates (Indoxyl sulfate, phenylacetic acid) which contribute further in renal
injury [4].

4, Assesment of nutritional status

Routine nutritional screening of CKD patients should be done at least biannually
with the intent of identifying patients at risk of developing protein-energy wasting
(PEW). Physical examination, body composition, anthropometric measurements
and biochemical determinants are the components of nutritional assessment in CKD
patients. Anthropometric measurements include practical, economical & non-
invasive techniques that describe body mass, size & shape which is the most basic
and an indirect method of assessing body composition. Likely, direct methods are
bioelectrical impedance analysis (BIA), creatinine kinetics, near infrared and dual-
energy X-ray absorptiometry (DEXA). These can be used in assessing body composi-
tion but they are expensive and cannot be used easily in different scenarios. DEXA is
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Area Assessments
Physical examination Diet history, appetite assesement questionnaires, food diaries
Anthropometric measurements Body weight, height, BMI

Percentage weight change

Skin fold thickness

Midarm muscle circumference

Body composition Neutron activation
Near infrared reactance
Bioelectrical impedence
DEXA

Biochemical determinants Serum electrolytes
Serum proteins (albumin)
Lipid profile (cholesterol)
Creatinine index

Nutritional scoring systems Subjective global assessment

Immunological assays Hemogram (Lymphocyte counts)
Delayed cutaneous hypersensitivity test

Functional test Grip strength

Table 2.
Assessment tools for nutrition in CKD [5].

considered as a gold standard in assessing the body composition in patients of CKD
but it is labour intensive, costly & an invasive method which can be easily altered by a
number of factors such as hydration status in CKD (Table 2) [5].

There are limited evidences regarding the use of any one method over other for
identifying patients who are at risk of protein-energy wasting (PEW).

4.1 Protein energy wasting (PEW)

Protein energy wasting is a syndrome consists of metabolic & nutritional
abnormalities which often occur in CKD also called as PEM of CKD. It is associated
with increased mortality and morbidity in CKD patients. There are various reasons
for protein energy wasting like poor food intake, poor appetite, dietary restrictions,
uremia induced alteration, chronic inflammation, metabolic acidosis & endocrine
abnormalities which lead to hypermetabolism resulting in excess muscle & fat catabo-
lism. Furthermore, contribution by low physical activity, fraility and hemodialysis
precipitate in the development of PEW (Figure 3).

Serial assessment of CKD patients are done by using several scoring tools includ-
ing Subjective Global Assesment (SGA), Malnutrition Inflammation Score (MIS),
Geriartic Nutritional Risk Index (GNRI) and PEW Diagnostic Criteria.

PEW diagnostic criteria is used in making diagnosis of PEW, published by
ISRNM, 2013, which is described in Figure 4.

From the above listed categories, at least three out of the four (3/4) (and at least
one in each of the selected category) must be present in order to make the diagnosis of
CKD related PEW. Each criteria should be fulfilled on at least three occasions, prefer-
ably 2-4 weeks apart [6].

The sequelae of PEW include malaise, fatigue, impaired wound healing, increased
susceptibility to infections, increased cardiovascular disease risk and increased
hospitalization & mortality rates (Figure5).
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*Anorexia
sDietary restrictions

»Alteration in organs
involved in nutrient
intake

+Depression

*Nutrient losses into
dialysate

»Dialysis related
inflammation and
hypermetaholism

Figure 3.

sInflammation
sInsulin resistance of CKD
sIncreased Glucocorticoid

eResistance to GH/IGF-1

*Low thyroid harmone
levels

activity

*Diabetes mellitus
*Chronic heart failure

Pathogenesis of PEW in CKD patients.

Serum Chemistry

+ 5 Albumin
<3.8g/dL

s 5 Cholesteral
<100mg/dL

» 5. Prealbumin
{transthyretin}
<30mg/dL

Figure 4.

PEW diagnostic criteria [6].

* BMI < 23kg/m?

* Unintenticnal
weight loss with
time: 5% aver three
manths or 10% over
six months

» Total body fat
percentage <10%

4.2 Tools for nutritional assessment

See Figure 6.

*Metabolic acidosis
*Decreased physical

activity

+ Muscle wasting:
decrease in muscle
mass 5% over three
months ar 10% over
six months

» Reduced MUAC
area > 10% in 50th
percentile popution

» Appearance of
creatinine in urine

« Unintentional low
dietary protein
intake <0.8g/kg/day
far atleast 2 manths
for Hemodialyis
patients or
<0.6g/kg/day for
CKD2 to 5 patients

* Unintentional low
dietary energy
intake
<25kcal/kg/day for
atleast 2 months

4.2.1 Patient interview and physical examination

Detailed history and physical examination have to be done in order to find
out the risks of PEW. History has to be taken to find out the symptoms of nausea,
vomiting, decreased appetite and recent changes in body weight. It is important to
take history regarding uremic or non uremic causes and regarding the cause of CKD
and PEW.
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Pathophysiology of PEW in CKD.
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Figure 6.
Tools for nutritional assessment and management.

4.2.2 Assessment of food intake

24 hour food recall method can be used to know about the food intake on both
dialysis and nondialysis days which should be performed twice in a year. Generally,
food intake on dialysis days is about 20% lower as compared to non dialysis days.
Assessment of food intake can also be done by using food frequency questionnaires.

4.2.3 Nutritional screening tools

Various tools can be used in screening of nutritional status of a CKD patient. The
important ones are Malnutrition Universal Screening Tool (MUST), Mini Nutritional
Assessment (MNA), Malnutrition Screening Tool (MST). The MST includes two
questions; one regarding weight loss and other regarding appetite. If the score of
these questions, when added together, comes out to be more than 2 then there is a
high risk of developing malnutrition and PEW.

85



Chronic Kidney Disease — Novel Insights into Pathophysiology and Treatment

4.2.4 Nutritional assessment tools

When patient is screened positive for malnutrition then, further assessments have
to be done by using various tools & methods to make the confirmed diagnosis of
PEW. These assessments may include;

4.2.4.1 Body composition
4.2.4.1.1 Body weight and body mass index

Ideal or median standard weight should be measured and compared with the
actual body weight. It is also important to compare ideal or median standard weight to
the prior body weight. BMI should be used cautiously as it gives a poor estimate of fat
mass and its distribution within the body, especially in patients with CKD.

4.2.4.1.2 Anthropometry

There are multiple anthropometric measurements which are used in assessing
the patient nutrition, each with some advantages and disadvantages of their own.
Waist to Hip Ratio (WHR) & Skinfold Thickness are used for classification of obesity
in CKD patients which combinely show better results than BMI in various cross-
sectional studies.

Skinfold thickness should be measured at the midpoint of biceps or triceps and
can be related to mid-arm muscle circumference from the equation given below;

Mid-arm muscle circumference(MAMC)
= mid-arm circumference (cm)—{3.14 x triceps skinfold (cm)}

@

Skinfold thickness provides an estimate of body fat whereas midarm circumfer-
ence is useful in estimating muscle mass. If the values of either mid-arm circumfer-
ence or triceps skinfold thickness is below the 25th percentile, patient is likely to be
malnourished. In obese patients, skinfold thickness may not be accurate as most of
the calipers have their upper limits that cannot accommodate high levels of adiposity.

4.2.4.1.3 Bioimpedance

When a constant alternating current is applied to the human body, there comes
resistance & reactance by the body against the alternating current which is mea-
sured and termed as bioimpedance. The values of resistance & reactance are used in
emperical equations which predict total-body water using resistance and total-body
mass from the ratio of resistance to reactance or from the graph plotted between resis-
tance & reactance as its geometrical derivative, the phase angle. In non-dialysed CKD
patients or patients on peritoneal dialysis, there are insufficient studies & evidences
suggesting the use of bioelectrical impedance in assessment of body composition but
in CKD patients on MHD, bioimpedance preferably multi-frequency bioelectrical
impedance (MF-BIA) can be used to assess body composition. It should be ideally
performed after 30 minutes or more likely at the end of the hemodialysis session to
allow redistribution of body fluids throughout the body [5].
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4.2.4.1.4 Dual energy X-ray absorptiometry (DEXA)

In the beginning, DEXA used to measure the bone density but later it was
adapted to quantify soft tissue composition of the body including muscle mass &
fat. Now, DEXA is mainly used for research purposes as it is costlier than other
methods. There is also no data relating DEXA that results in the outcomes of patients
with advanced CKD but whenever feasible DEXA should be used in patients of CKD
1to 5D and post-transplant patients because it is not easily influenced by hydration
status of the patient and still remains the gold standard method for measuring body
composition.

4.2.4.2 Biochemical parameters
4.2.4.2.1 Albumin

Albumin is a major circulating protein in the body that maintains the osmotic
pressure and helps in transporting a variety of molecules. Serum albumin may be
used as one of the best predicter of hospitalization & mortality in patients of CKD.
Campbell et al. found that low albumin concentrations (<3.8 g/dL) were signifi-
cantly associated with higher morbidity & mortality [5]. It also correlates with other
nutritional assessment tools like bioimpedance and can be influenced easily by other
inflammatory conditions & comorbidities.

4.2.4.2.2 24 hour urinary collection

It is performed to estimate dietary intake of proteins (urinary urea nitrogen),
electrolytes (Na*, K*), creatinine clearance and proteinuria. It is also helpful in
evaluating the adherence of patient to dietary recommendations which further, can
be used in improving lack of adherence by suggesting the required changes in the
diet. Excretion of protein end product as urea is easily measured and is often used to
estimate adequacy of dialysis.

4.2.4.2.3 Acute phase reactants

There are various molecules & proteins that are related to the inflammation in
CKD which may be increased or decreased according to the disease activity.

Serum prealbumin levels may be elevated because of interaction of prealbumin
with retinol binding protein and decreased renal clearance. In hemodialysis patients,
S. prealbumin <20 mg/dl are associated with increased risk of mortality, even in
patients with normal albumin level. Also, fall in serum prealbumin over 6 months is
independently associated with increase in mortality [7].

C-reactive protein (CRP) is a positive acute phase reactant which correlates
negatively with Albumin and other proteins concentration in the body. When
Albumin and Prealbumin levels are low, it is apt to check CRP levels which can help
in revealing potential covert inflammation but its level is highly variable in ESRD
patients.

In CKD patients there are also decreased cholesterol and increased IL-6 levels which
can also be used in assessment of nutritional status of the patient.
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5. Nutritional guidelines
5.1 Macronutrients
5.1.1 Proteins

See Figure 7.

Proteins are responsible for adequate growth & development of children and
maintenance of body structure in adults. Proteins are catabolized into urea and
many other known & unknown compounds in the body. These compounds are
cleared by the kidneys and get excreted in urine normally. When GFR starts to
decline, these by-products get accumulated in the blood & different organs that
progressively start getting affected leading to impaired organ functions as a conse-
quence. Catabolized products of proteins are also responsible for a major fraction
of kidney workload. Various studies and researches have confirmed the detrimental
role of the renal hyperfiltration response associated with high protein intake in
the kidneys causing further fall in GFR [8]. Therefore, in patients of CKD, reduc-
ing protein intake (0.55-0.6 g/kg/d) will reduce hyperfiltration which will have
many beneficial effects like reduction in clinical symptoms, postpone the need of
maintenance hemodialysis and decrease in mortality but on the other hand, reduc-
ing protein intake may also impair nutritional status in individuals who are at risk
for PEW.

The quality of protein intake also matters. The rationale behind the use of
proteins having branched chain amino acid is that during protein metabolism,
these amino acids are deaminated by removal of an a-amino group leaving behind
a carbon skeleton which can be recycled to form other amino acids and proteins or
can be used in energy generation through the tricarboxylic acid cycle [9]. During
protein catabolism, there is also generation of urea through the urea cycle. Hence,
restricting dietary protein results in a proportional reduction in urea generation
and use of ketoacids decreases the need of protein intake by providing the essential
amino acids.

Protein intake can be classified according to relevant kidney disease conditions as
suggested by MDRD study (Table 3) [3].

Protein intake in CKD can be determined according to CKD stages as described in
Figure 8.

Factors such as providing adequate energy (30-35 kcal/kg/day), nutritional educa-
tion and surveillance, may improve adherence to a low-protein diet [12].

Figure 7.
Foods containing high amount of protein.
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Dietary Daily protein intake Comment

protein intake grams per kg ideal body

range weight (g/kg/day)

Protein free <0.30 g/kg/day Not recommended in any person including CKD patients
diet

Very low 0.3-0.6 g/kg/day Have to be supplemented with essential amino acids, keto-

protein diet

acids or hydroxy-acids

Low-protein
diet

0.6-0.8 g/kg/day

Recommended for advanced CKD (>stage 3b or in patients
having substantial proteinuria), usually no supplementation
is needed until the diet contains at least 50% high biologic
value proteins

Moderately low
protein intake

0.8-1.0 g/kg/day

Recommended range for adults without CKD but have risk
factors of CKD including diabetes mellitus, hypertension,
solitary kidney (following nephrectomy), and polycystic
kidneys

Moderate
protein intake

1-1.2 g/kg/day

Recommended range for healthy adults without CKD or
known risks of CKD, although most Americans eat higher
DPI

Moderately
high protein
diet

1.2-1.5g/kg/day

Recommended range for maintenance dialysis patients on
conventional treatment, e.g. thrice weekly HD or daily PD,
with minimal residual kidney function (urine urea clearance
<2 ml/min)

High to very
high protein
diet

>1.5 g/kg/day

Can be used for acute conditions such as hypercatabolic AKI,
high grade burns, and severe PEW but over limited period
of time

Table 3.
Ranges of dietary protein intake (DPI) according to kidney diseases [3].

Normal kidney

function with risk

factors of CKD

+<1.0; Rich in
plant-based

proteins

+<1.0 (consider
0.6-0.8if CKD
stage 3b or rapid
progression)

Transition to Dialysis

=(0.6—0.8 on nondialysis days and

>1.0 on dialysis days

=0.6—0.8, which
includes 50% HBY
protein, or <0.6
with addition of
EAA/KA

=1.2—1.4; may require >1.5 if
hypercatabolic state develops

Figure 8.

Daily dietary protein intake in CKD patient (g/kg/day) [10, 11].

5.1.2 Energy

Adequate amount of energy is required in a diet of CKD patient in order to main-
tain desirable body mass, to limit gluconeogenesis and to prevent protein catabolism.
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Age > 60 years

*30-35 kcal/kg/day 35 kcal/kg/day

Figure 9.
Daily energy requivement of CKD patients [13].

Decrease energy intake if- Increase energy intake if-

- Obese/foverweight - Acute iliness/ hypermetabolic state
- Age > 60 years & ] _u‘ - Age < 60 years

- Sedantary lifestyle - Undernutrition/ PEW

- Bed bound (no concurrent illness) - Increased physical activity

- Maintenance hemodialysis

Figure 10.
Conditions requiring change in energy intake.

Number of factors are required to determine the energy intake in adults diagnosed
with CKD. These include the age of patient, gender, weight, overall health status, level
of physical activity, metabolic stressors and treatment goals.

According to KDOQI classification the energy requirement in CKD patients is
defined as Figure 9.

Patients should be monitored routinely to assess the energy requirements and
further, changes should be made in nutritional status if energy requirements are not
met satisfactorily. Various conditions in which energy intake requires changes are
described in Figure 10.

Protein and energy balance are the most important tasks in the prevention of
PEW. In case of low protein diet, one should increase energy intake by using other
sources of energy like carbohydrates and fats.

5.1.3 Fats

Unsaturated fatty acids are the preferred lipid in the diet of a CKD patient. A
recent study suggested that dietary n — 3 fatty acid supplementation (flaxseed,
canola, or olive oil) in patients with diabetes and hypertriglyceridemia may reduce
albuminuria and preserve renal function thus, slowing down the progression of
CKD [14]. In a low-protein diet, combined fats & carbohydrates should account for
more than 90% of the required daily energy intake in order to avoid protein—energy
wasting [15]. Total 25-35% of calories should come from fat. High intake of satu-
rated fatty acid causes atherosclerotic changes in vessels of kidneys and other organs
which in turn increase the risk of Malnutrition-Inflammation-Atherosclerosis (MIA)
syndrome, leading to increased risk of cardiovascular deaths in CKD patients. Long-
chain n — 3 PUFA helps both in reducing triglycerides & LDL cholesterol levels as well
as in raising HDL levels.

The therapeutic goal in patients with CKD is to maintain the lipid levels in the
range of;

* Low density lipid (LDL) < 100 mg/dl

* Fasting triglyceride levels < 500 mg/dl
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With regards to diet composition, the usual recommendation is <7% saturated
fat in diet, <10% of total calories should be derived from polyunsaturated fatty acids
and <20% of total calories should come from monounsaturated fatty acids. Also,
cholesterol should be <300 mg/day according to latest recommendations [14].

5.1.4 Carbohydrates and fibers

Carbohydrates are generally used in unrefined form and they make half of the
usual daily energy intake which may be even higher in those having low protein diet.
In patients with CKD, carbohydrate resources should also consist of fibers in higher
amount (e.g., whole-wheat breads, multigrain cereal, oatmeal, mixed fruits & veg-
etables) which help in reducing absorption of dietary phosphorus and decrease genera-
tion of urea and creatinine as well [16]. Recommended intake of carbohydrates is 7o
lower than 130 g. This ensures proper functioning of central nervous system & RBCs.
Insufficient amount of carbohydrates in a diet can cause disruption in metabolism of
fatty acids leading to accumulation of ketones and development of metabolic acidosis.
Moreover, acidosis increases anorexia, promotes release of cortisol which enhances
protein catabolism and also reduces the synthesis of albumin thus, intensifying mal-
nutrition & loss of muscle mass. Hence, increased risks of PEW [17]. The right quality
of sugar intake is also necessary as fructose increases obesity and risks of diabetes
which further promote kidney damage. It is recommended that 50-60% of diet should
contain carbohydrates that means 1000 kcal or 250 g of carbohydrates for a 2000 kcal
diet. Fibers are another entity which is an important part of diet in patients of CKD.
Diet of a vegetarian contains a good amount of fiber which helps in reducing dyslipi-
daemia by decreasing absorption of fat, K*, uremic toxins etc. from GIT as they reduce
gastrointestinal transit time. Fibers also generate favorable microbiome which helps in
controlling uremic symptoms and slows down the disease progression. An amount of
20-30 g of fiber per day should be consumed which can help in reducing dyslipidaemia.
In general, high fiber diets are also associated with lower cardiovascular mortality [18].

5.2 Micronutrients

Micronutrients in our daily food ration play an essential role in maintaining many
metabolic functions and therefore should be present in adequate amount for which
Daily Reference Intakes (DRIs) is made for each micronutrient. However, there is
lack of evidence regarding appropriate intake of various micronutrients for people
with CKD. The common reasons for deficiency of various micronutrients include
insufficient dietary intake, dietary prescriptions which may limit vitamin-rich foods
(particularly water-soluble vitamins), dialysis procedure, improper absorption of
vitamins and certain medications & illnesses.

5.2.1 Sodium and fluids

Sodium is an extracellular cation responsible for fluid homeostasis in the body. In
CKD patients, dietary sodium restriction is invariably recommended to control fluid
retention and hypertension and to improve the cardiovascular risk profile. Patients
with high sodium intake (>4 g/day) exhibit a strong relationship with hypertension
while reduced sodium intake along with low protein and angiotensin modulation
therapy result in decreased intraglomerular pressure which reduces proteinuria and
slows down the disease progression. In CKD patients, the excretion of sodium is
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disturbed which can cause sodium retention and contribute in formation of oedema
due to accumulation of water in tissues.

It is recommended that CKD patient should restrict sodium intake of <4 g/day
while CKD patients with fluid retention and oedema should restrict sodium intake to
<3 g/day. Excessive restriction of sodium of less than 1.5 g/day in CKD patients can
cause hyponatremia and other adverse outcomes (Figure 11) [19].

[1gsalt =0.4gNa=17 meq Na*] (2)

CKD patients should limit fluid intake to less than 1.5 L/day due to isosthenuria,
as excess of fluid intake can cause hyponatremia [19]. Additional fluid intake can be
done if patient has residual renal function which is based on daily urine output &
insensible fluid loss (Figure 12).

5.2.2 Potassium

Potassium is the main intracellular cation which plays an important role in mediat-
ing cellular electrophysiology, vascular functions, BP and neuromuscular functions.
Abnormal potassium levels can cause muscular weakness, hypertension, ventricular
arrhythmias and deaths. In CKD patients, the various mechanisms involved in the
homeostasis of potassium (i.e. adrenergic system, insulin, aldosterone & urinary
clearance) are impaired and hyperkalaemia can also be found in CKD patients on
hemodialysis. There is a well-established association that states, high potassium with
low sodium in diet can lower down the incidences of hypertension, stroke, nephro-
lithiasis and kidney diseases. In healthy adults and those at risk of kidney disease,

Advanced CKD/ any stage with
hypertension or PEW/ Hemodialysis

*<dg/day +<3g/day

Figure 11.
Daily requivement of Na' intake in CKD patients [3].

Figure 12.
Foods to be avoided due to high sodium intake.

92



Diet in Chronic Kidney Disease
DOI: http://dx.doi.org/10.5772/intechopen.1004733

arelatively high daily potassium intake of 4.7 g (120 mmol) is recommended [20].
Although, in patients with kidney diseases, a higher dietary potassium intake may be
associated with a higher risk of poor kidney disease progression. According to various
epidemiologic studies, both moderately low plasma potassium levels (<4.0 mmol/
liter) and high levels (>5.5 mmol/liter) are associated with rapid kidney disease
progression. In patients of advanced kidney disease and hyperkalaemia, it is advised
to restrict dietary potassium intake to less than 3 g/day (<77 mmol/day) but exces-
sive dietary restrictions can expose the patient to more atherogenic diets and worsen
constipation which may actually result in higher gut potassium absorption [21]. A
reduction in the consumption of potassium is usually achieved by limiting or exclud-
ing potassium rich fruits and vegetables from daily food ration (DFR) (Figure 13).
During restriction of potassium intake, intake of fresh fruits & vegetables with
high fiber should not be compromised. Potassium content in vegetables & fruits
can be lowered by soaking them in water for 2-4 hours, a process called leaching
and also boiling can be used otherwise. Both the techniques are associated with

reduced food taste and palatability which can be improved by using aromatic herbs
(Figures 14 and 15).

High potassium Low potassium

fruits

apple, pear, guava, cherries,
plum, strawberry, pineapple,

peaches
vegetables vegetables
brocolli, cabbage, carrot, bottle gourds, cucumber,
lentils, legumes, potate, eggplant, peas, raddish, enion,
pumpkin, spinach, tomato lettuce

Figure 13.
Potassium containing foods.

'High levels of potassium (K*) may be the result of:

= Excessive intake of potassium conatining fruits and vegetables
= Medications like ACE inhibitors, ARBs, MRBs

* Inadequate dialysis

* Acidosis

+ Constipation

Figure 14.
Conditions associated with increased level of K*.

Advanced CKD/ any stage with
hypertension or PEW/ Hemodialysis

s4.7g/day; unless frequent or =<3g/day; with high fiber intake
severe hyperkalemia episodes

Figure 15.
Daily requivement of K* intake in CKD patients [3].
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5.2.3 Phosphorus

Phosphorus is an essential nutrient required for bone growth & mineralization
as well as for regulation of acid-base homeostasis. Phosphorus is present in most
foods both as a natural component and added as an approved ingredient during
food processing. It is necessary to control dietary levels of phosphorus in order
to avoid hyperphosphatemia. In CKD patients, there is an abnormal renal func-
tion which causes excess phosphorus in the body resulting in hyperphosphatemia
leading to disorders of bone and mineral metabolism. Hyperphosphatemia which
can cause complications is infrequently seen in early stages of CKD (stage 1-3)
as there are high levels of both parathyroid hormone as well as fibroblast growth
factor 23 (FGF-23) in blood and tissues, promoting urinary phosphorus excretion.
Patients at stage 5 of chronic kidney disease, receiving dialysis therapy or who
are at increased risk for protein—energy wasting, there are low levels of vit D; &
calcium which cause elevated parathyroid hormone and FGF-23 but due to poor
renal function phosphorus is not excreted therefore, it gets accumulated in body
and causes vascular calcification, renal bone diseases, left ventricular hypertrophy
and accelerated progression of kidney disease from vascular & tubulointerstitial
injury [22].

Phosphate binders can be used in patients with S. Phosphate level of >5.5 mg/

dl but still the basic means of controlling phosphate levels in the body is dietary
restrictions. As the quantity and bioavailability of phosphorus differ according to the
type of protein (generally 1 g protein contains 13 mg of phosphorus), a low protein
diet can easily decrease phosphorus intake but stringent restriction of phosphate by
restricting protein intake should not be done as it is associated with poor outcomes.
Use of veg diet (fibers) over meat causes low absorption of phosphorus (30-50% vs.
50-70%) as phosphorus is absorbed mostly in the form of phytates [23]. Processed
food also contains readily absorbable inorganic phosphorus and this phosphorus is
not mentioned on the Nutrition Facts label of processed food results in an even higher
phosphorus burden. It is recommended to restrict the intake of dietary phosphorus to
less than 800 mg/day (26 mmol/day) from all sources for patients with moderate to
advanced kidney diseases (Figures 16 and 17).

_ cro patients

=<1000 mg/day =<8oomg/day

Figure 16.
Daily requivement of phosphorus in CKD patients [11].

High phosphorus containing foods.

Figure 17.
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5.2.4 Calcium

Calcium plays an important role in maintenance of bone health, nerve impulse
conduction, muscle contraction, blood coagulation, hormone secretion and intercellu-
lar adhesions. Approximately all of total body calcium is found in the bones and a small
proportion is present in the extracellular and intracellular spaces. Calcium balance is
tightly regulated by calciotropic hormones (vitD; and PTH) at multiple levels in the
body such as absorption from the intestine, reabsorption from kidneys and exchange
from bones. Calcium balance in CKD is poorly understood, its concentration is main-
tained in normal ranges until very late in CKD where it decreases but slightly. It is due
to decrease in vitD; in CKD patients which causes decrease in gut absorption of calcium
and causes secondary hyperparathyroidism resulting in decreased calcium excretion in
urine and increased calcium release from bone in the form of ionized calcium and may
cause positive calcium balance responsible for extraosseous calcium deposition like in
blood vessels which can increase risks of cardiovascular mortality in CKD patients [24].

According to many studies, calcium intake in normal adults without kidney
disease is 1000-1300 mg/day (25-32 mmol/day) while in CKD stage 3 or 4, 800-
1000 mg of elemental calcium per day (20-25 mmol/day) in the diet will result in a
stable calcium balance in the body. In patients with ongoing dialysis or any stage with
existing PEW, <800 mg of elemental calcium per day from all sources should suffice
and prevents extraosseous complications (Figure 18) [25].

The total intake of elemental calcium (including both dietary and elemental
calcium) should not exceed more than 2000 mg/day.

5.2.5 Other minerals
5.2.5.1Iron

Iron deficiency is common among CKD patients due to various reasons which
can further result in iron deficiency anemia. People with advanced kidney disease
and those on hemodialysis lose iron from digestive tract due to frequent bleeding
episodes caused by uraemia, frequent blood investigations and hemodialysis itself.
In CKD patients, iron deficiency can be absolute iron deficiency, in which patients
have severely reduced or absent iron stores or functional iron deficiency, in which
patients have adequate iron stores but iron cannot be incorporated into erythroid
precursors due to increased levels of hepcidin leading to anemia of chronic disease.
Iron deficiency criteria is different among CKD patients as compared to normal
people. Among CKD patients, absolute iron deficiency is defined as transferrin
saturation (TSAT) <20% and serum ferritin concentration <100 ng/mL (in pre
dialysis and peritoneal dialysis patients) or <200 ng/mL (in hemodialysis patients).

Ongoing dialysis or
any stage with

Normal kidney

function with Silife 2,2 cntel 4 o

CKD {eGFR<60}

increased CKD risk existing PEW
+1000 to 1300 »200 to 1000 mg/day »<800 mg/day
mg/day
Figure 18.

Daily calcium vequirements in CKD [3].
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Hemodialysis patients Reticulocyte

Hemoglohin content
*S. Ferritin <100ng/ml *S. Ferritin <200ng/ml «>29-32 pe fcell
o TSAT <30% *TSAT <30%
Figure 19.

Gouals for iron stores in CKD patients [5].

Oral

* 1000 mg dose administered over 8-10
consecutive Hemodialysis

Intravenous

Figure 20.
Different routes and doses of iron administration.

Serum ferritin is an acute phase reactant and is generally higher in CKD patients due
to diffuse inflammation which characterizes advanced kidney disease and hemodi-
alysis [25]. Intravenous iron supplementation is the preferred method for advanced
CKD patients while both Intravenous or oral iron is recommended for patients with
moderate CKD. Oral iron has generally poor efficacy in hemodialysis patients but in
Peritoneal Dialysis it is much more convenient to use (Figure 19).

Iron can be administered via different routes and doses as described in Figure 20 [26].

5.2.5.2 Magnesium

The main source of magnesium in daily food ration are grain products, milk &
milk products and potatoes. As these also contain phosphorus and potassium, patients
with chronic kidney disease are often seen not taking these diets. Hypomagnesemia
is also caused by tubular dysfunction and interstitial fibrosis which impair tubular
magnesium reabsorption. Deficiency of magnesium is related to early tubular cell
death and inflammation induced by phosphate load thus, increase the risk of end-
stage kidney disease along with high-serum phosphate levels. It also has a capacity to
inhibit the calcification of vascular smooth muscle cells induced by phosphate thus,
retarding the progression of coronary artery calcification among non-dialysis CKD
patients. Patients on hemodialysis with mild hypermagnesemia exhibit low mortality
rate. Approximately, 200-300 mg/day of magnesium intake should be there.

5.2.5.3 Zinc

Zinc is an essential micronutrient which has multiple important functions like
antioxidant, anti-inflammatory effects, forms a component of bio-membranes
and glucose homeostasis. Zinc deficiency impairs insulin formation & secretion,
decreased leptin levels and present as loss of appetite, taste disturbances, growth
inhibition & slower wound healing. Deficiency is attributed to low intake of the
bio element with the diet and increasing renal failure. Intake should be based on
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recommendations for the general population that is 8 mg/day for women and 11 mg/
day for men [5]. There are no specific changes recommended as no such strong rela-
tion has been found in between zinc and CKD.

5.2.5.4 Selenium

Selenium is a trace element that has known antioxidant properties and acts asa
cofactor for various antioxidant enzymes like glutathione peroxidase. CKD patients
have low levels of selenium which can result in increased oxidative injury and
inflammation. There are also some studies which suggest that low levels of selenium
may be associated with increased risk of mortality in advanced kidney diseases and
patients on MHD, especially, from infections [27]. There is not enough evidence to
make recommendation of selenium supplementation for malnutrition-inflammation
syndrome in MHD patients. The current Recommended Dietary Allowance (RDA) for
selenium is 55 mcg/d for women and men [5].

5.2.5.5 Copper

Copper is also a micronutrient which is mainly found in vegetables, cereals, meat,
fish, poultry, & legumes. The recommended daily intake of copper for adults is 900
mcg/day but the average daily intake is between 1 mg and 1.6 mg. Absorption of cop-
per from the gut and the amount present in the diet are responsible for maintaining
adequate levels of copper in the body both of these which are reduced in patients on
hemodialysis causing deficiency of copper.

5.3 Vitamins
5.3.1 Fat soluble vitamin

Proper level of fat-soluble vitamins (A, E, D and K) in a diet is important due to
their antioxidative role in the body. Fat soluble vitamins are not removed by dialysis
and therefore should not be supplemented unless their deficiency is noted.

5.3.1.1 Vitamin D

Vitamin D2 (ergocalciferol) and vitamin D3 (cholecalciferol) are recognized as a
pro hormones. There are two sources of vitamin D as it can be absorbed from gut and
can also be synthesized by the human skin through the action of sunlight [28].

The functions of vitamin D include regulation of calcium & phosphorus in the
body and various other potential pleiotropic effects like on immune, cardiovascular
& neurological systems. Some studies also suggests that vitamin D has some antineo-
plastic activity. A number of factors and conditions contribute to decreased vitamin
D levels in patients with CKD like dietary restrictions, loss of vitamin D binding
protein (DBP) during hemodialysis, reduced sun light exposure, aging, diabetes
mellitus and obesity. In some studies, vitamin D analogues have been associated with
decreased proteinuria along with reversal of renal osteodystrophy [29]. Again, many
studies suggest that there is a significant decline in PTH levels via supplementation of
cholecalciferol or ergocalciferol in CKD patients including renal transplant recipients.
Hydroxylated vitamin D agents may be needed in addition to native vitamin D to
control progressive secondary hyperparathyroidism. Vitamin D2 (ergocalciferol) and
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Vit. D - 15 to 29 ng/ml Vit. D < 15 ng/ml

*50,000 IU/Month for 6 months of +50,000 IU/week for 2-3 months then
vit. D, or Dy 50,000 IU/monthly of vit. D, or D,

Figure 21.
Daily requivement of Vit. D in CKD patients [5].

vitamin D3 (cholecalciferol) have to be given in patients according to vit. D levels in
blood. Vitamin D supplementation (cholecalciferol or ergocalciferol) may be given to
the CKD patients with low serum vitamin D levels (<30 ng/ml) (Figure 21).

5.3.1.2 Vitamin A and E

It is reasonable to not routinely supplement vitamin A or E because of the
potential for vitamin toxicity. Optimal serum levels of vitamin E are not defined for
CKD patients. There is an increased risk of impaired platelet aggregation and haemor-
rhagic stroke in cases of high doses of vitamin E supplementation because vitamin E
interacts with both anticoagulant & antiplatelet drugs. Therefore, its supplementa-
tion has to be avoided in CKD patients who are already receiving these medications
[30]. High levels of vitamin A can cause anemia and lipid abnormalities. Oral doses
>400 IU of vitamin E is not recommended without at least intermittent monitoring
of serum vitamin E levels [5].

5.3.1.3 Vitamin K

Vitamin K acts as a cofactor for enzyme gamma-glutamyl carboxylase which is
needed for carboxylation of various proteins like coagulation factors (II, VII, IX and
X). Deficiency of these factors can lead to impaired blood clotting and increased risk
of bleeding. Vitamin K also participates in normal bone formation and structure by
helping in the carboxylation of proteins which control calcium deposition in bones
(e.g., osteocalcin). Matrix Gla protein (MGP) is a vitamin K-dependent protein
produced by vascular smooth muscle cells which inhibits vascular calcification and
atherosclerotic plaque calcification in vessels [5].

There are two classes of vitamin K, phylloquinone (vitamin K1) from plant
products and menaquinones (vitamin K2) from animal/dairy products both of
which are responsible for vitamin K activity. In CKD patients on antibiotics, vita-
min K deficiency can be aggravated by multiple factors and can lead to elevated
prothrombin time due to increasing age, thrombocytopenia & platelet dysfunction,
high serum urea & creatinine and low serum albumin concentrations [31]. Vitamin
K supplementation may return prothrombin time to normal in such patients. The
recommended dietary vitamin K intake for CKD patients is not defined, it is similar to
general population. Vitamin K supplementation is needed in hemodialysis patients on
antibiotics or those who are not eating as they have low serum vitamin K.

5.3.2 Water soluble vitamins

Water soluble vitamins like vitamin B complex, folate and vitamin C are removed
by dialysis and should be supplemented in diet. High flux dialysis removes greater
quantity of water-soluble vitamins. Despite water solubility of thiamine (B1),
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riboflavin (B2), pantothenic acid (B5) and biotin (B7) plasma concentrations of these
vitamins are not usually decreased in patients undergoing MHD. It can be due to
counterbalance of loss of these vitamins in hemodialysis and no excretion in urine.

Niacin (B3) concentrations have been reported to be low in patients undergoing
MHD and therefore supplemented in dose of 7.5 mg/day.

Pyridoxine (B6) many studies show the deficiency of vit. B6 concentration in
many patients undergoing hemodialysis. B6 supplements improve various parameters
of immune function in MHD patients including lymphoblast formation. Treatment
with pyridoxine decreases plasma homocysteine levels and plasma oxalate concentra-
tions. 5 mg of pyridoxine HCl is supplemented in non-dialysed patients of CKD 1 to 5
and 10 mg in patients undergoing MHD.

Folic acid is also decreased in patients undergoing MHD which along with B12
deficiency can also causes anemia and hyperhomocysteinemia. Dietary folic acid
requirements are increased in CKD 4 and 5 during the time when they commence
erythropoietin therapy. Supplementation of folic acid 1 mg/day is adequate in patients
of CKD and if hyperhomocysteinemia is present it is given in the doses of 5-15 mg/day.

Vitamin B12 deficiency is uncommon in patients of CKD because its daily require-
ment is less (3 pg/day) and it is also protein bound in plasma hence, poorly dialysed.
Therefore, no extra supplementation is needed in patients of CKD.

Ascorbic acid (vitamin C) acts as an antioxidant but in patients with high iron stores
or transferrin, it releases catalytic iron from ferritin and drives cycle of repetitive
reduction of ferric to ferrous forms which causes free radical injury [31]. Vitamin C is
also decreased in patients undergoing MHD as foods rich in vitamin C also contains
good amount of potassium such as citrus fruits and juices and are restricted for these
patients. Clinical signs suggestive of mild scurvy has been found in many patients
undergoing MHD. Kang et al. [32] reports that intravenous vitamin C (500 mg IV
in each hemodialysis session for 3 months) is effective in erythropoietin resistant
normoferritinemic anemia thus, helps in reducing cost, risk of exposure and adverse
effects of erythropoietin & iron [33]. CKD patients at any stage and post-transplant
are at risk of Vitamin C deficiency. For these patients, vitamin C is supplemented
at a dose of 90 mg/day for men and 75 mg/day for women. Higher doses of Vitamin
C supplementation (500 mg daily) also require caution as they have been shown to
increase serum oxalate levels and can deposit in tissues in the form of oxalate crystals.
Therefore, it should be supplemented in short term to avoid oxalosis [32, 34].

6. Discussion

As enlightened in this chapter, significance of putting forward the need for daily
food requirements of various nutrients to control the progression of CKD. Also as dis-
cussed, the importance of sticking to those requisites which as a consequence prevent
the development of malnutrition via rapid fall in GFR and delay the need for MHD.
Therefore, is it of utmost priority that patients must comply to follow the specific diet
as recommended. Except for, such high magnitude of changes in the diet for a patient,
especially CKD stage 3-5 & patient on MHD is so overwhelming that if presented at
once, the patient could become demoralized and lose his motivation. So, the goal is
to prioritize the dietary modifications which mainly address the control of protein,
energy, sodium, potassium, phosphorus & magnesium with a need to supplement
calcium & vitamins along the diet. Patients with lipid disorders have higher risks of
developing cardiovascular adverse events. It is better to use statins & fibrates initially
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to overcome the challenge so that, the patient can focus on other aspects of necessary
alternations in diet. If the patient complies well with former dietary modifications,
latter nutrients can be explored more intensively with the patient. A good compliance
to low protein diet can be regularly assessed by using urinary nitrogen excretion. It is
recommended that patients with CKD should be more careful while considering their
food preferences. They must opt for consultation from a registered dietician to work on
diet plans specific to the patient provided his resources. One can also find a registered
dietician specialized in kidney diseases through ‘Academy of Nutrition and Dietetics’.
Here, the dietician counsels the patient regarding the required changes in diet accord-
ing to medical & health goals. Another approach is ‘Medical Nutrition Therapy’

(MNT) in which management of kidney diseases is done through a tailored nutritional
plan. Dietician plays an important role in providing the right diet plan & maintain-

ing the compliance of patient to the dietary modifications. Patient can improve their
dietary intake by discussing with their dietician about the food they prefer. As a result,
a better & healthy diet plan can be made with patient preferences which will help to
overcome challenges. In order to maximize the compliance to the diet, patient should
visit the dietician regularly to make a 7-day meal plan & modifications in their diet
monthly. A patient should never consider to make any change in the recommended diet
without consulting their dietician. While attending both physician & dietician, it will
consume patient’s great amount of time from their daily routine which can hinder the
process & patient’s compliance. Thereby, it is needed that a specialized physician dedi-
cated to both treat & suggest dietetic programs in a single setting made possible. It will
ultimately help to improve the clinical outcomes & quality of life of patients with CKD.
There are certain government organizations & limited private insurance companies
that pay for certain number of visits to dietician and one can also opt for MNT with
dietician under his insurance. Many research publications such as Modification of Diet
in Renal Disease (MDRD), National Kidney Foundation, National Institute of Diabetes
& Digestive & Kidney Diseases (NIDDK) and KDOQI Clinical Practice Guideline for
Nutrition in CKD show the importance of dietary modifications in the management

of CKD. These guidelines help both physician and dietician to modify diet of patients
with CKD in accordance to their stage of disease. Further researches can be done to dis-
cover the importance of dietary modification in the management of CKD that in future
will help us to improve the quality of life and clinical outcomes in CKD patients.

7. Conclusion

Approximately 10% of the adult population worldwide has chronic kidney disease.
Given the high incidence & prevalence of chronic kidney disease and considering the
exceptionally high costs and burden of maintenance dialysis therapy & kidney trans-
plantation, an urgent need for patient-centred and cost-effective alternative disease
management strategies such as nutritional interventions with disease-specific dietary
ranges may help in increasing longevity and can prolong the dialysis-free interval for
millions of people.
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Glossary

BIA bioelectrical impedance analysis
Ca*’ calcium

CKD chronic kidney disease

DXA dual-energy X-ray absorptiometry
ESRD end stage renal disease

EAA essential amino acids

MHD maintenance hemodialysis

PD peritoneal dialysis

HBV high biological value

KA keto acids

K* potassium

Na’ sodium

PEM protein energy malnutrition
PEW protein energy wasting

FGF-23 fibroblast growth factor 23
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Chapter 6

Adipose Tissue as Risk Factor for
Kidney Disease

Venera Berisha-Muharremi and Blerim Mujaj

Abstract

Obesity remains the leading risk factor for increased risk of acute kidney diseases
and increased risk for progression to chronic kidney disease. Accumulation of excess
adipose tissue in various body compartments is an underpinning characteristic of
obesity. In the human body, adipose tissue in the body is mainly stored as subcu-
taneous adipose tissue (SAT) and visceral adipose tissue (VAT). Adipose tissue is
biologically active and may interact with metabolic processes. Excess adipose tissue
accumulation may be pathogenic through adverse endocrinologic or immunologic
activity, and metabolic changes affect kidney function by decreasing the glomerular
filtration rate (eGFR). Estimation of GFR is mainly based on serum biomarkers
such as serum creatinine and or cystatin C. Adipocytes release cystatin C in a time-
dependent manner and are not associated with serum creatinine. Pathophysiological
mechanisms linking adipose tissue and cystatin C in humans remain unknown, and
potential crosstalk mechanisms related to adipose tissue and kidney diseases remain
scarce. In the clinical context, assessment of kidney function is based on the eGFR
calculation based on serum biomarkers measurement, and whether other inflam-
matory parameters may help to explore the pathophysiological link or mechanism
between adipose tissue and kidney function through biomarkers exploration remains
unknown. This chapter aims to provide further insights into the mechanisms that link
adipose tissue and kidney crosstalk by exploring kidney function biomarkers.

Keywords: adipose tissue, visceral adipose tissue, subcutaneous adipose tissue,
creatinine, cystatin C, eGFR, kidney function, kidney disease

1. Introduction

Obesity, coupled with other co-morbidities such as diabetes and hypertension,
remains the leading risk factor for increased risk of acute kidney diseases and
increased risk for progression to chronic kidney disease, which leads to premature
mortality globally [1]. The main characteristic of obesity is an accumulation of
excess adipose tissue in various body compartments. However, adipose tissue in
the body is mainly stored as subcutaneous adipose tissue (SAT), which plays a vital
role in thermoregulation, and as visceral adipose tissue (VAT), which has a higher
degree of metabolic activity [2]. Biological functions of adipose tissue may interact
with metabolic processes, excessive mass alone may be pathogenic through adverse
endocrinologic or immunologic activity, and metabolic changes may affect kidney
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function [3]. Glomerular filtration rate (GFR) [4] is the most helpful index for kid-
ney function assessment [4], and reduction of GFR may indicate acute kidney injury
(AKTI) or chronic kidney disease (CKD) [5]. GFR estimation is mainly based on
serum biomarkers such as serum creatinine and or cystatin C [6-8]. Both biomark-
ers are widely used in clinical practice; however, relatively imprecise GFR estimates
remain, which may affect both acute and chronic illness, and such imprecision may
result in the misclassification of patients with an estimated GFR of less than 60 ml
per min/1.73 m’ that might lead to unnecessary therapeutic interventions. When
using serum creatinine as a biomarker for GFR estimation, several factors, such as
muscle mass, physical activity, and protein-rich food intake, may influence its levels.
Cystatin C is considered an alternative to serum creatinine for estimating GFR and

is less affected than serum creatinine. As non-glycosylated protein synthesized

and released by most nucleated cells, filtered by glomerulus, and catabolized by
proximal tubules, cystatin C may also be influenced by inflammation, thyroid gland,
tobacco use, thyroid disease, and obesity. Adipose tissue, defined as VAT and SAT,
has been reported to be associated with impaired kidney function when cystatin C
was used for GFR determination [9-11]. Adipocytes release cystatin C in a time-
dependent manner. Yet, pathophysiological mechanisms linking adipose tissue and
cystatin C in humans remain unknown, and potential mechanisms related to adipose
tissue and kidney diseases remain scarce. Despite the clinical assessment of kidney
function being based on the eGFR calculation—based on biomarkers measurement,
the pathophysiological link or mechanism between adipose tissue and kidney func-
tion and biomarkers remains unknown. This chapter aims to provide further insights
into the mechanisms that link adipose tissue and kidney disease by exploring kidney
function biomarkers.

2. Adipose tissue and kidney disease

Adipocites and preadipocites are components of the adipose tissue, which ordi-
narily cellular part consists of 50% fat cells and the remaining 50% as preadipocites
containing vascular stroma, endothelial cells, fibroblasts and macrophages [2, 12].
The main functions of adipose tissue are thermogenesis and energy storage; there-
fore, there are two distinct types of adipose tissue in the human body: subcutaneous
adipose tissue (SAT), which plays an essential role in thermogenesis with lesser
metabolic activity or function, and visceral adipose tissue (VAT) as fat storage
mainly located in the abdominal region that is metabolically active, with increased
vascularization, sympathetic innervation, and p3-adrenergic receptors. Factors such
as adipocyte apoptosis, preadipocyte differentiation, lipolysis, lipogenesis, adipocyte
receptors, cytokines, and adipokine secretion differ for fat depots. Although SAT is
thought to be protective, even excessive subcutaneous adipose tissue may become
pathogenic [13]. Under the conditions of obesity, the accumulation of fatty tissue in
the abdominal cavity and surrounding internal organs is characterized as visceral
adipose tissue, which later is pathogenically implicated in endocrine functions [3].
VAT is represented as a significant risk factor for cardio-metabolic diseases, which
later affect kidney function. Loss or damage of nephrons, the kidney’s functional
units, is the underpinning pathophysiological pathway of kidney diseases. Within
nephrons, podocytes are the fundamental cells of the glomerular barrier that selec-
tively filter a range of macromolecules [14]. Podocytes are highly specialized and
terminally differentiated cells that no longer can divide; therefore, malfunctioning or
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damaged podocytes can no longer be replaced. Thus, podocytes undergo hypertrophy
to maintain the glomerular barrier integrity [15, 16].

Further, podocyte dysfunction or damage causes albuminuria, and increased albu-
min leak through the glomerular membrane promotes a pro-inflammatory reaction
that can lead to interstitial inflammation and damage, leading to nephron dysfunc-
tion [17]. Adipose tissue, obesity-related glomeruli-associated damage is a concept
proposed to describe the kidney function changes followed by glomerulopathy with
podocyte damage and loss, glomerulosclerosis as a complex of kidney abnormality
that includes glomerulomegaly and mesangial expansion, increased blood flow and
hyper-filtration [18, 19]. A cascade of kidney function changes is directly linked to
adipose tissue in early stages with reduced eGFR, followed by albuminuria, podocyte
dysfunction, glomerulomegaly, glomerulosclerosis, and tubulointerstitial fibrosis.
However, obesity with excess VAT, along with other risk factors or co-morbidities,
indirectly contributes to kidney disease with a complex cascade of pathophysiological
changes in the human body, such as increased systemic inflammation, the release of
adipokines and cytokines, lipotoxicity, insulin resistance, renin-angiotensin system
(RAAS) activation, and hypertension. Given that a decrease in GFR may indicate
acute kidney injury (AKI) or chronic kidney disease (CKD), estimation of GFR based
on biomarkers such as serum creatinine and cystatin C is the most reliable assessment
of kidney function, the most widely used clinical practice.

Nevertheless, differences in tissue origin and production rates of compounds exist.
The creatinine muscular source is well documented [4, 20], whereas the contribution of
different organs in the production of circulating levels of cystatin C has been reported
to be associated with VAT [10, 21], and similar findings have been found in an animal
study [22]. Yet, mechanisms that relate adipose tissue and cystatin C remain unknown.

3. Adipose tissue pathophysiological mechanisms and kidney disease
3.1 Adipose tissue storage and kidney disease

The pathogenesis of the adipose tissue is significantly influenced by metabolic
hormonal [23, 24] processes on how the adipose tissue is stored, through hypertrophy
or hyperplasia, but also depending on the compartment of the human body where
the adipose tissue is stored [2, 25, 26]. In positive caloric balance, metabolic processes
or genetic factors determine how the adipose tissue is stored, whether adipocytes
respond through hypertrophy or hyperplasia. In the adipogenic process, some factors
may have different effects on adipocytes and non-adipocytes upon differentiation
(adipocyte maturity and lipogenesis) or proliferation (new adipocytes from non-
adipocytes) [27]. These two processes are driven by hormones such as glucocorticoids,
angiotensinogen, and angiotensin II, which are closely related to metabolic disorders
and fat storage deterioration [28-30]. The resulting hypertrophy compared to hyper-
plasia of fatty tissue, especially VAT versus SAT, in practical terms, has clinical impli-
cations given that it triggers adipose tissue paracrine activity, function, or dysfunction
that promotes metabolic disorders such as type 2 diabetes mellitus, hypertension, and
dyslipidemia [31, 32] and later affects the kidney function also. Alternatively, the loca-
tion of adipose tissue is another crucial factor in whether fat depots have pathogenic
potential. VAT, more accumulated in the abdomen or so-called abdominal adiposity,
produces bioactive molecules and metabolism compared to less metabolically active
SAT, which is accumulated and distributed in peripheral subcutaneous tissue.
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Similarly, peri-organ adipose tissue, through metabolic activities, including the
release of inflammatory factors and or lipolysis, may have a pathogenic impact on
target organs, including kidneys [33]. In this context, accumulation of adipose tissue in
the abdominal cavity and surrounding organs, mainly as VAT, represents a major risk
for metabolic disorders leading to kidney diseases, indirectly and directly, as inner and/
or outer ectopic VAT exacerbates the normal function of kidneys, similar liver steatosis,
and within a period of time leading to chronic kidney disease. This condition is more
recognizable as fatty kidney disease [34] and is characterized by the spread accumula-
tion of adipose tissue and reduced function in general. Previously, a study assessing
the role of intra-renal adipose tissue reported a strong association with VAT, hyperten-
sion, albuminuria, and decreased kidney function [35, 36]. Nevertheless, as suggested
above, the intra- and extra-renal VAT interplays bidirectionally, negatively impacting
kidney function by directly affecting kidney hemodynamics. These changes lead to
hyper-filtration, albuminuria, and, finally, impairment in GFR rate due to glomerulo-
sclerosis, indirectly exacerbating various metabolic and inflammatory risk factors [35].

3.2 Adipose tissue, inflammation, and kidney disease

Adipocytes, in particular VAT adipocytes, are metabolically active cells that
produce hormonal factors such as adiponectin, leptin, resistin, and visfatin but also
inflammatory factors such as cytokines, including tumor necrosis factor (TNF)-a,
interleukin (IL)-6, and interleukin (IL)1p [3, 37]. Although adipocytes and cytokines
are intimately involved in developing inflammation, free fatty acid release, oxida-
tive stress, and insulin resistance, their mechanism of action is poorly understood.
However, their action is attributed to activating the rennin-angiotensin-aldosterone
system (RAAS) [38]. Adiponectin receptors are widespread within glomeruli cells,
including podocytes [39], and in mice, reduced adiponectin levels have negatively
impacted podocyte function [40]. Free fatty acid, glucose metabolism, and insulin
resistance are inversely associated with adiponectin levels, and in obesity, adiponectin
levels are decreased, whereas leptin levels are increased [41].

On the other hand, leptin increases proportionally with adipose tissue and is key to
energy balance and homeostasis regulator [42]. While leptin levels in CKD increase, it is
unclear whether such levels are related to decreased GFR, given that leptin is principally
cleared via the kidneys. Leptin and adiponectin have established effects on kidneys [3],
and adiponectin may be produced locally within the kidneys rather than acting in an auto-
crine inter-organ crosstalk manner by exerting metabolic and inflammatory functions.
In addition to triggering the sympathetic nervous system, leptin promotes hypertension
[43], whereas adipokine accelerates the oxidation of free fatty acids, oxidative stress,
and secretion of cytokines [44, 45]. Further, adipose tissue is a known source of pro-
inflammatory cytokines, which are secreted systemically within and around the kidney
and contribute to an inflammatory state of the kidney. The crosstalk in the adipose-renal
axis is crucial for response to kidney injury as well as normal kidney function. Secretions
of cytokines, tumor necrosis factor (TNF)-a, interleukin (IL)-6, and interleukin (IL)1,
and other cytokines result in the response of macrophages and other immune cells [46].
Engagement of immune cells may initiate or worsen the inflammatory environment of
kidneys, inter-organ, and around, contributing to immune system dysfunction and low-
grade inflammation, which later may progress into chronic kidney disease [47].

Furthermore, adipose tissue macrophages significantly produce other inflamma-
tory factors, including cathepsin S, macrophage inhibitory factor, nerve growth fac-
tor, and inducible nitric oxide synthase (iNOS) [48, 49]. Noteworthy, other adipose
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tissue inflammatory factors reactants that potentially are pathogenic in the acute
phase of kidney injuries, such as c-reactive protein, plasminogen activator inhibitor 1
(PAI-1), proteins of the complement system, chemotactic adipokines, prostaglandins
and reduced anti-inflammatory factors [50-53]. Ion functional disturbances in the
kidney tubule, leading to renal fibrosis, may be due to abnormal inflammatory pro-
cesses in general but also due to the involvement of plasminogen activator inhibitor 1
(PAI-1), illustrating the complex cascade of the pathogenesis of CKD.

3.3 RAAS activation, insulin resistance, and kidney disease

The renin-angiotensin-aldosterone system (RAAS) is a critical system influenced by
the VAT and excess circulating insulin. VAT, whether located in the abdomen cavity or the
kidney, in inter-organ, due to endocrine activity, increases intra-renal pressure and RAAS
activation [54]. RAAS is inappropriate under conditions of obesity and insulin resistance,
and individuals with excess VAT show increased plasma renin activity, angiotensinogen,
and circulating aldosterone [55]. The RAAS activation leads to sodium retention in
tubules, contributing to systemic and intra-renal hypertension and impacting renal
blood flow, perfusion, and intra-glomerular hypertension [56]. Consequently, related
stress is imposed on renal vasculature glomerular cells and podocytes, and eventually,
there is a decline in kidney function [57]. Alternatively, insulin resistance plays a vital
role in kidney damage development. Predominantly, insulin resistance is driven mainly
by pro-inflammatory cytokines released principally by VAT. Circulating cytokines affect
insulin signaling [58], modulating the glomerular filtration barrier and podocyte func-
tion [59]. Animal and in vitro studies documented that insulin increased the glomerular
permeability to albumin [60]; in clinical practice, conditions with hyperinsulinemia and
hyperglycemia are associated with albuminuria [61]. Also, insulin resistance has been
shown to promote the progression of renal fibrosis [62].

3.4 Thyroid, adipose tissue, and kidney disease

The thyroid gland drives metabolic processes in the human body, and hormonal
alternations are associated with kidney diseases [63]. Thyroid function, including
thyroid function disease, can affect kidney function and progression to CKD. In
patients with CKD and end-stage kidney disease, low-free triiodothyronine (fT3) is
present, and these patients are prone to hypothyroidism [64]. However, when renal
function declines, thyroid hormone alternations occur, and thyroid stimulation
hormone (TSH) rises, with or without reduced free thyroxine (fT4) and low fT3 [65].
Interestingly, kidney function improves in patients with thyroid hormone supplemen-
tation. The hormonal alternations of the thyroid are traditionally interpreted in the
context of kidney dysfunction within the concept of non-thyroid disease. However,
the possibility that disturbances may arise due to other pathways or diseases is seldom
discussed. Despite sufficient evidence linking thyroid and kidney disease, the cau-
sality and directionality of the association still need to be made clear. Also, there is
insufficient evidence about impaired thyroid function’s role in patients with pre-
served or moderated reduced estimated glomerular filtration rate (eGFR) [63]. At the
same time, thyroid hormones are determinants of energy expenditure and contribute
to regulating appetite and releasing cytokines from adipose tissue, which inform
the central nervous system (CNS) on energy storage [66]. In other words, there isa
crosstalk between the thyroid and adipose tissue in the human body, and the thyroid
drives mechanisms to localize and store adipose tissue [66].
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On the contrary, data report that thyroid hormones did not directly cause CKD
progression in the general population after 20 years of follow-up [67]. Nevertheless,
there is an insufficient understanding of disease or kidney function impairment in
the absence of thyroid disorders, and given the crucial role of thyroid hormones on
adipose tissue, an under-recognized triangle mechanism may explain this relationship
compared to the individual relationship between thyroid and kidney or adipose tissue
and kidney only. From a physiological standpoint, kidney function assessment is based
on GFR estimation based on serum creatinine and/or cystatin C. The first biomarker is
related to thyroid and muscle metabolism. In contrast, the second biomarker, thyroid,
has a significant impact on cystatin C [68] levels, which at the same time is released by
adipose tissue, suggesting that an underlying biological plausible axis exists between
thyroid, adipose tissue, and kidney disease crosstalk mechanism that needs further
exploration. Recent animal studies indicated that triiodothyronine (T3) increases the
production of cystatin C in adipocytes [22]. Similar findings have been reported from
a study in the German population, free of kidney diseases, that VAT has been associ-
ated with serum cystatin C and reduced eGFR. In addition, triiodothyronine (T3) has
been found to promote adipose tissue hyperplasia and mediate adipocyte proliferation
[69]. Tracing further the effect of triiodothyronine (T3) on adipocytes suggests that it
influences adipocyte hyperplasia. In contrast, later, the adipocytes, through the release
of cytokines, impair the conversion of thyroxine (fT4) into triiodothyronine (T3).

4. Conclusion
Summarizing this chapter, a cascade of changes and mechanisms involved in

interactions of adipose tissue and kidney function, we discussed the basis of this
inter-organ crosstalk, which includes adipose tissue storage, inflammation RAAS

A) Thyroid gland
Adipose tissue Kidney
B)
Thyroid gland
cytokines impared
conversion
T4 into T3
Adipose tissue > Kidney eGFR
hyperplasia increased Cystatin C

. Progresion to CKD
T cytokines

Figure 1.
Crosstalk between adipose tissue and kidney function, physiology (panel A) and pathophysiological mechanisms
(panel B).
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activation, and insulin sensitivity. However, characterizing further fundamental cel-
lular changes at the level of adipocytes and affected changes of the microenvironment
of adipocytes through the influence of thyroid function builds the new mechanistic
infrastructure of inter-organ crosstalk between three key players: thyroid, adipose
tissue, and kidney. Further elaboration of serum cystatin C levels may help identify
relevant pathways to new axis thyroid-adipose tissue-kidney dysfunction into pro-
gression to kidney disease (Figure1).
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Resistin in Early Diabetic Chronic
Kidney Disease: Exploring the
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Cardiovascular Outcome
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Abstract

High resistin levels have been associated with malnutrition, inflammation, and
cardiovascular risk in patients with chronic kidney disease (CKD). This study aimed
to elucidate the relationship between serum resistin levels and the Patient-Generated
Subjective Global Assessment (PG-SGA), a validated nutritional assessment tool
in this population. It also investigates the role of resistin as a potential predictor of
cardiovascular mortality in early-stage diabetic CKD. Prospective observational study
that included 217 type 2 diabetic patients with mild to moderate CKD. Patients were
divided into three groups according to PG-SGA: well-nourished (category A), moder-
ately malnourished or suspected of being malnourished (category B), or severely mal-
nourished (category C). The severely malnourished group had higher resistin levels,
and resistin was positively correlated with IL-6, PG-SGA score, left ventricular mass
index, and pulse pressure, while negatively correlating with vitamin D and estimated
glomerular filtration rate (¢GFR). We found that high resistin levels (HR = 1.350;

95% CI 1.187-1.535), PG-SGA greater than 10 (HR = 4.858; 95% CI 1.664-14.185), and
higher HOMA-IR (HR = 1.099; 95% CI 1.007-4.001) were significant independent
predictors of cardiovascular mortality. The study suggests that high resistin levels are
associated with malnutrition in mild to moderate CKD and independently predict
cardiovascular mortality in this population.

Keywords: resistin, chronic fidney disease, type 2 diabetes, nutritional status,
cardiovascular outcome
1. Introduction

Cardiovascular disease is the leading cause of death in chronic kidney disease
(CKD) [1]. Alongside the classic cardiovascular risk factors, such as hypertension,
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dyslipidemia, diabetes, and insulin resistance, inflammation and malnutrition,
are recognized factors associated with increased morbidity and mortality in these
patients [2, 3].

Resistin, an adipokine discovered two decades ago, is characterized as a 12.5 kilo-
dalton cysteine-rich protein, which has been notably implicated in insulin resistance,
particularly in murine models [4]. Nevertheless, human data presents a divergence
of findings concerning its association with insulin resistance and obesity [5].
Paradoxically, resistin emerges as a pivotal participant in the immune system, being
acknowledged as a pro-inflammatory adipokine [6]. While its principal source of
secretion is adipocytes, it is noteworthy that monocytes, macrophages, bone marrow
cells, and cardiomyocytes can also contribute to its secretion [7-9].

Among individuals with CKD, resistin demonstrates a correlation with inflam-
mation as numerous studies elucidate an association between its serum levels and
serum tumor necrosis factor-alpha and interleukin 6 (IL-6) levels [10, 11]. Elevated
levels of resistin have also been linked to malnutrition in dialysis patients [12, 13].
Among elderly nondiabetic CKD patients, elevated circulating levels of resistin
appear to be an independent predictor of cardiovascular and all-cause mortality [14].
Furthermore, resistin exhibits a robust association with mortality and graft loss in
kidney transplant recipients [15].

The kidney disease outcomes and quality initiative (KDOQI) recommends the
subjective global assessment (SGA) instrument as the gold standard for nutritional
assessment in CKD, a tool that is now available as the web-based program Scored
Patient-Generated Subjective Global Assessment (PG-SGA), which has already been
validated in this population [16-18].

This study aims to elucidate the relationship between serum resistin levels and
malnutrition, explore its association with inflammation, and evaluate the potential of
resistin as a prognostic factor for cardiovascular mortality in early diabetic CKD.

2. Materials and methods
2.1 Study population

In this observational prospective study, we included patients with type 2 diabetes who
were recruited between January 2015 and June 2022 with a diagnosis of mild to moderate
CKD (stages 2-3) in a stable clinical condition followed in our outpatient clinic.

The exclusion criteria were as follows: age 75 years, estimated glomerular filtration
rate (eGFR) <29 or > 90 mL/min, type 1 diabetes, nondiabetic renal disease, and
known neoplastic, infectious, or chronic inflammatory diseases.

The study procedure encompassed data collection and patient interviews to
evaluate nutritional status through the utilization of the PG-SGA. This tool includes
objective and subjective information. The first section focuses on patient grading
and comprises data concerning the patient’s medical history, covering factors such
as weight variations, changes in dietary habits, gastrointestinal symptoms, physical
activities, and functional capacity. The second section, based on physician grading,
encompasses information related to the patient’s disease status such as comorbidities
and advanced age, metabolic demands, as well as findings from a physical examina-
tion, including observations of subcutaneous fat loss and indications of muscle
wasting. Patients were then categorized into well-nourished (category A), moder-
ately malnourished or suspected of being malnourished (category B), or severely
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malnourished (category C). The PG-SGA score ranges from 0 to 36, with a higher
score indicating more severe malnutrition.

Serum samples were collected from fasting patients. Plasma resistin levels were
determined by enzyme-linked immunosorbent assay. GFR was estimated using the
National Kidney Foundation recommended Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) equation [19].

Approval was obtained from the local ethics committee. All principles of the dec-
laration of Helsinki of 1975 were followed and study procedures were only conducted
after obtaining patients’ written informed consent.

2.2 Statistical analysis

Categorical variables are expressed as frequencies and percentages, while con-
tinuous variables are presented as mean and standard deviation (SD) or median and
interquartile range (IQR).

We used one-way analysis (ANOVA) and post hoc analysis with the Scheffe test to
compare the groups. Pearson’s correlation test was performed to measure the associa-
tion between the identified variables and resistin levels.

Univariate and multivariate Cox regression analyses were performed to determine
the association between serum resistin levels and cardiovascular mortality.

Statistical analysis was performed using ‘Statistical Package for the Social Science’
version 29.0 for Windows (SPSS, Chicago, IL, USA). A P-value less than 0.05 was
considered statistically significant.

3. Results

Two hundred and seventeen (217) patients with type 2 diabetes and CKD stage
2-3 were included in the study after confirming they did not meet any of the exclu-
sion criteria.

The mean age was 56.01 + 24.05 years, of whom 60.4% (131) were male.

36.9% (n = 80) of patients had hypertension and the mean follow-up was
54.30 + 24.05 months.

Table 1 shows patients’ demographic and clinical parameters, and a comparison
between groups. 36.9% (n = 80) of patients had hypertension.

A total of 43 (19.8%) patients died during the course of the study.

The severely malnourished group had lower eGFR (29.16 vs. 48.48 mL/
min/1.73m’, p < 0.001); higher levels of resistin (6.25 vs. 4.49 ng/mL, p = 0.004),
parathormone (176.22 vs. 115.23 pg./mL, p < 0.001), phosphorus (4.47 vs. 3.91 mg/
dL, p = 0.001), HOMA-IR (2.46 vs. 1.52, p = 0.009) and IL-6 (7.23 vs. 4.56 pg./ml,

p < 0.001); lower levels of hemoglobin (11.94 vs. 12.97 g/dL, p < 0.001), calcium (8.58
vs. 9.05 mg/dl, p = 0.026) and 25(OH)D3 (18.46 vs. 21.52 ng/mL, p = 0.035); higher
left ventricular hypertrophy (LVMI 115.19 vs. 95.59 g/m?, p < 0.001) and higher pulse
pressure (71.60 vs. 56.58, p = 0.005) when compared to the well-nourished group. No
statistical differences were observed between sexes.

Pearson’s correlation analysis revealed significant associations between resistin
and various biochemical and clinical parameters. A moderate positive correlation
was observed between resistin and IL-6 (r = 0.591, p < 0.001), as well as between
resistin and LVMI (r = 0.489, p < 0.001). Additionally, weaker positive correlations
were identified between resistin and both pulse pressure (r = 0.310, p < 0.001) and
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Category B

(weclf-t:fz:yis:ed) (m°d?:‘tzl)y (mi?:)i(;liz’h(e:d) Anova Cthf 0

N=71(32.7%) N“:;‘; ;sz ;7% ,  N=88(406%) pvalie  bvalue

Age, years 49.08 +26.34 5430 + 18.83 60.92 + 2061 <0.001 <0.001
iﬁ:i;;;/z 4848 +23.93 40.06 + 22.60 2916 + 1534 <0.001 <0.001
ngiiA Seore 3 9 1 <0.001 <0.001
Resistin, ng/mL 449 +318 563+338 6.25 + 347 0.004 0.004
IL-6, pg./mL 456+ 333 6654321 723+332 <0.001 <0.001
HOMA-IR 152153 219170 246 +1.90 0.008 0.009
Hemoglobin, g/dL 1297 + 161 1230 + 1.51 11.94 + 160 <0.001 <0.001
Ferritin, ng/mL 194.80 + 134.37 16965 + 167.76 18936 + 162.42 0.544 0.992
LVMI, g/m’ 95.59 + 24.54 108.82 + 2766 11519 + 23.27 <0.001 <0.001
i‘ﬁ;gressure’ 5658 + 21.37 60.99 + 18.63 7160 + 1751 <0.001 <0.001
IT:gtj‘éEhdeSteml’ 163.04 + 70.78 148.07 + 74.21 115.29 + 80.61 <0.001 <0.001
Calcium, mg/dL 9.05+1.11 892 +1.06 8.58 + 1.14 0.020 0.026
Phosphorus, mg/dL 391:0.74 417+ 0.82 447 +1.18 0.001 0.001
25(0H)D3, ng/mL 2152+ 638 20.85+713 1846 + 8.40 0.024 0.035
PTH, ng/mL 11523 + 88.21 13536+ 70.73 17622 + 89.54 <0.001 <0.001

Values are means + SD unless specified otherwise. eGFR: estimated glomerular filtration vate HOMA-IR: homeostatic
model assessment for insulin vesistance; IL-6: interleukin-6; LVMI: left ventricular mass index; PG-SGA: Patient-
Generated Subjective Global Assessment; PTH: parathyroid hormone.

Table1.
Patients’ demographic and clinical characteristics of each cohort.

HR (CI95%) P-value
Resistin levels 1.350 (1.187-1.535) <0.001
PG-SGA score
0-10 points Ref.
> 10 points 4.858 (1.664-14.185) 0.004
HOMA-IR 1.099 (1.007-4.001) 0.002

Adjusted to age, eGFR and IL-6. HOMA-IR: homeostatic model assessment for insulin vesistance; HR: hazard ratio;
IL-6: interleukin-6; PG-SGA: Patient-Generated Subjective Global Assessment.

Table 2.
Independent predictors of cardiovascular mortality by multivariate cox vegression in early CKD.

PG-SGA score (r = 0.217, p < 0.001). Conversely, a strong negative correlation was
observed between resistin and vitamin D (r = —0.854, p < 0.001), and a weaker nega-
tive correlation was found between resistin and eGFR (r = —0.246, p < 0.001). No
association was found between resistin and HOMA-IR and total cholesterol.
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On multivariable modeling, we found that higher resistin levels (HR = 1.350; 95%
CI 1.187-1.535), PG-SGA score greater than 10 (HR = 4.858; 95% CI 1.664-14.185), and
higher HOMA-IR (HR = 1.099; 95% CI 1.007-4.001) were significant independent
predictors of cardiovascular mortality when adjusted for age, IL-6 and eGFR (Table 2).

4. Discussion

Resistin has gained attention as a potential link between malnutrition, inflamma-
tion, and cardiovascular risk in patients with CKD [12, 20, 21].

Increased resistin levels may be involved in the development of malnutrition-
inflammation states and, consequently, protein-energy wasting, a condition of
paramount significance in the context of managing this population [21, 22]. Our
results corroborate this, showing higher plasma resistin levels in the malnourished
group and a positive association with both IL-6 and PG-SGA scores. Increased resistin
levels were also correlated with left ventricular hypertrophy and pulse pressure, both
of which are independent markers of cardiovascular risk in CKD [23, 24].

A strong inverse correlation was identified between resistin and vitamin D levels.
Multiple investigations have reported similar findings, thereby bolstering the hypoth-
esis that vitamin D may play a role in modulating resistin [25, 26]. Nevertheless, a
study conducted by Vaidya A. et al. documented a positive correlation between these
factors, complicating the formulation of their interrelationship [27].

A negative association between resistin and eGFR was also established, consistent
with several data suggesting that this relationship represents a physiological mecha-
nism due to the elimination of resistin by the kidneys [28, 29]. Stepien et al. also
observed a negative correlation between resistin and eGFR, although this difference
did not reach statistical significance [30]. They attributed this nonsignificant result to
factors such as the sample size and the early stage of CKD. In fact, the comparison of a
group with early-stage CKD to a group without CKD may account for this finding.

Given resistin’s known association with inflammation and the well-established link
between inflammation and the pathogenesis of atherosclerosis, it has been advocated
that resistin could be a useful predictive biomarker of adverse cardiovascular outcome
in this population. Our study explored this idea, showing that higher serum resistin
levels are independently associated with cardiovascular mortality in early diabetic
CKD patients. PG-SGA score greater than 10 was also associated with cardiovascular
mortality. Similar result was obtained by Rodrigues et al., who enrolled 146 women
with gynecologic cancer and found a significant association between PG-SGA score
(> 10 points versus 0-10 points) and all-cause mortality within 1 year [31].

Several limitations of this study need to be acknowledged. Firstly, it was a small-
sample observational, prospective study, potentially compromising the strength of
some statistical analysis. Secondly, resistin levels were assessed on a single occasion,
and confounding factors at the time of collection not taken into account in this study
may have influenced our results. Thirdly, it is important to note that this study is
prognostic rather than an etiologic study.

5. Conclusion

The study suggests that high resistin levels are associated with malnutrition in mild to
moderate CKD and independently predict cardiovascular mortality in this population.
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Chapter 8

Renoprotective Interventions
Efficacy in the Late Stages of CKD

Daria Sergeevna Sadovskaya

Abstract

The efficacy of renoprotective interventions in the late stages of chronic kidney
disease (CKD) varies significantly from that in the early stages, with approaches in
advanced CKD being insufficiently developed and sometimes conflicting. In a small
prospective study, we evaluated the effectiveness of intensive follow-up protocol
aimed at reducing CKD progression rates, cardiovascular complications, and improv-
ing outcomes among 100 patients with CKD3B-5 stages at a single center. This evalu-
ation was compared with the outcomes of standard nephrology care. Positive changes
in modifiable parameters resulting from interventions (such as serum albumin,
hemoglobin, and standard bicarbonate) or reductions in negative parameters (like
serum phosphate, plasma calcium deviation from target range, uric acid, and systolic
blood pressure) were independently associated with a comparable reduction in the
decrease of glomerular filtration rate (GFR). For the treatment group, the predicted
time to reach the need for renal replacement therapy (RRT) from a conditional GFR
of 20 ml/min/1.73 m* was 5 months longer than in the regular follow-up group. The
distribution of average GFR at the start of dialysis suggested a late and possibly
premature start in the control group, with less than 60% of cases being planned. In
contrast, the treatment group always had a planned start.

Keywords: CKD progression, glomerular filtration rate, renoprotection, RAAS
blockade, sodium-glucose transporter inhibitor, neprilysin inhibitor, selective
mineralocorticoid receptor antagonist

1. Introduction

In the new millennium, the death rate from chronic kidney disease (CKD) has
nearly doubled and its prevalence increased by 30% to more than 700 million
worldwide, surpassing those of diabetes mellitus and chronic obstructive pulmonary
disease (COPD) [1]. Cardiovascular diseases (CVDs) now account for almost half
of deaths in CKD patients [2]. The cardiovascular risk in CKD, especially below an
estimated glomerular filtration rate (eGFR) of 45 ml/min/1.73 m? or a urine albumin-
to-creatinine ratio (ACR) exceeding 300 mg/g, is significantly higher compared to the
non-CKD population.

The impact of traditional and nontraditional risk factors for cardiovascular
disease (CVD) differs in CKD. Despite the definite position in Kidney Disease

129 IntechOpen



Chronic Kidney Disease — Novel Insights into Pathophysiology and Treatment

Improving Global Outcomes Chronic Kidney Disease (KDIGO CKD) guidelines
(<120/80 mmHg) [3], the optimal target blood pressure for hypertension remains
uncertain, as it is controversial and based on weak evidence [4, 5]. Standardized
blood pressure measurements pose challenges in nonresearch settings, and the recom-
mended target is not readily applicable to routine measurements. This situation may
expose multimorbid patients to heightened risks of falls and fractures. Furthermore,
achieving the suggested blood pressure target might prove challenging for a signifi-
cant proportion of CKD patients.

Cardiovascular (CV) risks in patients with CKD involve salt and water retention
causing sympathetic activation and stimulation of renin-angiotensin-aldosterone
system (RAAS). Uremic toxin retention contributes to increased oxidative stress,
inflammation, and platelet activation; phosphate accumulation plays a pivotal role in
vascular calcification and parathyroid bone disease. In this chapter, we will limit our
discussion to novel mechanisms and approaches related to CKD progression because
others were reviewed in detail in the update of KDIGO CKD guidelines. We’ll particu-
larly emphasize the advanced stages, aligning with our study’s dedication to exploring
nephroprotection possibilities on CKD3B-5 stages.

2. Lifestyle modification forms the foundation of nephroprotection

Understanding the impact of exercise in advanced stages of CKD on disease pro-
gression remains unclear. A meta-analysis of 18 randomized controlled trials (RCTs)
showed insignificant effects on mortality and eGFR. However, physical exercise did
enhance peak/maximum oxygen consumption, physical performance, and walking
ability in predialysis CKD patients. These improvements could potentially reduce the
risk of falls, fractures, and enhance long-term prognosis. An umbrella review of 31
meta-analyses with 120 different outcomes [6] revealed small effect sizes for most
cardiorenal outcomes, with generally low-quality studies.

Obesity is an important risk factor for CKD development and progression, only
partially explained by the diabetes mellitus and hypertension in obese patients. The
adipose tissue also possesses high endocrine functions that contribute to low-grade
inflammation with risk of kidney damage. Moreover, the effect of bariatric surgery
on elimination of hyperfiltration highly depends on the downregulation of inflamma-
some signaling [7].

Several randomized controlled trials (RCTs) on sodium-glucose cotransporter 2
(SGL2) inhibitors, glucagon-like peptide-1 (GLP-1) analogues, and bariatric sur-
gery in diabetic kidney disease showed renoprotective effects. The sodium-glucose
cotransporter 2 inhibitors (SGLT2i) provided better renal outcomes, while glucagon-
like peptide-1 receptor agonists (GLP1-RA) demonstrated better weight loss effect;
there is dearth of RCT data concerning combination of SGLT2i plus GLP1-RA (as
well as plus bariatric surgery) but the available data are already very promising [8].
Unfortunately, the advanced stage CKD patients are minority in mentioned trials
(besides the last SGLT?2i trials).

The concept of slowing down the progression of CKD through a low-protein diet
has been around since the last century. However, large-scale studies like Modification
of Diet in Renal Disease (MDRD) have yielded negative results, and achieving the
target protein intake remains challenging.

Limiting protein intake poses the risks of protein-energy wasting. Conversely,
patients often restrict protein intake as azotemia worsens. Modern approaches echo
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those of the past, with consistent goals: a protein intake of 0.6 and 0.3 g /kg/day (the
latter, in combination with ketoanalogues of amino acids, to reach equivalent of 0.6 g/
kg/day). Monitoring protein intake through daily urea excretion is essential. However,
the real-world effectiveness of low-protein diets remains inconclusive. KDIGO CKD
guidelines (2024) suggest maintaining a protein intake of 0.8 g/kg/day in adults with
CKD G3-GS5 stages. Additionally, it’s advised not to restrict protein intake in adults
with sarcopenia, cachexia, or conditions leading to undernutrition.

Despite lacking hard clinical evidence, there’s some indication of the positive
impact of plant-based proteins on CKD progression, blood pressure, and acidosis.
This insight is highlighted in a review prepared for KDIGO CKD guidelines in 2024
[3], encouraging further research.

Notably, very low-protein diets seem to decrease the number of patients in
CKD4-5 stages and the need for renal replacement therapy (RRT). Diets with low-
protein content have a modest effect on this indicator, and those with low or very low-
protein content do not influence mortality. However, they carry the risk of developing
protein-energy wasting.

Reducing sodium intake is crucial in the general population, but in CKD, there is
aJ-shaped link between adverse outcomes and natremia. Hyponatremia’s association
with comorbidities like cardiovascular issues and protein-energy wasting may explain
this. Salt restriction leads to a decrease in blood pressure, extracellular fluid volume,
and albuminuria, with less convincing evidence for slowing CKD progression; the
studies conducted on this topic were of relatively short duration. In the studies
involving RAAS blockade, salt restriction was beneficial, enhancing the nephrocar-
dioprotective effect. However, a short-term decrease in GFR can be expected due to
the elimination of hyperfiltration. Accumulation of sodium in nonionic form within
the intradermal layer can act as an internal source explaining delayed manifestation
of positive effects after the introduction of dietary restriction [9].

In the general population, the interaction of sodium and potassium influences
hypertension development more than sodium levels alone. In CKD, higher potas-
sium intake slows down progression. A diet rich in vegetables and fruits slows
down the CKD progression and adds a hypotensive effect to medications. Questions
persist about what is positive in a vegetarian diet: potassium-rich food, dietary fiber
content (with an effect on the microbiota, inflammation, and intestinal uremic
toxins’ generation), or a limitation of rapidly absorbed phosphates [10]. Potassium
intake reduction becomes relevant in CKD stage 3B, set at 2.5 g/day with kalemia
monitoring.

Phosphate consumption, especially from processed products, exceeds needs in the
general population, but in CKD, hyperphosphatemia poses greater risks. It acceler-
ates the progression of CKD and counteracts the nephroprotective effect of RAAS
blockade. The challenge arises from the need to combat hyperphosphatemia without
imposing substantial restrictions on protein intake. Additional dietary control
measures involve the use of medications such as phosphate binders and absorption
blockers, along with addressing hyperparathyroidism.

Vascular calcification risks in predialysis CKD stages limit the use of calcium-free
phosphate binders. Invasive techniques [11] may become relevant for predialysis CKD
stages due to restrictions in calcimimetics (due to the outpacing growth of phosphate
in comparison with the rate of suppression of hyperparathyroidism) and vitamin D
use (due to the risk of hypercalcemia).

The use of synbiotics in CKD stages 3B-4 resulted in a significant transforma-
tion of the intestinal microbiome, enriching it with bifidobacteria, lactobacilli, and

131



Chronic Kidney Disease — Novel Insights into Pathophysiology and Treatment

Subdoligranulum. This intervention also led to a reduction in the level of indoxyl
sulfate in the blood, an improvement in eGFR, and the decrease in C-reactive protein
(CRP) levels. The initial studies on this subject, when combined in a meta-analysis,
demonstrated positive effects [12]. Additionally, the inclusion of polyunsaturated
fatty acids (PUFAs) as supplements in CKD showcased enhancements in lipid profiles
and a reduction in oxidative stress [13].

The consumption of easily digestible carbohydrates in the broader population is
linked to the development of metabolic syndrome, hypertension, albuminuria, and
the onset of CKD. Although there are no direct studies focused on CKD, it’s crucial to
note that an elevated content of glycation end products in food heightens the risk of
death in CKD. Reducing the intake of these compounds in the diet has been shown to
improve kidney function and lower inflammatory markers [14]. It’s noteworthy that
among 120,000 patients with obesity and hypertension, the use of prescribed RAAS
blockers increased the risks of developing or progressing CKD [15].

Tobacco smoking is one of the leading causes of preventable deaths, including
cardiovascular diseases and cancer. It is associated with proteinuria and a decrease
in GFR in the general population and accelerates the progression of established CKD
and exacerbates proteinuria. Moreover, smoking reduces the survival rate of kidney
transplant recipients and worsens the graft survival. These effects depend on the dose
and time and can be attenuated by quitting smoking. Quitting smoking slows down
the progression of kidney disease [16].

3. RAAS blockade

As per a meta-analysis network [17], the use of ACE inhibitors (ACEis) or angio-
tensin II receptor blockers (ARBs) in CKD patients is associated with a decreased
risk of kidney failure and cardiovascular events. ACEi, in particular, demonstrated a
28% reduction in the risk for all-cause mortality by 28% and proved to be superior to
ARBs across various outcomes. This suggests that ACE inhibitors could be considered
the preferred choice for treatment, especially in populations primarily dealing with
CKD stages 1-3A. Of note, only quarter of 119 studies included patients with CKD3
or higher. Both ACE inhibitors and ARBs significantly lowered the odds of kidney
failure by 39 and 30%, respectively, compared to a placebo. When compared with
other active controls, other active controls showed no significant impact on kidney
failure. Moreover, both ACE inhibitors and ARBs demonstrated a reduction in major
cardiovascular events. While controls did not exhibit a notable effect on the risk of
cardiovascular death. In comparisons between ARBs and ACEis, the latter consis-
tently showed higher probabilities of reducing kidney failure, cardiovascular death,
or all-cause death. It’s crucial to consider potential risks associated with these drugs.
Implementing protocols for the prevention and treatment of hyperkalemia can help
balance potassium levels and facilitate the initiation or continuation of RAAS block-
ade in CKD3-5.

A large (involving more than 5000 patients) study of real-world practice [18]
showed that the initiation of therapy of RAAS blockers, in comparison with calcium
blockers, reduces the risk of dialysis by 21% in progressive CKD3-5, with comparable
cardioprotective efficacy. On the contrary, the termination of the RAAS blockade
was associated with higher absolute risks of death and serious cardiovascular events,
simultaneously, a lower absolute risk of the need for RRT [19]. The negative impact
of RAAS blockade on kidney function may only be a matter of necessary dose
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adjustment, raising questions about the threshold at which the previously effective
nephroprotective approach becomes ineffective.

The extent to which intensive blood pressure control, with target levels below
120/80 mmHg, is beneficial or acceptable remains unclear. Attempts to intensify
antihypertensive therapy to achieve this goal led to an accelerated decrease in
kidney function (while reducing the risks of cardiovascular events) and an increase
in episodes of acute kidney injury (AKI). The nephroprotective effect of antihy-
pertensive therapy is lower with proteinuria of less than 1 g/day. The discussion
on this topic was sharpened by the release of KDIGO clinical recommendations on
blood pressure in CKD [20], which emphasized the importance of standardized
measurement and strict control of blood pressure. However, the target systolic
blood pressure level of less than 120 mmHg is controversial. The recommendation
is based on weak evidence and may not be applicable to most patients with CKD.
Striving for such a target in routine practice may expose multimorbid patients to
adverse events, including falls and fractures, and is often unattainable for most
CKD patients [4].

In 2019, a meta-analysis of randomized controlled trials (RCTs) failed to con-
clusively support the use of RAAS blockers as nephroprotective therapy in CKD3-4
and even in populations with CKD1-4. The odds ratio (OR) is 1.05; 95% confidence
interval (CI) 0.99-1.11. The same meta-analysis confirmed the effectiveness of lipid-
lowering therapy (OR 1.04; 95% CI 1.00-1.08) and glycemic control (OR 1.06; 95%
CI1.02-1.10) [21].

A network meta-analysis systematically evaluates the efficacy of various interven-
tions, even in the absence of direct head-to-head comparisons. In a recent publication
addressing such comprehensive comparisons [22], it was observed that ACEi and
ARBs demonstrate nephrocardioprotection in the broader category of CKD patients.
However, uncertainties persist regarding the effectiveness and safety of these drugs
specifically in individuals with CKD3-4.

4. Angiotensin receptor/neprilysin inhibitor

For over two decades, therapy with ACE inhibitors (ACEis) and angiotensin II
receptor blockers (ARBs) has been employed in patients with chronic heart failure
(HF) and reduced ejection fraction to mitigate the risk of mortality. Neurohormonal
activation resulting from ACEi or ARB monotherapy contributes to lingering cardio-
vascular risk, particularly in patients with concomitant resistant hypertension.

In this context, newer agents, such as ARNI (angiotensin receptor/neprilysin
inhibitor), may offer additional benefits by counteracting neurohormonal activa-
tion stemming from ACEi or ARB monotherapy. These agents operate by enhancing
cyclic guanosine monophosphate (cGMP) levels in cardiomyocytes and inhibiting
the renin-angiotensin-aldosterone system (RAAS). ARNI, exemplified by the first-
in-class combination of sacubitril and valsartan, has demonstrated superiority over
ACEi or ARB in reducing inflammation and cardiorenal fibrosis in animal studies.

Due to the additional benefits of ARNI, it may potentially achieve a more sig-
nificant reduction in blood pressure compared to ACEi or ARB monotherapy. The
first-in-class ARNI represented by a combination of sacubitril and valsartan dem-
onstrated superior efficacy compared to ACEi or an ARB monotherapy in patients
with heart failure, as evidenced in the PARADIGM-HF and PARAGON-HF trials. A
comprehensive analysis of these studies revealed that sacubitril/valsartan reduced the
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risk of serious adverse renal outcomes and decline in eGFR, compared to valsartan or
enalapril, irrespective of baseline renal function [23].

But renal advantages of ARNI over monotherapy with renin-angiotensin system
(RAS) blockers in patients with heart failure remain a subject of debate. Three
observational studies and a small-scale randomized controlled trial (RCT) have
produced conflicting results. A post hoc analysis of the PARADIGM-HEF trial revealed
a21% lesser annual decline in GFR in the sacubitril/valsartan arm compared to the
ACEi monotherapy arm, despite a greater increase in albuminuria by 25% in a subset
of the study with known albuminuria [24]. A recent retrospective study involving
patients with advanced CKD (eGFR<30 ml/min) reported no additional benefit of
ARNI over ACEi monotherapy in reducing renal outcomes [25]. In PARAGON-HF
trial, ARNI demonstrated a noteworthy 50% reduction in the risk of renal outcomes
compared to ARB monotherapy [23]. However, a small RCT involving patients
with eGFR 20-60 ml/min/1.73 m* did not reveal benefits of ARNI in patients with
eGFR <30 ml/min/1.73 m® both in the presence and absence of heart failure (HF).
Intriguingly, ARNI treatment in patients with end-stage kidney disease (ESKD)
showed improvement in echocardiographic (echo) parameters after 1 year of treat-
ment [26]. Moreover, there is a lack of studies evaluating the efficacy of ARNI over
ACEi or ARB monotherapy in patients with CKD in the absence of HF. Given this
information, it seems reasonable to consider ARNIs over ACEi or ARB monotherapy
primarily for reducing cardiovascular events in patients with HF and with cautious
use in patients with HF and comorbid CKD. This therapeutic approach should be
avoided in individuals at risk of hyperkalemia, particularly in patients with eGFR
<30 ml/min/1.73 m” and a systolic blood pressure < 110 mmHg. Anticipating a decline
in eGFR within 1 month after initiating therapy is prudent, blood pressure should be
closely monitored to rule out hypotension, and if necessary, downtitration of other
antihypertensive drugs might be required. Currently, there is no indication for utiliz-
ing this drug in patients with CKD without HF solely for the purpose of preventing
CKD progression [27].

5. Selective mineralocorticoid receptor antagonist

Patients with type 2 diabetic chronic kidney disease are commonly managed with
renin-angiotensin-aldosterone system inhibitors (RAASi), SGLT2i, and hypoglycemic
agents. Despite the use of ACEi/ARB, these patients often face adverse cardiorenal
outcomes. Steroidal mineralocorticoid receptor antagonists (MRAs), such as spi-
ronolactone and eplerenone, can be considered in combination with RAASi and
SGLT2i, although there are associated risks of side effects, such as acute kidney injury
and hyperkalemia, particularly when used concomitantly with ACEi/ARB. A newer
nonsteroidal and selective MRA, finerenone, has been introduced, offering a better
tolerability compared to traditional MRAs due to intraclass pharmacological differ-
ences. Finerenone demonstrates higher potency for anti-inflammatory and antifibrotic
effects compared to other MRAs. The FIGARO-DKD trial involved individuals with
type 2 diabetes mellitus (type 2 DM) with eGFR 25-90 ml/min/1.73 m” and ACR
30-300 mg/g, or with eGFR above 60 ml/min/1.73 m* and ACR 300-5000 mg/g.
Finerenone exhibited an 18% improvement in the composite cardiovascular outcome.
The Finerenone in Reducing Kidney Failure and Disease Progression in Diabetic Kidney
Disease (FIDELIO-DKD) trial assessed the efficacy of finerenone in patients with type
2 DM with urinary ACR between 30 and 300 mg/g and eGFR 25-60 ml/min/1.73 m’,
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or ACR between 300 and 5000 mg/g and eGFR over 25 ml/min/1.73 m”. Finerenone
reduced the progression of CKD by 18% and the composite cardiovascular outcome
by 13%. In a pooled analysis of both trials, finerenone demonstrated a 14-23% reduc-
tion in cardiorenal outcomes in patients with type 2 diabetic CKD at risk of incident
heart failure [28].

Subgroup analyses indicate that the beneficial effects of finerenone might be
more pronounced in patients with baseline CV disease. It should be noted that the
eligibility for those studies was based on the tolerability of maximal doses of ACEi/
ARB and the serum potassium below 4.8 mmol/l. Following randomization, 18%
developed hyperkalemia, 5% experienced AKI and there was an additional drop in
mean systolic blood pressure by 3 mmHg accompanied by an acute decline in eGFR
at the initiation of finerenone, which subsequently stabilized during follow-up. It
is intriguing that in the FIDELIO-DKD trial, 4% of the participants were already
on treatment with SGLT2i; however, it remains unclear whether patients already
on SGLT?2i could benefit from the addition of finerenone. This question is being
investigated in the ongoing CONFIDENCE (Combination effect of finerenone
and empagliflozin in participants with chronic kidney disease and type 2 diabetes
using a UACR endpoint) study that aims to evaluate how effective and safe is this
combination [29].

As MRAs are RAAS blockers, the combined use (dual RAAS blockade) raises
concerns about potential higher incidence of renal dysfunction, up to dialysis depen-
dence, identified two decades ago. Consequently, the use of finerenone in addition to
ACEi/ARB for patients with type 2 diabetes mellitus (DM) and CKD, with an eGFR
25-60 ml/min/1.73 m” and microalbuminuria or eGFR 25-75 ml/min/1.73 m® and
macroalbuminuria, may be justifiable in the absence of hyperkalemia on the previous
maximal ACEi/ARB dose. Initiating this treatment requires thorough monitoring for
AKI, hypotension, and hyperkalemia, with an expected acute drop in eGFR during
the first month of therapy. The potential use of this combination in patients with
nephrotic range proteinuria (ACR >5000 mg/g) remains unconfirmed.

It is imperative for nephrologists to adopt a more precise approach, seeking better
information solutions that consider inflammatory signals, platelet activation, baseline
patient characteristics, metabolic abnormalities, and other advanced CKD disorders.
Previous large CV outcome trials recruited participants enriched for CV diseases
where CKD was either underrepresented, or excluding those with eGFR <30 ml/
min/1.73 m”.

6. Sodium-glucose transporter 2 inhibitors

The EMPA-KIDNEY study [30] (Empagliflozin in Patients with Chronic Kidney
Disease) distinguished itself from comparable previous investigations by having a
lower proportion of patients with diabetes mellitus (46%) than without diabetes.
Furthermore, the study included a higher representation of individuals with low
kidney function and low levels of albuminuria (Figure1).

The study showed that allocation to empagliflozin resulted in a modest initial
2-month dip in kidney function of 2 ml/min/1.73 m” (or 6%), followed by a subse-
quent halving of the decrease rate in chronic phase of study. This overall outcome
underscored a notable 29% reduction in the categorical composite outcome (ESKD, a
40% reduction of eGFR to below 10 ml/min/1.73 m?, or death from kidney failure).
Consistent with other trials of SGLT?2 inhibitors, the favorable effects of empagliflozin
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Patients distribution by eGFR and ACR (N=6609 pts)
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Figure 1.

Patients distribution by kidney function and albuminuria in EMIPA-KIDNEY study. Dotted line represent
borders of 30 and 300 mg/g in albumin to creatinine ratio in albuminuria distribution, and bovders 30 and 45 ml/
min/1.73 m® - in eGFR distribution.

on CKD progression exhibited variations based on diabetes status, eGFR, most
significantly, albuminuria. The relative effect might be more pronounced in certain
populations. The great variety of patients included in the large EMPA-KIDNEY trial
facilitated a thorough evaluation of these differences, especially since EMPA-KIDNEY
included participants with an eGFR <25 ml/min/1.73 m” and with ACR <200 mg/g
who were excluded from other trials.

The acute dip in eGFR in EMPA-KIDNEY averaged <3 ml/min/1.73 m” or < 10%
of baseline eGFR and was more prominent in patients with diabetes, reflecting the
higher prevalence and degree of hyperfiltration in DM. The associated rapid reduc-
tion in albuminuria supports this hypothesis with the decrease in intraglomerular
pressure presumed mechanism of the SGLT2i beneficial effects on kidney function
[31]. The secondary analysis of EMPA-KIDNEY suggests that the albuminuria reduc-
tion is possibly the most crucial predictor of the benefits, explaining a substantial
portion of the effect on significant outcomes [32].

The chronic slope of eGFR is more informative for longer time periods. Although
the magnitude of the acute dip correlates with the relative reduction in the chronic
slope, measuring the total slope over 2-3 years reduces variation between subgroups.
For the objective of delaying kidney failure, it is necessary to consider longer treat-
ment durations. There was no strong evidence that the beneficial effect was signifi-
cantly modified by the presence or absence of diabetes. Contrary to the KDIGO CKD
guidelines (2024) that only suggest (but not definitely recommend) using SGLT2i in
patients without diabetes and moderate albuminuria (ACR <200 mg/g), secondary
analysis of EMPA-KIDNEY suggests that such patients are likely to gain substantial
benefit in terms of preservation of kidney function, in addition to the cardiovascular
benefits and reductions in risk of acute kidney injury with longer treatment.
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7. Prevention of episodes of acute renal injury

If the effectiveness of pharmacological interventions within the framework of a
nephroprotective strategy has not been confirmed for all stages of CKD, the effective-
ness of preventing episodes of AKI is beyond doubt under any circumstances. AKI
episodes are closely linked with substantial mortality and comorbidity, elevating the
risk of compromised renal function. The AKI process, being interconnected, acts
as a pathway and catalyst for subsequent AKI episodes and, potentially, the onset of
CKD, irrespective of whether renal function is restored following AKI episodes [33].
Biomarkers of AKI play a pivotal role in successfully predicting its development and
guiding the selection of interventions for prevention.

8. Nosotropic treatment within the framework of nephroprotection

The etiologies of CKD exert diverse impacts on the progression of kidney disease.
Strategies for etiotropic treatment of CKD remain inadequately defined.

Glomerulopathy is a heterogeneous group of diseases and is the cause of a sig-
nificant number of CKD variants. Despite efforts to find new diagnostic tools, such
as “liquid biopsy,” for specific markers, kidney biopsy is still the gold standard for
diagnosis. Proteinuria exceeding 1 g/day is a risk factor for a rapid decrease in GFR.
Certain genetic factors, such as the apolipoprotein L1 (APOL1) genotype in focal
segmental glomerulosclerosis or Fabry disease, contribute to accelerated GFR loss. In
2021, KDIGO issued extensive clinical guidelines on glomerular diseases.

Diabetes mellitus is the most widespread etiology of CKD, globally encompass-
ing CKD5. Diabetic nephropathy manifests more often not only in patients with
inadequate glycemic control, but it also develops in 30-40% of patients with intensive
glycemic control, highlighting the complex and multifactorial pathogenesis of the dis-
ease [34]. Alongside optimal glycemic control, SGLT2i and RAAS blockade are central
elements in the treatment of diabetic nephropathy. Pentoxifylline and statins exhibit
an antiproteinuric effect and decelerate the progression of CKD in patients already
receiving RAAS blockers [35].

Chronic kidney disesase associated with hypertension ranks among the most
prevalent causes of diminished kidney function. While the question of the target
blood pressure values and the justified intensity of therapy remains open, blood pres-
sure reduction stands as one of the most crucial strategies in managing patients with
hypertension and CKD. Pharmacotherapy, in addition to lifestyle changes, remains
indispensable in most cases.

Nephrolithiasis significantly increases the risk of developing CKD and manifest-
ing in 2-3% of CKDS5 cases. Patients experiencing stone formation have a lower eGFR,
since nephrolithiasis shares several common risk factors with CKD, including neph-
rotoxic analgesic use, reduced water intake, recurrent infections, structural disorders
of the urinary tract, and contrast nephropathy. It is noteworthy that both surgery and
shockwave lithotripsy cause damage to the renal parenchyma, inflammation, and
fibrosis. Different types of stones correlate with different risks of developing CKD,
with the highest risk being cystine, urate, and struvite stones [36].

Autosomal dominant polycystic kidney disease (ADPKD) stands out as the pre-
dominant genetic cause of advanced CKD. Traditional nephroprotection has a limited
effect on the rate of GFR decrease, so transplantation is the best strategy in this case.
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Tolvaptan, a vasopressin-2 receptor (V2R) antagonist, demonstrates efficacy in
randomized controlled trials (RCTs) and real-world settings by reducing kidney
volume growth from 11-3% and decreasing the GFR decline from 3.3 to 2.3 ml/
min/1.73 m*/year [37]. Importantly, positive GFR dynamics persist, irrespective of
variations in total kidney volume growth rates. The incidence of complications, such
as elevated liver enzymes, thirst, and hyperuricemia, remains low (7-8% each).

9. Correction of chronic kidney disease syndromes as part of a
nephroprotective strategy

Clinical manifestations of CKD vary depending on the etiology, stage, and
comorbidity. The kidneys not only provide solute excretion and water-electrolyte
balance, but also support endocrine homeostasis. As CKD progresses, these vital
functions diminish, leading to the accumulation of uremic toxins. Managing compli-
cations arising from CKD not only alleviates associated symptoms but also holds the
potential to decelerate the progression of kidney disease.

The incidence of metabolic acidosis rises proportionally with the decline in GFR,
heightening the risks of adverse outcomes, including the CKD progression. The
implementation of alkylating therapy, such as sodium bicarbonate preparations or
dietary measures, proves effective in retarding CKD development [38]. The multi-
faceted mechanism behind this process may encompass heightened ammonia pro-
duction in the remaining nephrons, which can lead to the activation of complement
with tubulointerstitial lesions and increased endothelin production. Besides renal
implications, metabolic acidosis detrimentally impacts cardiovascular outcomes by
intensifying inflammatory reactions, boosting aldosterone secretion, and enhancing
endothelin synthesis, thereby disrupting contractile ability. Furthermore, metabolic
acidosis is linked to impaired bone mineralization, insulin resistance, and overall
elevation in all-cause mortality [35].

The exploration of erythropoiesis-stimulating drugs to correct anemia and
potentially confer nephroprotection has been ongoing for years. The theoretical
nephroprotective effect of these drugs could stem from mitigating renal hypoxia or
activating pleiotropic mechanisms. Studies have identified erythropoietin recep-
tors in the mesangium, proximal tubules, and cells of medullary collecting tubules.
However, attempts to fully correct anemia did not lead to any benefit and may
have caused harm [39]. A decade after the Trial to Reduce Cardiovascular Events
with Aranesp Therapy (TREAT) and Correction of Hemoglobin in Outcomes and
Renal Insufficiency (CHOIR) studies, efforts were again made to impede the CKD
progression with low doses of long-acting erythropoietin drugs in patients without
anemia or diabetes mellitus with the previous high target hemoglobin levels of
110-130 g/1, but these efforts were unsuccessful [40, 41]. Nevertheless, there is
consensus on the efficacy of correcting anemia from low levels to the target range
defined by current clinical recommendations [35]. Phase III registration studies
have not confirmed the theoretical possibility of slowing the progression of CKD
with the use of hypoxia-induced factor stabilizers. The optimal timing for the use of
these drugs during CKD progression may be a crucial factor in achieving the desired
effect [42].

The association of hyperuricemia with higher rates of CKD progression has been
consistently confirmed over an extended period. However, the ability of hypouri-
cemic drugs to impede the CKD progression by reducing the uric acid levels is less
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unequivocal. A systematic analysis of randomized controlled trials in 2022 [43]
concluded that topiroxostat significantly improved eGFR and reduced ACR. While
febuxostat did not exhibit an overall positive effect, it significantly improved renal
function (eGFR) in a subgroup of patients with CKD and hyperuricemia. Conversely,
allopurinol and pegloticase did not demonstrate a positive effect. Dietary efforts to
limit uric acid intake appear reasonable in any case.

10. Evaluation of CKD progression by surrogate criteria

The predictive utility of the GFR reduction curve slope in anticipating robust
clinical outcomes was scrutinized in a comprehensive meta-analysis encompassing 47
RCTs with 11 distinct interventions [44]. The meta-regression analysis revealed that
each 0.75 ml/min/1.73 m*/increase in treatment effect on the overall GFR slope was
associated with an average risk reduction of 27% (95% CI 20-34%) in hard clinical
outcomes. Across the 47 studies involving 60,000 patients, the average eGFR stood
at 62 + 26 ml/min/1.73 m® with a median albuminuria of 60 mg/g. The combined
average total slope for all studies over 3 years was —3.49 (95% CI-4.04 = —2.93)
ml/min/1.73 m*/year in the control group and — 2.94 (95% CI-3.45 = —2.43) ml/
min/1.73 m*/year in the treatment group. In another meta-analysis [45] involving 41
RCTs with nearly 30,000 participants, the cumulative clinical endpoint was reached
by 13% of patients over a median duration of 3.4 years.

In meta-regression analysis, a notable 30% reduction in the geometric mean value
of albuminuria resulting from treatment, when compared with the control group,
demonstrated an associated average decrease of 27% in the risk of reaching hard
clinical endpoints. This correlation exhibited further enhancement when the analysis
was confined to patients with baseline albuminuria exceeding 30 mg/g. Consequently,
alterations in albuminuria can serve as a meaningful surrogate endpoint for gaug-
ing the progression of CKD, especially in patients with high baseline albuminuria.
Another meta-analysis, involving 28 cohorts comprising 700,000 participants in
observational studies, underscored the significance of a 30% reduction in albumin-
uria, linking it to a substantial 22% decrease in the risk of advancing to ESKD (95%
CI 34 : 8%) [46].

The existing approach to managing patients with late-stage CKD is deemed subop-
timal, lacking the necessary correction for pivotal uremic syndromes and exacerbat-
ing the likelihood of subsequent prolonged dialysis treatment. Previous publications
by the authors outlined the conventional practice for managing late-stage CKD
patients [47, 48]. Comparing its results with the results of the implementation of the
intensive follow-up program in a prospective study, we assessed the importance of the
program components in the “transition center” model.

11. Single center experience of renoprotection on CKD3B-5 stages

The effectiveness of conventional nephroprotection is reduced in the late stages
of CKD; the search for effective algorithms is hampered by accelerating decline in
glomerular filtration rate. The absence of universally accepted methods for evaluating
the effectiveness of conventional nephroprotection prompted our two-year study,
aimed at constructing a predictive model for the glomerular filtration decline rate.
This model served as a tool to assess the effectiveness of intensive follow-up strategies.
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From the city’s comprehensive database (n = 7696), we carefully selected a repre-
sentative group undergoing regular follow-up (n = 540) to build the model predict-
ing the annual glomerular filtration decline rate. This model is used to evaluate the
effectiveness of intensive monitoring in the target group of patients (n = 100) with
CKD3B-5 using the difference between predicted and actual glomerular filtration rate
decline. A matched subgroup (n = 200) was utilized for a direct comparison of both
hard and surrogate outcomes.

Patients in the advanced stages of CKD are at significant risk of early mortality,
comorbidities, and declines in physical and mental functions as the disease progresses.
These risks compete with the risk of developing the need for renal replacement
therapy (RRT). The classical concepts of nephroprotective therapy aimed at improv-
ing intrarenal hemodynamics with the exception of hyperfiltration [3] are currently
complemented by a set of measures that can slow down the decline in renal function,
which simultaneously reduces the risks of the development and manifestations of
renal insufficiency syndromes. To assess the effectiveness of these interventions, often
administered concurrently, operational tools are needed that do not involve a long
waiting for results. This prompts the pertinent question within the nephrology com-
munity: “Is it right to wait for dialysis to evaluate nephroprotective therapy?” [49].

The intensive follow-up program, integral to our study, involved a heightened fre-
quency of visits—every 2-3 months for CKD3B, every 2 months for CKD4, and monthly
for CKD5, with increased frequency as deemed necessary, including remote consulta-
tions. During the visit, clinical and laboratory assessments were carried out with the
measurement of eGFR using the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) formula, as well as proteinuria assessment. In cases of eGFR uncertainty,
GFR was directly measured (average value between renal creatinine/urea clearances).
Quarterly assessments included parathyroid hormone, ferritin, magnesium, and urate
levels, while vitamin D and lipid spectrum evaluations were conducted semiannu-
ally. Echocardiography (echo), ultrasound (US) examination, and densitometry were
performed once and, if necessary, repeatedly. The Charlson Comorbidity Index (CCI)
assessed comorbidity, and additional interventions, such as bioimpedance, consultations
with vascular surgeons and psychologists, and scintigraphy/ultrasound examinations
of the parathyroid glands, were conducted based on indications. Joint decision about
the time of RRT start and the chosen method was made, with due consideration for the
feasibility of living donor transplantation. Vaccinations against hepatitis B and pneumo-
coccus were administered as required. The key interventions are detailed in Table 1.

The recruitment process for the treatment group was nonselective, encompassing all
consecutively admitted patients for follow-up with CKD3B or higher. The control group,
intended for assessing advanced CKD progression under standard care, comprised 540
patients with regular follow-up (at least five visits annually). Among these, 200 patients
were meticulously matched with the intensive care group based on gender, age, and
primary diagnosis. The initiation of follow-up for each pair of patients in control group
was attributed to the eGFR level of the matched patient from the intensive care group.
For the majority of patients (72%), individual eGFR reduction trajectories were best
described by a polynomial function corresponding to the acceleration of eGFR decline:

eGFR=-0.0078x x> +0.8377+11.98 1

where x — time till actual or potential RRT need (10 ml/min/1.73 m?).
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Intervention

Details

Implementing lifestyle modifications

Incorporating physical activity, achieving weight
normalization, and promoting smoking cessation.

Limiting salt intake

For individual patients, monitoring daily sodium excretion
and assessing water volumes through bioimpedance.

Limiting protein intake to 0.6-0.8 g/kg/day

In specific patients, monitoring daily urea excretion,
supplemented with ketoanalogues of amino acids, aiming for
a protein intake of less than 0.6 g/kg/day.

Limiting potassium intake or addressing
potassium deficiency

Monitoring is essential when prescribing or adjusting

doses of RAAS blockers, diuretics, and mineralocorticoid
receptor antagonists, with particular attention to “life-saving
therapy” involving potassium sorbents

Prescription of RAAS blockers when
proteinuria exceeds 1 g/day (if not prescribed
previously)

Assessment of the Renin-Angiotensin-Aldosterone System
(RAAS) effectiveness in reducing proteinuria, monitored
alongside creatinine levels and potassium dynamics.

Prescribing or adjusting antihypertensive
therapy

Aiming for a target blood pressure below 140/90 mmHg or
tailored to individual needs

Adjusting phosphatemia to values below

1.45 mmol/l, achieving calcemia within the
target range of 2.15-2.5 mmol/l, and managing
hyperparathyroidism within the target range
based on CKD stages

Implementing a dietary regimen, reducing excessive
inorganic phosphate load, utilizing phosphate binders, and
managing secondary hyperparathyroidism through vitamin
D and alfacalcidol (paricalcitol).

Correction anemia to achieve a hemoglobin
target level of 110-120 g/1

Administering intravenous iron when ferritin levels are
below 100 mcg/l and C-reactive protein is less than 5 mg/1,
subsequently prescribing erythropoietin

Rectifying acidosis to achieve a standard
bicarbonate level of 22 mmol/l or higher

Oral administration of sodium bicarbonate, coupled with
dietary measures

Prescribing statins for individuals at high risk
of cardiovascular events

In accordance with the KDIGO CKD guidelines

Prescribing SGLT2 inhibitors

Collaborative decision-making involving an endocrinologist

Correcting magnesium deficiency

Exclusion of hypermagnesemia

Feasible correction of the inflammatory state

Incorporating dental consultation

Table 1.
The program of intensive follow-up.

The overall rates of eGFR decline were — 2,76 (—3,26+ — 2,36) for CKD3B,
—4,34 (=5,01+ — 3,46) for CKD4, and — 6,01 (=7,11+ — 5,23) ml/min/1.73 m*/year
for CKDS.

To predict the “instantaneous” rate of GFR decrease, the calculation of the first
derivatives of each of the nonlinear functions was employed. The obtained forecasts
of the rate of decrease were then compared with the actual rates of the GFR decrease
of each patient. The standard deviation for the models was 0.467, 0.472, 1.046, and
1.763 ml/min/1.73 m®/year, respectively, when using polynomial, power, logarithmic,
and linear functions. The optimal curve approximating this set is:

A(eGFR)=-0.0007 x (¢GFR)’ +0.0155x (¢GFR)+0.738 )
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where A(eGFR) is the month rate of GFR decrease and ¢GFR is the current level of
GFR. This equation predicts the rate of eGFR decrease by its actual level for the group
of regular care (n = 540). The uncertainty, associated with factors other than the level
of renal function, decreases with GFR lowering and for eGFR 20-10 ml/min/1.73 m*
does not exceed 10%.

According to the model developed (in the standard follow-up group), the pre-
dicted rate of GFR decline was calculated for each patient in the intensive follow-up
group. The predicted values were then compared with the actual rates of CKD pro-
gression. The predicted value was 9.06 + 0.59 ml/min/1.73 m®/year, while the actual
value was 5.98 + 1.69 ml/min/1.73 m*/year. This indicates that in the intensive follow-
up group, the real rate of GFR decrease was less than the forecast by 3.09 + 1.92 ml/
min/1.73 m*/year (i.e., by 34 + 19%).

In the multiple regression analysis with the dependent variable “annual rate of
GFR decrease,” the association of CKD progression rate with various factors in the
intensive follow-up group (n = 100) was estimated (Table 2).

As a result of nephroprotective measures, many parameters have been improved
that affect the prognosis of patients’ survival, the development of cardiovascular
complications, and manifestations of uremic syndrome, as well as the progression of
CKD (Table 3).

To ascertain the comparative impact of interventions, a multiple regression analy-
sis was conducted, with the dependent variable being “the effect of intensive follow-
up on the reduction in the rate of eGFR decrease,” that is, the size of reduction in the

Regression parameter B SD(B) P 95%ClI for B
Constant —4.026 2111 0.06 —8.22: + 0.168
Systolic blood pressure (per 5 mmHg) —-0.145 0.04 0.0005 —-0.045+ - 0.013
Phosphates (per 0.2 mmol/l) -0.13 0.04 0.001 -1.052+ — 0.269
Hemoglobin (per 1 g/dl) 0.14 0.07 0.055 —0.0003+ + 0.028
Albumin (per 1.5 g/1) 0.146 0.057 0.012 0.034:0.257
Urates (per 0.1 mmol/l) -0.137 0.064 0.034 —2.637+ —0.103
Deviation of the calcium level (0.1 mmol/l -0.150 0.076 0.052 —3.004+ + 0.012
from the target)

Proteinuria (per 0.1 g/1) —-0.146 0.067 0.032 —-2.783: - 0.126
Standard bicarbonate 0.153 0.067 0.022 0.011:0.142
(per 2 mmol/l)

The final GFR 0.132 0.029 >0.0001 0.074:0.19
(per 1 ml/min/1.73 m?)

Initial GFR —-0.134 0.042 0.002 —-0.11: - 0.025
(per 2 ml/min/1.73 m?)

Diagnosis (for one category in sequential list*) —-0.247 0.054 >0.0001 —-0.353: - 0.14

*The diagnoses are arranged in order of increasing average eGFR decline rate.

Table 2.
Model of multivariate regression analysis with a dependent variable ‘annual rate of glomerular filtration rate
decline” (n = 100).
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Parameter Baseline During

treatment

Difference in paired
comparisons, p

Administration of RAAS blockers* for proteinuria of more than 1 g/day or hypertension, without episodes of

hyperkalemia (n = 71)

Proteinuria, Me (Q1-Q3), g/l 0.61 0.51 —18% (-0.11; <0.001
(0.38-1.12) (0.27-0.89) 0.03: — 0.24)

Creatinine, M + SD, mmol/l 0.198 + 0.033 0.234 + 0.087 +18% (0.04 + <0.001

0.02)

Episodes of K+ > 6 mmol/l, n 0/71 4/71 +6% 0.042

Correction of arterial hypertension (n = 51)*

Mean systolic blood pressure, M + SD, 151+7 140+ 8 —-8+6 <0.001

mmHg

Proportion of patients with 51/100 (51%) 20/100 (20%) 31 reached <0.001

hypertension, n (%) normal BP

Correction of anemia™ (at baseline hemoglobin <100 g/l (n = 21)

Hemoglobin, M = SD, g/dl 96 +0.3 111+11 +14+0.7 <0.001

Ferritin#, Me (Q1-Q3), mcg/1 17 (13-44) 104 (88-243) 89 (74-176) <0.001

Transferrin saturation, M + SD 18 + 4% 22 + 6% +3£5% =0.012

Correction of protein and energy wasting**

Albumin (at baseline <3.5 g/dl), M = 32+0.2 34+03 +0.2+0.2 <0.001

SD, g/l (n = 32)

Transferrin (at baseline <2 g/1), M ¢ SD, 1.69 + 0.29 1.86 + 0.38 +0.16 £ 0.36 0.012

g/L (n=36)

Lymphocytes (at baseline <2.0 x 148+ 0.31 1.88 +0.32 +0.39 £ 0.52 <0.001

109/L), M  SD, (n = 31)

Correction of mineral and bone disorders

Phosphates® (at baseline >1.13 mmol/l), 173+ 042 1.53+0.29 -0.21+0.18 <0.001

M+ SD,n=77)

Calcium* (at baseline >2.5 mmol/l), M 2.66 + 0.08 2.51+0.10 -0.14+0.11 <0.001

SD, (n = 28)

Calcium* (at baseline <2.1 mmol/L), M 1.97 + 0.09 212011 +0.16 + 0.13 <0.001

+SD, (n=34)

Parathyroid hormone™* (at baseline >70 1745 79-380 87; 36-209 —140 (-2... <0.001

pg./ml) (n =56), Me (Q1-Q3), pg./ml —278)

25(0OH)D3***, normal/insufficiency/ 9%/62%/29% 18%/79%/3% shift towards <0.001

deficiency normal

Counteraction to inflammatory state™*

Exacerbation of chronic inflammatory 11/100 6/100 0.205

diseases®

The necessary sanitation of the oral cavity 35/78

C-reactive protein® (at baseline >5 mg/1) 8 (6-14) 6 (4-11) 2(-3...+1) 0.023

(n=34), Me (AI-Q3)
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Parameter Baseline During Difference in paired
treatment comparisons, p

Correction of acid-base state*

SB* (at baseline <22 mmol/l), M + SD, 19+2 23+3 +5+3 <0.001
(1’1 = 64)

(proportion of patients achieving the goal) 38/64

Assessment every visit.
*Assessment every 3 months.
**Assessment every 6 months.
#Without signs of inflammation.

Table 3.
Immediate vesults of nephroprotective measures.

the natural coefficient B in the multiple regression model
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Figure 2.
A model of multiple regression analysis with a dependent variable “the effect of intensive follow-up on reducing

», %

estimated glomerular filtration vate decline”; * - diagnosis ranged in increasing ovder by average rate of GFR
decline.

actual rate of GFR decline in contrast to the predicted rate. The statistical significance
of the model is F = 28.610, p < 0.001 (Figure 2).

Each improvement in modifiable positive parameters resulting from interventions
(serum albumin by 0.15 g/dl, hemoglobin by 1 g/1, and standard bicarbonate (SB)
by 2 mmol/l) or reduction in negative parameters (serum phosphate by 0.25 mmol/l,
plasma calcium deviation from target range by 0.1 mmol/l, uric acid by 0.1 mmol/l,
systolic blood pressure by 5 mmHg) was independently associated with approxi-
mately similar (2.5%) reduction of the rate of GFR decline.

The predicted time to reach the threshold for RRT starting from a conditional
point of 20 ml/min/1.73 m” for the treatment group was 5.2 + 1.9 months longer
than in the regular follow-up group. Although the average GFR values at the initia-
tion of dialysis were comparable in the treatment group (6.6 + 1.1 ml/min/1.73 m?)
and the matched group (6.0 + 1.7 ml/min/1.73 m? p = 0.35), its distribution
suggested the presence of a delayed and possibly premature start. In the treatment
group, the initiation was consistently planned, whereas in the control group, only
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58.5% (31/53) of patients commenced dialysis under planned circumstances (y*-
test; p < 0.0001). Notably, in the matched control group, 18.8% (9/53) of patients
initiated hemodialysis urgently with a central venous catheter, and in 20.5% (8/39)
of cases, initiation with an arteriovenous fistula was necessitated before the lapse
of 2 weeks.

12. Discussion

Retrospective studies often concentrate on patients reaching the need for dialy-
sis, with higher progression rates as “progressors” are more likely to necessitate
dialysis. In a meta-analysis [50] involving 43 CKD3-4 cohorts and 17 retrospective
studies with patients initiating dialysis, annual eGFR decreases were reported
as 2.4 (95% CI 2.2-2.6) and 8.5 (95% CI 6.8-10.1) ml/min/1.73 m?, respectively.
Notably, only 4 out of 60 studies, including our present study, explored the non-
linearity of CKD progression. The predominant assumption of linearity in GFR
reduction rates in many studies masks potential nonlinearity. Standard care in
advanced CKD does not effectively impede CKD progression, surpassing the rates
observed in some studies [50], with considerable variations across populations.
Urgent dialysis initiation is prevalent in large registers, a situation deemed unsatis-
factory [51].

The proposed model of CKD progression makes it possible to predict the rate of
eGFR reduction in the conditions of standard nephrology care for CKD3-5. The cur-
rently recommended by the European Renal Best Practice (ERBP) and International
Society of Nephrology (ISN) the Kidney Failure Risk Equation [52] model for four
or eight variables suggests the risk calculation of developing a need for RRT after 2
or 5 years (as a percentage). The model favorably differs from the presented one by
including several additional parameters, but proceeds from a linear rate of progres-
sion. Predicting only the risk of RRT needs development over a certain period of
time, the model of N. Tangri et al. cannot evaluate the results of nephroprotective
interventions.

In a brief review, we presented the current landscape of nephroprotective inter-
ventions in advanced CKD. While individual components show varying degrees
of confirmation, their combined effects and real-world application conditions are
not considered in detail, and currently there is no generally accepted approach.

The Remission Clinic concept (combined almost two decades ago), incorporating
classical nephroprotective approaches, demonstrates effectiveness and continues

to expand [53]. Few pragmatic studies have been published covering a significant
number of interventions [54], although in recent years several groups of drugs have
been increasingly evaluated and compared (sometimes in post hoc analysis), even
in moderate to severe chronic kidney disease [55]. At the same time, the relative
contribution of individual components and their real-world impacts require further
analysis, considering potential population variations. Our implemented follow-up
program achieves significant improvements in clinically relevant surrogate and
hard outcomes for advanced CKD patients, as assessed through multiple regression
analysis (Figure 2).

In the treatment group, the need for RRT has been postponed, and conditions for
a “healthy” dialysis start have been provided: only with permanent dialysis access,
most of the patients chose peritoneal dialysis, all patients started with targeted eGFR
showcasing better correction of anemia, phosphatemia, and calcemia, as well as
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arterial hypertension. The predicted time to achieve the need for RRT from 20 ml/
min/1.73 m? in the treatment group was 5 months longer. Thus, in real practice, the
accuracy of previous simulation modeling has been confirmed: the predicted length-
ening of the predialysis stage of treatment was 1.6 + 1.7 years (p = 0.002) from the
baseline GFR level of 2040 ml/min/1.73 m? [56].

The search for new drugs and methods to slow down the progression of CKD
continues intensively.

Interventions aimed at enhancing the elimination of uremic toxins, fluids, and
electrolytes from the intestine, as well as the modulation of the intestinal microbiota,
may represent new therapeutic strategies for the treatment of uremia in patients with
CKD [57].

Although fibrosis can play a protective role, under certain circumstances, it can
gradually turn into an uncontrolled irreversible and self-sustaining process. Several
systems, molecules, and reactions are involved in the pathogenesis of pathological
fibrosis in chronic kidney disease (CKD) such as: inflammation, renin-angiotensin
system, parathyroid hormone, fibroblast growth factor 23 (FGF23), Klotho,
microRNA (miRNA), and the vitamin D system. These key factors can control/exac-
erbate fibrosis, having a great effect on the kidneys and heart in CKD [58]. A number
of clinical and preclinical studies on the prevention of renal fibrosis are ongoing
now [59]. Doubtless, new opportunities will become available in the near future, in
particular in relation to patients with advanced CKD stages.

The limitation of this study is the small number (n = 100) of patients in the treat-
ment group, but the developed algorithm continues to be used in real-world practice,
and ongoing recruitment of patients with an extended period of active follow-up will
reduce the effect of this restriction. Validation of eGFR decrease in rate prediction
internally and externally is planned as part of ongoing work in similar programs
across different centers.

13. Conclusion

Assessing the rate of GFR decline serves as a valuable method not only for gauging
the progression of CKD and predicting the timing of RRT, but also for promptly char-
acterizing intervention outcomes. It is essential to consider the variability and nonlinear
nature of the GFR reduction. To reliably evaluate this rate in each patient, utilizing five
or more time-spaced eGFR values is recommended. The proposed algorithm of inten-
sive follow-up in the advanced CKD demonstrates the capability to reduce the rate of
eGFR decline by a third compared to standard care results. This reduction contributes
to mitigating the risks of mortality, delaying the requirement for RRT, and enhancing
the correction of uremic syndrome—significant factors in CKD progression.
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Chapter 9

Novel Potassium Binders for CKD
Patients with Hyperkalemia

Randah Dahlan and Ali Alkatheeri

Abstract

Hyperkalemia is defined as a serum or plasma potassium level that is greater than
5.0 or 5.5 mmol/L, and this variation is because the definition of the upper limit of
normal level used in research and guidelines is varied. Hyperkalemia is a potentially
life-threatening condition that may lead to muscle paralysis, cardiac arrhythmia, and
death. It is a common clinical problem seen in patients with chronic kidney disease
(CKD), and this is particularly true with the progressive and advanced deterioration
of the glomerular filtration rate (GFR). The management of such patients could be a
challenge to nephrologists, especially since the therapeutic interventions that are used
to slow the progression of CKD may themselves lead to or worsen hyperkalemia. This
chapter will discuss the issue of hyperkalemia in CKD patients and will focus on the
role of novel potassium binders in the management of such patients.

Keywords: hyperkalemia, potassium binders, potassium, CKD, patiromer, sodium
zirconium cyclosilicate

1. Introduction

Potassium is the major intracellular cation, and 98% of the total body potas-
sium is confined to the intracellular space [1]. The ratio between the intracellular
and extracellular potassium concentrations is a very important determinant of the
cellular membrane potential [2]. Therefore, any disturbance to this ratio may affect
the function of the cardiovascular and neuromuscular systems. In general, hyper-
kalemia develops when there is increased potassium release from cells or reduced
urinary potassium excretion. Chronic kidney disease patients are at particular risk
of hyperkalemia because of multiple factors [3]. These factors are summarized in
Figure 1. With the progressive reduction in the GFR, the urinary excretion of potas-
sium is also progressively decreased. Especially when the dietary potassium intake is
not restricted. Additionally, patients with CKD tend to have metabolic acidosis, which
will lead to a shift of potassium from the intracellular to the extra-cellular space with
subsequent hyperkalemia. Renin-angiotensin—aldosterone system inhibitors (RAASi)
are commonly used in patients with CKD to slow the progression to end-stage renal
disease. However, this comes with the price of increased risk of hyperkalemia,
as RAASI therapy will reduce the secretion of aldosterone, thereby impairing the
efficiency of urinary potassium excretion. In addition, CKD patients often have
comorbidities, such as DM and heart failure, which are frequently associated with
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Figure 1.
Mechanisms of hyperkalemia in chronic kidney disease (CKD) patients.

hyperkalemia through different mechanisms [3]. The presence, or even the coexis-
tence, of all aforementioned factors, make hyperkalemia a common encounter for
nephrologists when managing CKD patients. This chapter will give a brief overview
of the extent of the hyperkalemia problem among CKD patients and its clinical impli-
cations but will discuss in detail the role of the novel potassium binders in mitigating

the risk of hyperkalemia in patients with CKD.

2. Epidemiology

When looking at the general population, hyperkalemia is most prevalent in patients
with CKD [4]. The rate of hyperkalemia among CKD populations is variable depending
on multiple factors including the level that was used to define hyperkalemia, the GFR
or the stage of CKD, the use of RAASI therapy, and presence of certain comorbidities,
such as diabetes and heart failure [5]. Studies focusing on pre-dialysis CKD patients have
shown that hyperkalemia is not only common but also recurrent [6-10]. Patients with
CKD spend 13-32% of their time in a chronic state of hyperkalemia [9]. In these stud-
ies, low GFR seems to be the most important factor associated with hyperkalemia. For
example, in a cross-sectional study of pre-dialysis outpatients with an estimated GFR
of 14.5 + 4.8 ml/min/1.73 m’, the prevalence rate of hyperkalemia, defined as potassium
level > 5.0, > 5.5, and > 6.0 mmol/L, was 54.2%, 31.5%, and 8.4%, respectively [7]. In
another study of CKD patients with an average GFR of 35.0 + 173 ml/min/1.73 m’, the
prevalence of hyperkalemia was 35.0 + 17.3% and was dependent on the CKD stage [8].
In the later study, most patients had mild to moderate hyperkalemia (defined as a potas-
sium level of 5.0-5.4 mml/L; and 5.5-5.9 mmol/L, respectively) [8]. Severe hyperkalemia
with potassium level > 6.0 mmol/L was rare [8-10].

3. Clinical implications

When encountering patients with hyperkalemia, physicians worry the most
about the potential risk of cardiac arrhythmias. However, other consequences of
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hyperkalemia are also serious [11]. The following summarizes other potential conse-
quences of hyperkalemia observed in patients with CKD:

* Mortality risk: Across all CKD stages, hyperkalemia is associated with increased
all-cause mortality as well as cardiovascular mortality [12, 13].

* Hospitalization risk: The rate of hospitalization related to hyperkalemia is likely
the highest in patients with CKD [13]. Some data suggest that hyperkalemia is
responsible for more than one-third of total hospitalization in pre-dialysis CKD
patients [14]. These hospitalizations could be due to ventricular arrhythmia,
cardiac arrest, or other cardiac events [10]

o A predictor of progression to end-stage venal disease (ESRD): A multivariable
competing-risk analysis of pre-dialysis CKD patients showed that new-onset
or persistent hyperkalemia portends per se a 30% higher risk of ESRD, which is
independent of the rate of GFR decline [8].

* Reduction of dose/or cessation of RASSi therapy: The utilization of RASSi therapy
in patients with CKD has been shown to slow the progression of CKD, decrease
the risk of cardiovascular events, and decrease the risk of death [15-19].
Additionally, patients with CKD may have co-existing morbidities (like heart
diseases), for which RASSi therapy could be beneficial [3]. However, this utiliza-
tion of RASSI is not always easy or feasible because of the risk of hyperkalemia
[3, 20]. Hyperkalemia frequently leads to a reduction of the RASSi dose or even
discontinuation in patients with CKD [20-22]. This suboptimal use of RASSI in
CKD results in increased rates of death and other major adverse cardiovascular
events [20, 22].

* Other consequences: neuromuscular abnormalities are seen in patients with CKD,
and hyperkalemia could contribute to uremic depolarization and the develop-
ment of neuropathy [23]. Some data suggest that controlling hyperkalemia
may limit the progression of peripheral neuropathy in these patients [24].
Hyperkalemia is also associated with a substantial increase in economic burdens,
primarily driven by higher inpatient costs [25].

4. Traditional lines of management

In situations where CKD patients present with a hyperkalemic emergency (e.g.,
symptomatic hyperkalemia, presence of electrocardiogram (ECG) changes, severe
hyperkalemia with a level more than 6.5 mmol/L.... etc.); the usual rapidly acting
interventions (i.e., intravenous calcium, salbutamol nebulizer, insulin, and glucose)
should be instituted promptly [26]. These interventions are usually followed by thera-
pies that remove potassium from the body, either through the kidneys or through the
gastrointestinal tract. However, CKD patients usually have chronic, asymptomatic,
mild to moderate hyperkalemia, which may allow for chronic and slowly-acting
interventions to be instituted. These traditional interventions are commonly used
concomitantly by nephrologists, especially when trying to mitigate the risk of hyper-
kalemia associated with the use of RASSi therapy. However, all these traditional lines
of management have their limitations or possible side effects. For example, CKD
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patients with hyperkalemia are advised to restrict their dietary potassium intake to 2
to 3 gm per day [26, 27]. However, this approach has many limitations, starting with
the fact that CKD patients have many other dietary restrictions which may lead to a
high rate of poor compliance [28]. Additionally, strong data to suggest the effective-
ness of dietary potassium restriction is lacking [26]. Some data suggest that dietary
potassium restriction has the potential to be harmful to overall health and cardiovas-
cular outcomes in such patients [29].

Another example of a common therapeutic intervention for hyperkalemia is the
use of sodium polystyrene sulfonate (SPS). SPS is a non-absorbed cation-exchange
resin that is sold under the brand names Kayexalate, SPS, or Kionex [30]. It was
first introduced for the treatment of hyperkalemia in the early 1950s based on 2
small case series and was then approved by the US Food and Drug Administration
(FDA) for short-term treatment of hyperkalemia in 1958 [30]. It works by binding
to potassium in the colon in exchange for sodium leading to increased fecal excre-
tion of potassium. It is given orally as 15 gm up to 4 times per day or 30-60 gm
rectally up to 4 times per day [30, 31]. Although SPS is a famous intervention that
has been used for a long time, randomized clinical trials supporting its efficacy for
the management of chronic hyperkalemia are limited [30, 32]. There is only one
randomized clinical trial with a small sample size of CKD patients which showed
that SPS leads to a small reduction in the serum potassium level compared to pla-
cebo [30, 32], but the clinical significance of this effect is not clear [30]. Moreover,
in 2009, the FDA released a black box warning about the risk of intestinal necrosis
(which could be fatal) associated with the use of SPS in combination with sorbitol
[30, 32, 33]. However, some data suggests that intestinal necrosis may still occur in
patients receiving SPS alone without sorbitol suggesting that this complication is
likely related to the SPS itself and independent of sorbitol [30, 34]. Patients with
advanced CKD are at particular risk of developing gastrointestinal complications
including intestinal ischemia, thrombosis, ulceration, or perforation [35], and the
risk of hospitalization because of SPS-related gastrointestinal complications is
increased in elderly patients [36]. Looking at all aforementioned concerns about
SPS, some have recommended that it should no longer be used [26, 30, 37], or to
limit its use to a situation where all the following criteria are met [37]:

* potentially life-threatening hyperkalemia

* Novel potassium binders (i.e., patiromer or sodium zirconium cyclosilicate) are
not available,

* dialysis is not readily available, and
* other therapies (like diuretics) have failed or are not possible.

For postoperative patients, patients with intestinal obstruction/ileus, patients with
chronic bowel disease, and patients with constipation, hypovolemia, or renal insuf-
ficiency, SPS should not be used even in the above-mentioned situation, and such
patients can be managed with repeated doses of insulin and glucose until dialysis is
feasible [33, 37].

The limitations of traditional lines of management of chronic hyperkalemia before
the era of novel potassium binders are summarized in Table 1.

156



Novel Potassium Binders for CKD Patients with Hyperkalemia
DOI: http://dx.doi.org/10.5772/intechopen.1004813

Dietary Restriction of Potassium (2 to 3 grams/day)

Limitations Patients may already need to follow other dietary restrictions

Low compliance rate

Potential Increase in the risk of cardiovascular outcomes and stroke

Loop Diuretics

Limitations Its role is mainly in hypervolemic patients

May cause other electrolyte disturbances and acute kidney injury

Its efficacy depends on renal function

Sodium Bicarbonate Tablets

Limitations Lack of strong evidence to support its role

Its role is mainly in patients with coexisting metabolic acidosis

May lead to fluid retention and hypertension

Reduction of Dose /Cessation of Renin— Angiotensin—Aldosterone System Inhibitors

Limitations Increase the rate of major adverse cardiovascular events

Increase the rate of death

Loss of renoprotective effect of RASSI

Sodium Polystyrene Sulfonate

Limitations Rare but serious adverse gastrointestinal side effects

Limited evidence to support its efficacy, especially as chronic therapy

May bind other medications reducing their efficacy

Table 1.
Limitations of traditional lines of management of chronic hyperkalemia.

5. Novel potassium binders

The limitations of all the aforementioned interventions in the management of
chronic hyperkalemia have identified an unmet need to find a reliable and effective
intervention or strategy to address this problem. The introduction of the novel potas-
sium binders has filled a major gap in this regard. In 2015, patiromer was approved by
FDA as a novel potassium binder, followed by sodium zirconium cyclosilicate (SZC)
which was approved by FDA in 2018. Many trials have demonstrated the efficacy of
both drugs in short and long-term management of hyperkalemia [38]. Therefore,
many guidelines are now advocating for the use of these novel binders to manage
hyperkalemia, especially for those using RASSi therapy [26, 38-40]. Table 2 com-
pares different potassium binders.

5.1 Patiromer

Patiromer is a cross-linked polymer of 2-fluoroacrylic acid with divinylbenzenes
and 1,7-octadiene. It is used in form of its calcium salt and with sorbitol, a combina-
tion called patiromer sorbitex calcium.

See Figure 2.
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Property Sodium Polystyrene Patiromer Sodium Zirconium
Sulfonate Cyclosilicate
Brand name Kayexalate, SPS, or Veltassa Lokelma
Kionex
Approval 1958 2015 2018
year
Mechanism binds potassium in binds potassium in exchange binds potassium in exchange
of action exchange for sodium for calcium for sodium and hydrogen
Onset of Hours to days 7 hours 1 hour
action
Site of action Colon Distal colon Entire gastrointestinal tract

Dosing 15-60 g orally (1-4 8.4 g daily, and if needed, LA: 10 g orally three times
times daily), or 30-50 g may increase the dose after a daily for 48 hours, then
rectally (1-4 times week to 16.8 g to a maximum MD: 5 g orally daily. If needed,
daily) of 25.2 g daily increase the dose after a week

to 10 gm. The maximum dose
is 15 g daily

Na content 1500 mgper15g None 400 mgper5g

Serious S/E Colonic necrosis None None

Common * Constipation, « Constipation, diarrhea, * Hypokalemia

S/E diarrhea, nausea, and nausea, and vomiting

- ¢ Edema
vomiting * Hypokalemia,
* Hypokalemia, hypomagnesemia
hypomagnesemia
Cost * 15g/60 mL (per * 84g:$54.77 e 5g:$32.82
mL): $1.21 . 168 g $40.99 . 10 g $32.82
* 252 g: $40.99

G: gram, LA: loading dose, MD: maintenance dose, Na: sodium, S/E: side effects.

Table 2.

Comparison of potassium binders.

Figure 2.

Chemical structure of pativomer. (by Anypodetos — Own work, based on RxList, CCo, https://commons.

wikimedia.org/w/index.php?curid=45569546).
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5.1.1 Clinical pharmacology

Patiromer, which is sold under the brand name Veltassa, is a cation exchange
polymer that binds potassium in the colon in exchange for calcium. The net result
is increased fecal excretion of potassium with subsequent reduction in the serum
potassium level. It is available as a powder for oral suspension that is taken once
daily without regard to food. The initial dose is 8.4 grams, and if needed, the dose
can be increased after a week to 16.8 grams to a maximum of 25.2 grams once
daily [33, 41, 42].

It is a slowly-acting drug with an onset of action of 7 hours after administration,
and the potassium level continues to decrease for at least 48 hours if treatment is
continued [42]. The potassium level remains stable for 24 hours after administra-
tion of the last dose and does not increase before the next dose [42]. If patiromer is
discontinued, the potassium level starts to rise again at least four days from the last
dose [42]. Patiromer is not absorbed from the gut, is not metabolized, and is excreted
unchanged with feces [41, 42].

5.1.2 Indication and utilization

Patiromer is indicated for the management of chronic hyperkalemia, especially for
those who are on RAASi therapy [38-40]. Because patiromer acts relatively slowly, it
is not usually reccommended as an emergency treatment for life-threatening hyperka-
lemia. However, some data suggest that patiromer can acutely reduce serum potas-
sium within 2 hours in patients with severe hyperkalemia [43]. Therefore, different
guidelines are now recommending using patiromer in acute settings for patients with
severe hyperkalemia alongside the standard of care [26, 37, 44].

5.1.3 Available evidence

e DIAMOND trial (Butler et al. — 2022): A multicenter, randomized, double-blind,
placebo-controlled study on the use of patiromer in patients with hyperkalemia
on RAAS;i therapy and/or on mineralocorticoid receptor antagonists (MRA). It
included 878 patients with heart failure with reduced ejection fraction with a
follow-up period of up to 43 weeks (median 27 weeks). Almost 42.4% of patients
had stage 3 CKD. Patiromer significantly reduced the serum potassium level and
reduced the MRA discontinuation or dose reduction [45].

* AMBER trial (Agarwal et al. —2018): A multicenter, randomized, double-blind,
placebo-controlled study on the use of patiromer in patients with CKD and
resistant hypertension requiring spironolactone. It included 295 patients with
a follow-up period of up to 12 weeks. It concluded that patiromer enabled more
patients to continue treatment with spironolactone with less hyperkalemia [46].

* TOURMALINE trial (Pergola et al. — 2017): An open-label-randomized study
on the efficacy and safety of patiromer administered once daily with or without
food. It included 114 adult patients with hyperkalemia, of which 75.9% had
CKD. It concluded that patiromer is equally effective and well tolerated when
taken without food or with food, thereby offering the potential for dosing
flexibility [47].
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* OPAL-HK trial (Weir et al. — 2015): A multinational, randomized, single-blind,

and placebo-controlled study on CKD patients receiving RAAS] therapy who
had hyperkalemia. It included 243 with a follow-up period of 12 weeks. It
concluded that patiromer treatment was associated with a decrease in serum
potassium levels and, as compared with placebo, a reduction in the recurrence
of hyperkalemia [48].

AMETHYST-DN trial (Bakris et al. — 2015): A multicenter, randomized, open-
label study evaluating the efficacy and safety of patiromer in hyperkalemic
patients with type 2 diabetes and CKD. It included 306 patients with a follow-up
period of 52 weeks. It concluded that patiromer resulted in statistically signifi-
cant decreases in serum potassium levels after 4 weeks of treatment, lasting
through 52 weeks [49].

PEARL-HF Study (Pitt et al. - 2011): A randomized, double-blind, placebo-con-
trolled study evaluating the efficacy of patiromer on serum potassium levels and
safety in patients with chronic heart failure receiving the standard therapy (with
or without CKD) and spironolactone. It included 105 patients with a follow-up
period of 4 weeks. It concluded that patiromer significantly reduced potassium
levels and is well tolerated in patients with HF receiving standard therapy and
spironolactone [50].

5.1.4 Side effects of patiromer

Patiromer is generally well tolerated [42]. Its safety and tolerability in clinical

practice are predictable and consistent with clinical trial data [50].

Reported side effects were uncommon and mild, and did not lead to stopping

patiromer [42, 51]. These include:

* Gastrointestinal side effects: constipation (6.9-7.2%), diarrhea (3.5-4.8%),

abdominal discomfort (1.4-2%), flatulence (1.3-2%), nausea (1.7-2.3%). These
side effects are usually mild and do not appear to be dose-dependent. In most
cases, they improve spontaneously. The currently available evidence indicates
that patiromer does not cause severe gastrointestinal complications, such as
gastrointestinal ischemia, necrosis, or perforation.

Electrolyte disturbance: Hypokalemia of less than 3.5 mmol/L may occur in
4.7-5% of patients. Mild to moderate hypomagnesemia may also occur with a
risk ranging between 0.02-5.3%. Therefore, serum magnesium level should be
monitored for at least 1 month after initiating patiromer. Because patiromer
exchanges calcium for potassium, there is a theoretical risk of hypercalcemia,
however, this risk is very uncommon and may occur in 0.06 and 0.09% of
patients.

* Hypersensitivity reactions may occur in 0.3% of patients.

* Mild hypotension has been reported in 8% of patients.
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* Drug interaction: patiromer can bind with other drugs in the gastrointestinal
tract and decrease their absorption. The most clinically important interactions
are with ciprofloxacin, thyroxine, and metformin. Therefore, these drugs should
be administered more than three hours before or after patiromer [52].

Serious events like requirement of dialysis, sudden death, myocardial infarc-
tion, and sudden cardiac death were not seen in the global pharmacovigilance
database [51].

5.2 Sodium zirconium cyclosilicate (SZC)

SZC has a unique crystal lattice structure, and its chemical formula is
Na ~ 1.5H ~ 0.5ZrSi3092-3H20. See Figure 3 [54].

5.2.1 Clinical pharmacology

Sodium zirconium cyclosilicate (SZC), which is sold under the brand name
Lokelma, is an inorganic, insoluble compound that binds potassium in the colon in
exchange for hydrogen and sodium. Binding of potassium reduces the concentration
of free potassium in the gastrointestinal lumen, which leads to increased fecal excre-
tion of potassium and lowering of serum potassium level.

SZC is available as a powder for oral suspension, and its starting or loading dose is
10 grams three times a day for 48 hours, followed by a maintenance dose of 5 grams
daily. The dose could then be gradually increased, if needed, at a weekly interval to a
maximum of 15 grams per day [54].

SZC has an onset of action of 1 hour, i.e., reduction in serum potassium level is
observed one hour after initiation of therapy. However, serum potassium concentra-
tions continue to decline over the 48-hour of the loading dose. Patients with higher
starting serum potassium levels or receiving a higher dose have greater reductions in
serum potassium level [54]. SZC is not systemically absorbed, it is not metabolized,
and it is excreted unchanged with feces [54].

Figure 3.
Crystal structure of sodium zirconium cyclosilicate. Blue spheves = oxygen atoms, ved spheres = zirconium atoms,
green spheves = silicon atoms. (Ref. [53], https://commonswikimedia.org/w/index.php?curid=44596225).
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5.2.2 Indication and utilization

SZC is indicated for the management of chronic hyperkalemia, especially in
patients receiving RAASi therapy [54]. As with patiromer, SZC was not initially
approved in acute setting for the management of life-threatening hyperkalemia. But
again, as with patiromer, data suggest that SCZ can acutely reduce potassium levels
[55]. Therefore, different guidelines including the National Institute for Health and
Care Excellence have recommended the use of SCZ for acute life-threatening hyper-
kalemia, in conjunction with standard care [26, 56]. In fact, for acute management
of hyperkalemia, SZC is preferred over patiromer because of its more rapid onset of
action [37].

5.2.3 Available evidence

¢ HARMONIZE-GLOBAL trial (Zannad et al. - 2020): A multi-center, random-
ized, double-blind, placebo-controlled studying the effect of SZC on outpatients
with hyperkalemia (76.4% were on RAASi,78.3% had CKD). It included 267
patients with a follow-up period of 28 days. It concluded that SZC is more effec-
tive than placebo in achieving normokalemia at 48 hours; and can maintain it up
to 28 days [57].

* HARMONIZE OLE trial (Roger et al. - 2019): An open-label extension (OLE)
of the HARMONIZE study evaluating the efficacy and safety of SZC for
<11 months in outpatients with serum K+ level 3.5-6.2 mmol/L. It included 123
patients (68.6% were on RAASI, 74% had eGFR <60 ml/minute/1.73 m2) with a
follow-up period of <337 days. It found that SZC was able to achieve the target
potassium level for <11 months during ongoing SZC treatment [58].

* ZS-005 trial (Spinowitz et al. - 2019): A multi-center, open-label study
evaluating the use of SZC on adult outpatients with hyperkalemia (65% were
on RAASI, 74% had eGFR <60 ml/minute/1.73 m2). It included 751 patients
with a 52-week follow-up period. It concluded that SZC was associated with
maintenance of normokalemia without substantial changes in RAASi therapy
for <12 months [59].

¢ 7S-003 trial (Packham et al. - 2015): A multi-center, randomized, double-
blind, placebo-controlled study evaluating the use of SCZ for the management
of adult outpatients with hyperkalemia (66.7% were on RAASi, 74.5% had an
eGFR <60 ml/minute/1.73 m2). It included 754 patients with a follow-up period
of 16 days. It concluded that patients with hyperkalemia who received SZC,
as compared with those who received placebo, had a significant reduction in
potassium levels at 48 hours, with normokalemia maintained during 12 days of
maintenance therapy [60].

¢ HARMONIZE trial (Kosiborod et al. - 2014): A multi-center, randomized,
double-blind, placebo-controlled study evaluating the efficacy and safety of
SZC for adult outpatients with hyperkalemia (69.8% on RAASi, 66% had an
eGFR <60 ml/minute/1.73 m?). It included 258 patients with a follow-up period
of 28 days. It concluded that SZC is more effective than placebo in achieving
normokalemia at 48 hours and maintaining it for 28 days [61].
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5.2.4 Side effects of SZC

SZC is generally well tolerated, and there were no reported serious adverse events
in clinical trials involving SZC [54, 58]. Reported side effects were [54, 57]:

* Hypokalemia: in clinical trials, hypokalemia (defined as serum potassium less
than 3.5 mmol/L) developed in 4.1% of treated patients. Hypokalemia resolved
with dose adjustment or discontinuation of SZC.

* Edema-related events ((edema, generalized edema, and peripheral edema): SZC
contains approximately 400 mg sodium per 5 g dose. In placebo-controlled trials
in which patients were treated with once-daily doses of SZC for up to 28 days,
edema was reported in 4.4% of patients receiving 5 g, 5.9% of patients receiv-
ing 10 g, and 16.1% of patients receiving 15 g SZC compared to 2.4% of patients
receiving placebo. In longer-term uncontrolled trials in which most patients
were maintained on doses s < 15 g once daily, edema was reported in 8-11% of
patients. Edema was generally mild to moderate in severity [54]. Patients need to
be instructed to reduce their salt intake, and adjusting the diuretic dose may be
required.

When using SZC, the following precautions must be considered [54]:

* Drug-interaction: SZC may transiently increase gastric pH and can change the
absorption of co-administered drugs that exhibit pH-dependent solubility (e.g.,
furosemide, atorvastatin, and dabigatran), potentially leading to altered efficacy
or safety of these drugs. Therefore, other oral medications should be adminis-
tered at least 2 hours before or 2 hours after SZC.

* SZC safety and efficacy were not studied in patients with severe constipation or
impaction, bowel obstruction, postoperative patients, or patients with bowel
motility disorders; so it may be ineffective or may worsen these conditions.
Therefore, it must be avoided in such patients.

* SZC agent has radio-opaque properties and, therefore, may appear when imaging
the abdomen with X-ray of computed scans. This is to be considered in patients
receiving SZC to avoid improper analysis of imaging [62].

Considering all aforementioned data showing the efficacy of patiromer and SCZ
in reducing the potassium level, nephrologists are now able to use these novel binders
to control chronic hyperkalemia in patients with CKD. Moreover, these binders will
facilitate the optimization of RAASI therapy in such patients. RAASi medications are
disease-modifying therapies in patients with CKD, and before the era of these novel
binders, nephrologists would either reduce the dose or discontinue RAASi therapy in
response to their common side effect of hyperkalemia. Now that patiromer and SCZ
are mitigating this risk, they are functioning as “RAASi enablers” and allowing for
RAAS; proper utilization and dose optimization. Such an “enabling” effect was seen
mainly as a secondary outcome in the previously summarized randomized studies of
each binder. However, it was reproduced as a primary outcome of a meta-analysis of
some of these studies [63]. This meta-analysis and systematic review investigated the
efficacy of patiromer and SCZ on the optimization of RAASi therapy and reduction
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of hyperkalemia events [63]. Although the aim was to clarify the importance of

their use in the clinical practice for heart failure patients, 2 of the 6 included studies
targeted only CKD patients, and the remaining included a significant percentage of
CKD patients [63]. This “enabling” effect may in the future extend the use of RAASi
medications to other patients who are otherwise unable to take them due to hyper-
kalemia. The additional role of patiromer and SZC in managing acute hyperkalemia,
together with the above-mentioned benefits, may reduce the risk of hospitalizations
caused by hyperkalemia. This will reduce the economic burden and offset any cost
associated with the acquisition of these drugs. Table 2 mentions the cost of the avail-
able potassium binders. Based on cost-effective analyses, both patiromer and SCZ
were cost-effective when used in patients with CKD [64, 65]. These novel potassium
binders are changing the path of the management of CKD patients. Trials to evaluate
whether these clinical practice benefits of patiromer and AZC result in a lower rate of
major adverse events (e.g., mortality, requirement of dialysis, cardiac events...etc.) are
still needed.

5.3 Novel potassium binders for dialysis patients

Patiromer is also effective in the management of pre-dialysis hyperkalemia
in chronic hemodialysis patients [66, 67]. Because patiromer is not systemically
absorbed, no dosage adjustment is necessary for any degree of kidney dysfunction
[68]. Patiromer is unlikely to be dialyzed and no supplemental dose or dose adjust-
ment necessary for hemodialysis, peritoneal dialysis or patients on prolonged or
continuous renal replacement therapy [68].

SCZ can also be used for patients receiving chronic hemodialysis and have persis-
tent pre-dialysis hyperkalemia [54, 69]. It is to be administered only on non-dialysis
days, and the recommended starting dose is 5 grams once daily. If the pre-dialysis
serum potassium is more than 6.5 mmol/L, SZC can be started at 10 grams once daily
on non-dialysis [54]. Patients on chronic hemodialysis who are receiving SZC may
develop significant hypokalemia and serum potassium levels must be closely moni-
tored. During initiation and after a dose adjustment, assess serum potassium after one
week [54]. SCZ is not systemically absorbed (or minimal absorption), so no dosage
adjustment is necessary for patients with CKD or peritoneal dialysis patients [54].

6. Conclusions

The introduction of the novel potassium binders has filled a gap in the manage-
ment of chronic hyperkalemia. Both patiromer and SZC have demonstrated their
efficacy in maintaining normokalemia over the long term, in addition to their role in
the short-term management of severe hyperkalemia [38]. This is particularly true for
CKD patients, and more importantly, the fact that these novel binders enabled the
continuation of RAASi therapy at stable or increased doses in many eligible patients
(e.g., diabetes, CKD, heart failure patients) [38]. Patiromer and SZC are both gener-
ally well tolerated [38, 42, 51, 54, 58]. Common side effects of patiromer include
hypomagnesemia, constipation, diarrhea, abdominal pain, and flatulence [42, 51].
Side effects of SZC treatment include constipation and edema-related events [54, 58].
For short and long-term management of hyperkalemia, it is encouraged to perform
randomized controlled trials with a head-to-head comparison of efficacy and safety
between patiromer and SZC. Additionally, trials to evaluate the effect of these novel
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potassium binders on clinical outcomes (e.g., mortalities, requirement of dialysis,
cardiac events...etc) are required.
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