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Foreword

The purpose of this work is to spread recently acquired knowledge on renal physiol-
ogy, which is applied to the clinical situation of a disease known as renal tubular
acidosis (RTA). In this publication, we focus our attention on systemic and renal
physiology related to renal tubular acidosis (RTA) in children. The clinical presenta-
tion, epidemiology, etiology, diagnosis, complications, and treatment bear different
implications in children compared to those in the adult population. Besides, atten-
tion has been paid to many differences between adult and childhood physiologic
mechanisms of handling systemic and renal acid-base metabolism, as well as fluid
and electrolyte disturbances that are closely related to RTA.

Epidemiologically, RTA in the pediatric age group is a very rare disease. The
incidence has been calculated to be as low as 1:10° in the general population. RTA
(despite being a very rare renal disease) has contributed like no other renal alteration
to the knowledge of acid-base balance in Medicine, most likely due to the interest
that has been aroused in the scenario of scientific research.

Great advances in the fields of genetics and molecular biology have established
important modifications in our basic knowledge of systemic acid-base metabolism,
as well as on the renal handling of hydrogen ions and bicarbonate, determined, in
turn, by the action of protein transmembrane transporters located at the membranes
of the renal tubular cells.

RTA is an entity of miscellaneous etiology, with physiologic situations not too
easy to understand, which reflects the complexity of acid-base metabolism involved
in the pathology of RTA.

The complications that result in the different types of RTA further complicate the
situation, since they involve other organs, besides the kidneys. Endocrine, meta-
bolic, and fluids and electrolytes alterations are quite common in children with
RTA. Alterations in sodium, chloride, potassium, calcium, and phosphates metabo-
lism, among others, are evident, especially those which affect the production and
secretion of parathyroid hormone, vitamin D, calcium sensor-receptor, renin-
angiotensin-aldosterone-endothelin system, thyroid hormones, and antidiuretic
hormone.

vii



viii Foreword

These alterations represent a deleterious impact, especially on sexual maturation,
as well as in growth and development, so important in the pediatric age group.

Furthermore, the alterations described in some types of RTA have led to the
development of significant sequelae, such as kidney stone formation and nephrocal-
cinosis, which in turn, facilitate the appearance of repeated urinary tract infections
and progression into chronic kidney interstitial damage and end-stage renal failure.

We hope the scientific compilation provided herein may help as an aid in the
understanding of the physiology of RTA in children and contribute to the diagnosis,
management, and treatment of this entity.

Mexico City, Mexico Ricardo Mufioz



Preface

One of the main motivations for this publication was a sudden increase in children
falsely diagnosed as having RTA. This problem began and spread more than a
decade ago in some Latin American countries. A careful review of several cases
with a recent diagnosis of RTA revealed that the overall had an incorrect diagnosis
since the clinical and laboratory data found in the clinical records did not support
the evidence of the diagnosis of RTA.

The inappropriate diagnosis of RTA in children happens in hospital settings and
private practice. Dozens of these children were contacted and studied again by
expert pediatric nephrologists under the appropriate and supervised laboratory diag-
nostic technology, concluding there was an overdiagnosis of RTA.

Even though some publications were made on this matter in the medical litera-
ture, the problem of overdiagnosis of RTA has been increasing to this day.

Therefore, this work intends to reach general practitioners, gastroenterologists,
endocrinologists, healthcare personnel, and, especially, pediatricians and growth
and development services that are the first contact with children with the main fea-
ture of RTA, which is failure to thrive. Therefore, they may be able to find in this
publication the scientific information to make up the correct diagnosis and, if neces-
sary, refer patients to the pediatric nephrologist to achieve this purpose. Unfortunately,
some pediatric nephrologists continue to support the mistaken diagnosis of RTA
which, in turn, may explain the expansion of this false “epidemic” of renal tubular
acidosis in children.

Besides, it is important to alert the general population on this matter, hoping to
avoid the risk of making repeatedly an incorrect diagnosis of RTA and the undesir-
able effects of prolonged treatment, as well as the emotional and economic burden
of a misdiagnosis. All this is coupled with the ethical implications and possible
consequences of legal liability.

The initial chapters include a review of the basic principles of systemic metabo-
lism of hydrogen and carbon dioxide and sodium bicarbonate in states of health and
disease, focusing the attention on the pediatric population. These chapters include a
review of the renal physiology related to the regulation of acid-base metabolism.
The following chapters describe the different types of RTA, the etiology,
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pathophysiology, diagnosis, and, treatment, paying special attention to the molecu-
lar basis of protein transmembrane transporters working at hydrogen excretion and
bicarbonate tubular reabsorption in different tubular cells of the nephron.

Mexico City, Mexico Ricardo Mufioz
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Chapter 1 m
Systemic Regulation of Acid-Base s
Metabolism

Javier Zamora-Garcia and Ricardo Muiioz

Introduction: Evolutionary Aspects of Acid-Base Metabolism

The evolution of acid-base metabolism goes back to the emergence of life in the
planet, about 4 billion years ago, when climatic, temperature, pH, and other physi-
cal and chemical conditions of the oceanic floor were suitable for certain molecules,
such as hydrogen, oxygen, nitrogen, and carbon to bind, and perhaps facilitated the
formation of amino acid chains that could be the first step to initiate life in the planet.

This could have happened around volcanic chimneys where electrical charges
favored the necessary chemical reactions to create primitive life. Scientific argu-
ments propose that certain amino acid particles, like histidine, participated in the
process of assembling polypeptide chains, with subsequent RNA formation, with
the capability of self-replication. These and other speculations, without convincing
scientific evidence as yet, are the framework of future promising research in the
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field of life evolution on the planet. Nevertheless, the theory stating that biological
phenomena are the product of evolutionary mechanisms is widely accepted.

Several pioneer researchers guided the scientific thoughts upon the theory of
evolution of the species on the planet, plants, and animals as well. Some of these
specimens, aquatic or terrestrial, have survived until today, providing the opportu-
nity to develop future scientific research on the understanding of the evolution of all
species, including humans.

It is worth mentioning some of the investigators that guided the initial scientific
work on the theory of evolution of the species, such as Charles R. Darwin
1809-1882): On the origin of species through natural selection; or The preservation
of favored races in the struggle for life; Alfred R. Wallace (1823—1913): Contributions
to the Theory of Natural Selection (2* ed). London: Macmillan & Co. 1870; 384;
Claude Bernard (1813—1878): written in French (Lecons sur les phénomenes de la
vie comuns aux Animaux et aux végétaux. Parfs, Librairie Philosophique J. Vrin.
1866) and, more recently, Homer Smith, with his relevant advance research on renal
physiology in animals and humans: From fish to philosopher. Boston, Little, Brown
& Co. 1953).

The earliest living creatures were fungi, yeasts, possible prokaryotic cells, and
bacteria. Unicellular forms simply excreted the end products of their metabolism by
simple vacuolization. They used O, in the cellular biochemical reactions during the
consumption and processing of carbohydrates and the subsequent elimination of
CO,, thus giving birth to the respiratory component of the acid-base balance.

The evolution of plants and animals occurred primarily as an adaptation to the
hostile environment they inhabited, and later as an adaptation to the ever-changing
environmental phenomena when the organisms moved to other locations searching
for better food supplies and conditions of life. The initial basic organic functions
were determined by the need to conserve water and electrolyte equilibrium, as well
as osmolar regulation of the cells.

Multicellular life forms appeared 3 billion years later, about 1 billion years from
now. More complex organisms needed to develop adaptive mechanisms to survive
under the seawater modifications that appear during this era in the ocean depths.
These primitive organisms performed more complicated functions, with the devel-
opment of enzymes that help to increase the speed of biochemical reactions, as well
as the emergence of cell transmembrane transport proteins, facilitating the passage
of water and diverse molecules from the environment through their bi-lipid cell
membranes, such as aquaporins, carbonic anhydrase, and ATPases.

Under these conditions, the organisms required excretion of the excessive amount
of salts from the ocean salty water, mainly Na*Cl~, while simultaneously, retaining
electrolyte-free water in the organism. In some species, salt-secreting glands were
formed to fulfill this purpose. Rudimentary renal tubules appeared first, as a simple
straight tubule, with minimal variability of the tubular epithelium, a few apical
microvilli, and abundant collagen material. All this occurred when primitive multi-
cellular organisms emerged, such as mollusks, arthropods, sponges, annelids, cor-
data, primitive fish, etc.
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Throughout millions of years, the organisms moved from salty-seawater to
brackish water and, then to clear freshwater, almost free of electrolytes. At that time,
the adaptive mechanisms changed oppositely to those of the previous life in the
ocean, namely, the conservation of Na*Cl~ and the excretion of excess H,O to avoid
dilution of the body fluids. Glomeruli appeared then to excrete the electrolyte free-
water excess. The main function of glomeruli consisted of the ultrafiltration of large
amounts of water while retaining some molecules necessary to sustain life within
the vascular space, such as proteins, albumin, macromolecules, etc. Few marine
species, which never left the ocean, remained without glomeruli (a-glomerular),
surviving in the same way up to the present time. The simple, straight renal tubule
enlarged to retain sodium chloride [1].

Subsequently, some organisms left the aqueous environment for short periods
giving birth to amphibians, batrachians, and reptiles that reached dry land during
longer periods, then evolving through millions of years as birds and mammals.
Under these circumstances, the need to conserve both, water and salts, the renal
tubules suffered important modifications appearing in what we now know as the
loop of Henle. These significant tubular changes originated the countercurrent
mechanism and the appearance of enzymes and hormones, such as vasopressin,
oxytocin, etc., that unfold vital physiological mechanisms, such as urine concentra-
tion and dilution, osmolar regulation, fluid and, electrolyte balance and, acid-base
metabolism, increasing the chances of survival in a world with constantly changing
environment [2].

Similarly, some reptiles and sea birds developed salt-secreting glands (Na* Cl7),
to counteract the salt excess ingested from the ocean. These glands are located
around the nostrils or the anal orifices, whose cells use a transporter protein, the
sodium/potassium pump, or sodium-potassium adenosine-triphosphatase (Na'/
K*ATPase), similar to the transporter protein found in the renal tubular cells of
mammals, including humans. However, these salt glands transporter proteins in the
nostrils work in the opposite direction of those found in the renal tubular cells of
mammals. Instead of sodium reabsorption and potassium excretion in the kidney,
the sodium secreting glands of birds and some reptiles (sea iguanas) expel sodium
chloride from the extracellular fluid (ECF) into the environment [3]. The complex
evolutionary changes briefly described herein evolved over millions of years.

During more recent periods of evolution, the mechanisms of regulation of acid-
base metabolism began to develop, in a never-ending process, up to now.

Perhaps, the metabolic component of acid-base metabolism emerged during the
pre-Cambrian period, at the end of the Proterozoic and the beginning of the
Paleozoic periods, around 450 million to 500 million years ago, due to the need to
excrete nitrogenous waste products from the protein metabolism. This occurred
when primitive multicellular organisms emerged, such as mollusks, arthropods,
sponges, annelids, cordata, etc. [4].

Some toxic end products of nitrogen metabolism have been excreted by gills,
nostrils, and anal glands, as well as by the kidneys of diverse species (fish, birds,
amphibians, reptiles, and mammals), as ammonia, uric acid, and urea [5]. These end
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products of nitrogen metabolism also help to eliminate hydrogen ions, participating
in the regulation of acid-base metabolism. These chemicals are eliminated in greater
or lesser quantity, depending on the capacity and adaptation characteristics of each
species. Fishes use mainly ammonia (ammonotelic), as the end product of protein
metabolism, due to the easier excretion of this compound by the gills and its capac-
ity to dissolve in water. The participation of the kidneys in this process is of little
relevance. The H*ATPase transporter protein is active in the gills of freshwater fish;
the Na*/H* family of transporters in marine fish and, in both species, the anion
exchange proteins (HCO;7/Cl7) are the main molecules that contribute to maintain-
ing the pH of the ECF of most aquatic species. The respiratory component of the
acid-base metabolism plays a less important activity in acid-base regulation in
fish [6-8].

Even though birds and certain reptiles also excrete ammonia, they mainly
resorted to the formation and excretion of uric acid (uricotelic) for the elimination
of nitrogenous waste products and protons, with the advantage of having less toxic-
ity over ammonia, besides that only a small amount of water is required for its elimi-
nation, thus reducing body weight and facilitating the flight of birds. Contrary to
acid-base physiology in fish, the mechanisms of production and excretion of CO,
(respiratory component) in birds is the most advanced of all vertebrates in pH
regulation.

Mammals, including humans, form and excrete ammonia and uric acid, but to a
lesser degree of physiological importance. Mammals also developed the respiratory
component of the acid-base regulation, similar to birds. Nevertheless, the most
important physiological mechanism developed for nitrogenous product excretion in
mammals is mainly the formation and excretion of urea (ureotelic), with the advan-
tage of having the lowest risk of toxicity. Nonetheless, urea needs a greater amount
of water for renal excretion. Most relevant is the fact that urea molecules also con-
tribute to assembling the countercurrent mechanism, together with Na*Cl~ and
water [9].

Ammonia, a final product of protein metabolism of some amino acids, such as
glycine, valine, methionine, etc., is highly toxic at high concentrations. Nevertheless,
ammonia excretion is an important mechanism used by different species in acid-
base balance. In fish and aquatic invertebrates, ammonia is eliminated through the
gills, while in mammals, including humans, is used as a buffer mechanism, increas-
ing the renal excretion of hydrogen. In this process, new bicarbonate is formed, as
an evolutionary process of adaptation of some animal species to their environment.
Ammonia can also be transformed to urea in various species (sharks, amphibians,
and mammals) via the urea cycle, or uric acid in birds and reptiles. Uric acid may
become solid, thus reducing the amount of water loss through the final urine.

The mechanisms of renal regulation of acid-base metabolism in humans are
described in the corresponding chapter.
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Physical and Chemical Principles of Acid-Base Metabolism

The acid-base balance is a complex process in which various biochemical factors par-
ticipate; mainly the concentration of free H *, which indicates the degree of acidity of
a buffer solution and is expressed as pH. In this process participate the respiratory
component, regulated by the lungs and expressed as the partial pressure of carbon
dioxide (pCO,). The metabolic component of acid-base balance is expressed by the
plasma concentration of bicarbonate [HCO;], regulated by the kidneys, based on glo-
merular and tubular physiology. Much of the complexity of acid-base regulation
occurs because these components work together in a dependent manner and are
expressed with different meanings; some represent “intensity”, while others indicate
“quantity” of the phenomenon. Thus, pCO, is expressed in millimeters of mercury
(mmHg) and is indicative of intensity, while the concentration of bicarbonate [HCO;"]
is expressed in milliequivalents per liter (mEq/l) or millimoles per liter (mmol/l),
meaning the amount of acid-base regulatory substances present in a buffer solution.
The pH, a mathematical concept, is a measure of the electrochemical potential of pro-
tons and indicates intensity. It is expressed in logarithmic units on the base of 10 [10].

The acid-base properties of organic compounds are important in the physiology
of every animal species, which, from their distribution in the organism to their meta-
bolic endpoint, are determined by the acid or base character. Furthermore, the acid-
ity of the medium in which they are distributed also has a determining effect on their
metabolism.

The first systematization of the concepts of acid and base was elaborated by
Arrhenius, who in 1897 defined an acid as a “substance that, in solution, releases
hydrogen ions or protons” (H*), while a base is a “substance that, in solution,
releases hydroxyl ions (OH™)”. This nomenclature has the drawback of not assign-
ing any participation in the environment in which they are located. For this reason,
Bronsted (1923) and Lowry, almost simultaneously, proposed the nomenclature
according to the acid behavior concerning substances dissolved in an aqueous
medium, from which it is derived that an acid is a substance capable of yielding H*,
while a base is a substance that accepts H*, depicted in the following formula:

HA©H +A

The symmetrical behavior going in both directions in the formula determines
that, for a substance to act as an acid yielding H*, it implies the existence of another
capable of behaving as a base, simultaneously. The hydroxyl group (OH") is a base
component of the hydroxides that are part of the minerals; therefore, accepts pro-
tons. This explains that some substances that, although they do not contain OH~
groups, behave like bases, as is the case of amines that contain a nitrogenous
molecule with two unshared electrons, capable of accepting or binding H* ions.
According to this concept, different substances, when dissolved in water have a buf-
fer capacity, since they can behave as acids or bases while accepting or releasing
protons [11, 12].
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Buffer Mechanisms, pH, and pK Concepts

The acidity or alkalinity of a solution is determined by the concentration of H*, which
in the ECF of the human body is 0.0000000398 (nm/l), showing slight variations in
the physiological range. This figure implies a complicated mathematical assessment
in clinical practice. For this reason, Sorensen (1909) proposed an alternate logarith-
mic application to express the concentration of H * with positive numbering, which
instead of using the decimal or exponential denomination uses the logarithmic trans-
formation of the molar concentration of the protons [H*], which was named pH.

Therefore, pH is the logarithmic representation of the concentration of hydrogen
ions in a buffer solution. As a result of this transformation, the fractional numbers
become positive integers. Since the equation is inverse, the higher the concentration
of H*, the lower the pH value. Nowadays, pH is the most common way to express
the acidity or alkalinity of a buffer solution.

The Henderson and Hasselbach equations are derived from the concept of pH,
solved as follows:

Ha>H +a =Ha<H'+a”

Regardless of the concentrations, the proportions of the components remain con-
stant in an equilibrium solution:

K =[a |[H"]/[Ha]

[H* ] =K [Ha]/ [a’] : Henderson

pH:1/[H" |pH =~log10[ H" |

—log [H+ :I =—logK —log[Ha]/ [a’]

pH = pK +log[ a™ |/[Ha]: Henderson Hasselbach
pH = pK +log| HCO,™ |/[ H,CO," |

In the extracellular fluid (ECF) of the organism the concepts of the equations are
expressed in real quantities. Because the concentration of hydrogen in this fluid
space is in the order of 0.0000000398 nm/1, the following results are obtained:

pH =—-log |:H+ ]

pH = —10g[3.98x10]

pH = —log[3.98 ~log10™ |
—1og3.98 = —-0.60;

log107® : 8

pH =-0.60+8.0 =7.40
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Therefore, the physiological H* concentration of 3.98 x 107% in the ECF of the
human body corresponds to a pH of (7.40 + 0.05).

On the other hand, the pK concept refers to the dissociation constant of a buffer
substance, and is deduced from the terms previously mentioned:

K =[H"][a |/[Ha]

[H*] =K [Ha]/[a] = Henderson

Therefore:

pH=-logH"

logH" =—logK —log [Ha] / [a’ ]

pH = pK +—log[a]/[Ha] = Henderson - Hasselbach
Thus:

pH = pK +log[ HCO,” | = pH = pK +log| HCO," ]/[H,CO, ]xS.pCO, :

e [H']: hydrogen ion concentration

¢ [a7]: base concentration

* —log: negative logarithm

e pH: —log [H*]: hydrogen ion concentration in a buffer solution
* pK: dissociation constant of a substance

e [HCOjs7]: bicarbonate concentration

¢ [H,CO;]: carbonic acid concentration

* S.pCO;: alveolar CO, solubility coefficient: 0.03

* pK+log [HCO;™] : metabolic component (24 mEq/1)

e [HyCOs] x S x pCO,: respiratory component (0.03)

The concept of pK is based on the Henderson-Hasselbalch equation, which rep-
resents the law of mass action, which states that the speed of a reaction equals the
product of the molar concentrations of the reactants.

An acid-base buffer is a solution that contains two or more chemical compounds
and prevents intense or sudden changes in the concentration of hydrogen ions.

A buffer substance is a mixture that minimizes pH changes in a solution to which
an acid or alkali is added. This substance is made up of a weak acid, accompanied
by an alkaline salt with a strong base; or a weak base that is accompanied by an acid
salt of a strong acid.

The maximum buffer action of a solution occurs when, adding a unit of acid, a
minimal change of pH appears. At this point, half of the acid is neutral and indicates
that half of the buffer has dissociated. Therefore, the pH corresponds to the pK or
dissociation constant of the buffer system. Strong acids such as HCI, as well as
strong bases, or inert solutions, do not have a pH.
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When a buffer system dissociates at 50%, pK is equal to pH; its effectiveness is
at the maximum. Accordingly, the HPO,~>/HPO,~ damper or buffer system, with a
pK of 6.80 (closer to the ECF’s pH of 7.40 + 0.05), would theoretically be the most
efficient buffer, which is correct only in a closed acid-base system. However, in an
open system, as occurs in the human ECF, the HCO;7/H,CO; buffer pair, with a pK
of 6.10, is more efficient due to its abundance and the ability to form CO,, which
can be eliminated through the alveoli (respiratory component), as well as H*, that
can be excreted by the kidney (metabolic component) [13].

According to the titration of acids and bases, the dissociation constants (pK) of
some of the buffer systems of the ECF are shown below [14]:

» Buffer pairs and their dissociation constant (pK)

¢ Bicarbonate/carbonic acid (HCOs/H,CO57): 6.10
 Phosphates/phosphoric acid (H,PO,/HPO,): 6.80
e Acetate/Acetic acid: 3.80

» Hydroxybutirate/B-Hydroxybutyric: 4.80

e Lactate/Lactic Acid: 3.90

¢ Ammonia/ammonium (NH3/NH,*): 9.37

To maintain the pH within the physiological range, several modifications have
been developed over time. These mechanisms are present in the body fluid compart-
ments, with certain variations in their activity. Due to technical reasons, the ECF is
the compartment best studied to date.

Buffer, compensation, and correction mechanisms of the primary disturbance of
the acid-base equilibrium are called defense mechanisms of the acid-base
metabolism.

A buffer mechanism works using substances capable of capturing or yielding
protons or hydrogen ions (H*), or hydroxyl groups (OH") in the ECF via bicarbon-
ate (metabolic component) and CO, (respiratory component) buffer systems. In
theory, CO, is not an acid, since there is no H* molecule to be donated. However,
CO, behaves like an acidic compound in an open metabolic system, such as the
ECF, where CO, becomes hydrated, to be transformed into carbonic acid in a first
step, and bicarbonate and hydrogen ions in a second step of the chemical reaction,
called equilibrium reaction, described below [15].

CO, Production and Excretion

The buffer systems are listed below in qualitative order of importance, according to
the buffering proportion in an open system, such as the ECF [16].

Buffer solution: % buffering capacity in the ECF
Total bicarbonate: 53%:

HCO;™ in plasma: 35%

HCOs™ in erythrocytes: 18%
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Hemoglobin/oxyhemoglobin: 35%
Organic phosphates: 3%
Inorganic phosphates: 2%
Plasma proteins: 7%
Total non-bicarbonate: 47%

The role CO, plays in the body is only partially known. However, its involvement
in oxidation-reduction reactions, the importance of numerous enzyme systems, as
well as the relationship with the concentration of other intracellular and extracellu-
lar ions has been well documented. These facts, as well as the precision in detecting
its variations in the organic fluids, indicate that its concentration is a fine controlled
homeostatic mechanism. Under physiological conditions, the tissue production of
carbonic acid is 13,000—15,000 mmol/day. Pulmonary ventilation keeps the concen-
tration of this volatile acid in the blood and tissues within normal limits.

The CO, produced during the cellular biochemical reactions is removed from the
cytosol and dissolved in the ECF, where it joins an H,O molecule for its conversion
into carbonic acid (hydration reaction), which is accelerated by the intracellular
enzyme carbonic anhydrase (AC II). The reaction proceeds to the formation of
bicarbonate and H* ions (dissociation reaction). Bicarbonate is transported by the
systemic circulation into the lungs, where the equilibrium reaction takes place,
although in the opposite direction. Thus, CO, is formed back to be excreted as pCO,
via the lungs. The equilibrium reaction works by buffering the excess of CO,, as
well as hydrogen ions in the ECF, expressed as follows:

Hydration and dissociation steps during the equilibrium reaction:

CO, (g)+H,0 - CO, (d)+H,0(CATI) > H,CO, ¢> H* + HCO,"
(hydration) (dissociation)

where:

- CO, (): CO, (gas)
¢ CO, (d): dissolved CO,

e (CA II): carbonic anhydrase II
¢ H,COj: carbonic acid

e H*: hydrogen ion or proton

e HCOj;: bicarbonate

Most of the CO, is transported as bicarbonate (90%) in the ECF, mainly bound
to a sodium molecule (Na*+HCOj;™), while the rest is bound to other compounds, or
remains dissolved (CO, (d)). CO, is transported in the venous blood bound to
reduced hemoglobin, to be exchanged instead of O, in the pulmonary alveoli. O,
then circulates as oxyhemoglobin, to oxygenate the tissues. During the equilibrium
reaction, the proton (H*) binds to ECF buffers (HCO;"). In the kidneys, hydrogen
ions bind to ammonia or titratable acid, to finally be excreted in the urine. Buffering
of hydrogen ions prevents sudden changes in the pH of the EEC.
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The equilibrium reaction works only in an open system such as the ECF, whereas
the H* excess gets excreted by the kidney and the pCO, excess is eliminated by the
lungs [17].

The pH does not represent the amount of acid present in a solution, but the
amount of free H* in a buffer solution. Most of the free H" are captured by buffer
systems avoiding sudden changes in the pH of a solution. This action is necessary,
since significant or sudden changes in the [H*] may hinder biochemical, enzymatic,
and other systemic activities, vital to sustain life [15].

Acid Production and Hydrogen Balance

The body’s acid-base metabolism revolves around the production and excretion of
hydrogen or protons (H*). The proton represents the atomic unit and defines acids.
It is the most abundant element in the universe and is part of most biological
functions.

In the body, H* is produced from endogenous protein metabolism. On the other
hand, when entering the Krebs cycle, carbohydrates form bicarbonate when the
oxidation reaction is incomplete, whereas CO, and H,O are formed as complete
oxidation. The CO, molecules are eliminated from the body through the lungs (CO,
< pCO,) and the H,0 molecules by the kidneys. Therefore, carbohydrates do not
represent a major source of hydrogen production under physiological conditions.

However, during pathological situations, such as hypoxia and state of shock,
carbohydrate metabolism is disrupted and excess lactic acid is generated, which
clinically manifests as lactic acidosis.

Fat intake also involves oxidation processing ending in the production and elimi-
nation of CO, and H,O. Fatty acid metabolism is not a source of protons under
physiological conditions, either. However, the interruption of the fatty acid cycle, as
occurs in prolonged fasting and diabetes mellitus, results in the accumulation of
acetoacetic, B-hydroxybutyric, palmitic acid, and other fatty acids as well, which
generate systemic metabolic acidosis with ketoacidosis [18].

Under physiological conditions, the main source of H* derives from the metabo-
lism of proteins during the production of amino acids, mainly leucine, isoleucine,
valine, methionine, and arginine. The average production of protons produced in the
adult is 60 to 100 mEq daily, which is equivalent to =1 mEq of H*/kg of body weight.

In addition to protein intake, there is another source of H* production in children.
Due to bone mineralization, a characteristic of growth and development at this
stage, the deposition of calcium and phosphates compounds to form hydroxyapatite
involves the production of protons, which must be added to the metabolism of
amino acids, as expressed below:

(10Ca* +4.8HPO, +1.2H,PO,” +2H,0) —[ Ca, (PO,), | +Ca(OH), +9.2H")
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The deposit of 1 g of calcium generates +20 mEq of H*. Children require about
200-250 mg of Ca*" daily for growth-related bone mineralization. Therefore, in
children, 4-5 mEq of H* are produced daily. The sum of the sources of daily H*
production in children is 2-3 mEq/kg BW daily, a significantly higher amount com-
pared with the adults. These hydrogen ions are immediately buffered in the ECF and
subsequently excreted by the kidneys, which is the only route of protons excretion
from the body [19].

Acid-Base Balance

The main purpose of acid-base metabolism is intended to regulate hydrogen ion
[H*] concentration in the EEC, which results from the difference of income (pro-
duction) and expense (excretion) of acids and bases. In clinical practice, the diagno-
sis, treatment, and evolution of acid-base disorders of the organism are based on the
laboratory results of some acid-base parameters that can be measured in the blood,
such as bicarbonate and carbonic acid concentration; oxyhemoglobin (HbO,),
reduced hemoglobin (also called deoxyhemoglobin) (HHbO,), titratable acidity
(AT), and ammonium excretion. Both types of hemoglobin, as well as pH, pCO,,
and pO, are expressed in mEq or mmol, values that indicate intensity. The intensity
indices represent the relationship between quantities or concentrations.

The pH that results of the relationship between the above parameters are regu-
lated simultaneously by the function of lungs and kidneys and inversely related to
the severity of the acid-base imbalance.

In the presence of a primary alteration of acid-base metabolism, either metabolic
or respiratory acidosis or alkalosis, the body uses defense mechanisms to counteract
the alteration and avoid sudden changes in [H*] or pH. In order of appearance and
speed, the defense mechanisms are buffering, compensation, and correction [20].

In short, the buffer mechanism consists of using biochemical reactions, such as
the equilibrium reaction in the EEC, to minimize sudden changes in pH, which
hamper cellular metabolic functions that take place only within narrow limits of pH,
range 7.40 = 0.05. Another buffer mechanism is the cation exchange between the
EEC and the intracellular fluid (ICF). The ECF excess of H* molecules exchange for
ICF K*, or bone Ca?, in the presence of systemic metabolic acidosis. These facts
may explain the presence of hyperkalemia during the initial phase of acidosis.
However, hypokalemia may develop in the presence of chronic acidosis due to body
depletion of potassium.

A similar situation happens when ECF H* molecules exchange for ICF Ca?* from
the bone, in the presence of chronic metabolic acidosis. This is another important
reason for the effectiveness of HCO;™ as a buffer system since its presence is abun-
dant as calcium carbonate in the bone.

Calcium and phosphates bind to form bone deposits of hydroxyapatite. Skeletal
deposits are used as buffers in the presence of acute and chronic acidosis, by
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transporting H* to the cytosol of the osteocytes in exchange for Ca** molecules that
are taken from the hydroxyapatite deposits toward the ECF, to avoid abrupt pH
modifications. However, there is a risk of developing short-term hypercalcemia in
an acute phase of metabolic acidosis. On the other hand, hypocalcemia, bone demin-
eralization, osteopenia, and rickets are the hallmark of chronic metabolic acidosis,
as in chronic renal failure [21]. Other buffer systems will be described later.

Compensation is the presence of a secondary response mechanism of the acid-
base metabolism, activating a compensatory response in an organ contrary to the
organ which originated the primary alteration. For example, primary metabolic aci-
dosis is compensated by pulmonary hyperventilation and respiratory alkalosis.
Similarly, a primary respiratory alkalosis will be compensated by a secondary meta-
bolic acidosis, as a response of the kidneys by decreasing the excretion of hydrogen
ions [22].

The compensation mechanisms are derived from the Henderson-Hasselbach
reaction:

pH : pK +log[ HCO,™ |/[H,CO,]+SxpCO,

e pK + log [HCO;~] (metabolic component)
e [H,CO;] + S (0.03) pCO, (respiratory component)
* S: coefficient of solubility of pCO, in the alveolar membrane: (0.03)

The compensation mechanism is to minimize pH changes in the ECF, by modify-
ing the concentration of the metabolic component or the respiratory component in
the same direction as the primary alteration. Therefore, compensation is performed
by the organ opposite to the component in which the primary alteration occurred, as
shown in the following examples:

(a) Metabolic component: |HCO;™ (kidney) = (primary metabolic acidosis)
(b) Respiratory component: |pCO, (lung) = (compensatory respiratory alkalosis)

(a) Metabolic component: THCO;~ (kidney) = (primary metabolic alkalosis)
(b) Respiratory component: 1pCO, (lung) = (compensatory respiratory acidosis)

where: (a): primary alteration; (b) compensatory response.

When the primary alteration is respiratory, compensation occurs at the expense
of the metabolic component, the physiological compensatory mechanism occurs in
the kidneys. It is worth mentioning that compensation tends to avoid sudden changes
in pH, but overcompensation does not happen. Therefore, in the presence of an
alteration of acid-base metabolism, it is possible to differentiate which one is the
primary alteration and which one is the compensatory mechanism. Consequently, in
the presence of a partially compensated primary metabolic acidosis, HCO;™ is
reduced and the pH slightly reduced. In contrast, in a fully compensated primary
metabolic acidosis, the HCO;™ blood is reduced but the blood pH is at the normal
value: 7.40 + 0.05. In the presence of metabolic or respiratory alkalosis, the pH
maybe slightly elevated (partially compensated) or normal (completely
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compensated). Therefore, the pH is not a good index to determine the presence or
absence of a primary acid-base alteration, since it can be normal, depending upon
the degree of compensation. In addition to pH, it is necessary to have measurements
of the concentration of HCO;~ and pCO, to determine the presence of a primary
alteration and the degree of compensation. The equilibrium reaction participates in
the process of compensation, depicted as follows:

CO,(g) -» CO,(d)+H,0(AC) «> H,CO, <> H" +HCO,” — ECF

¢ CO, (d): CO, dissolved in the ECF

e CO, (g): gaseous in the ECF

e AC II: site of presence of carbonic anhydrase 11
e ECF: extracellular fluid

Correction of the primary acid-base alteration is the mechanism taking care of
the disappearance of all the signs and symptoms, as well as the laboratory data, of
the primary acid-base disturbance. The correction mechanism involved is the same
as the component of the primary alteration. For example, a primary metabolic aci-
dosis secondary to an acute renal failure will be corrected by the organ in charge of
the metabolic component; the renal pathology disappears and organ function is
restored at this time. Likewise, in the case of respiratory acidosis, the exchange of
pCO, for O, is corrected when the pulmonary abnormality resolves (e.g., broncho-
pneumonia) [23].

Example:

(Respiratory acidosis : CO,retention ) : Lung (T pCOz)
- (Metabolic alkalosis :T H*excretion) : Kidney (T TANH 4*)

e TA: titratable acidity
¢ NH,": ammonium

The CO, is produced in the tissues during cellular respiration and transported as
bicarbonate (HCO;™)/(H,COs5) carbonic acid, to the ECF in a 20:1 ratio, where it is
attracted to the equilibrium reaction very rapidly, due to the presence of the enzyme
carbonic anhydrase, and finally excreted by the lungs. The bicarbonate/carbonic
acid buffer system is quantitatively the most important in the organism, although the
dissociation constant (pK 6.10) is far from the ECF pH of 7.40 + 0.05. This fact is
compensated by the abundance of bicarbonate in the ECF (24-26 mmol/l) and by
the body capacity to transport CO, in the form of bicarbonate through the equilib-
rium reaction in an open buffer system, as it happens in the ECF. This buffering pair
works in an open system with the ability to remove CO, from the lungs as partial
pressure (pCO,) in the gas mixture found in an alveolar air, which is similar to the
mixture of gases in the atmosphere we breathe. The total atmospheric pressure is
760 mmHg at sea level, at 25 °C of environmental temperature [24]. The total
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atmospheric pressure of a mixture of gas is the result of the partial pressure of each
gas that makes up the mixture, the percentage of which is shown below:

* Nitrogen: 68%

* Oxygen: 20%

e Carbon dioxide: 5%
e Water vapor: 7%

The partial pressure of each gas is deduced from the pressure of the total mixture.
For example, CO,: 5% (.05) x 760 mmHg: pCO,: 38 mmHg (+40 mmHg, as stan-
dardized in clinical routine practice) [25].

Hemoglobin and Erythrocyte Physiology

The second buffering system of acid-base metabolism, in order of importance, is
limited to the circulatory system and refers to the oxyhemoglobin/deoxyhemoglo-
bin (HbO,/Hb) buffer system. The latter is also called reduced hemoglobin. During
the respiratory process, when excreting pCO, by the alveolar exchange for O, (in
the ferric group of hemoglobin), one H* molecule is captured in the imidazole
group. On the contrary, during cellular respiration, hemoglobin transfers the O,
molecule to the cytosol in exchange for CO,, and the imidazole group captures an
H* molecule to form reduced hemoglobin, which is why the HbO,/Hb system is
important as a buffering mechanism during the process of systemic regulation of
acid-base metabolism (Fig. 1.1).

In the circulatory system, the concentration of oxyhemoglobin in arterial blood
is 95%, while that of reduced hemoglobin is 5%. In venous blood, reduced hemo-
globin concentration is 75% and oxyhemoglobin 25%.

The molecular structure of hemoglobin bound to globin belongs to the heme
group and consists of an imidazole group, with 2 nitrogen molecules, 2H* (HN-
HN), and 2 carbon (C) molecules that bind to a ferric group by a nitrogen molecule.
The iron group carries O, from the lungs to the tissues, and the acid-base buffering
occurs in the imidazole group. Oxygen is captured in the alveolar wall in exchange
for a CO, molecule, which is excreted by the lungs as pCO,.

An H* ion becomes detached from the imidazole group during the capture of O,
by the ferric group, while an H* is detached from the imidazole group and diffuses
into the plasma for its buffering by bicarbonate.

0, is transported in the red cells through the circulatory system to the capillaries
located in tissues, then to the cellular mitochondria to generate the necessary energy
in all cells of the body. The opposite phenomenon happens in the tissues, where O,
is bound to the iron group of hemoglobin to be delivered to the cells, which in turn
releases a CO, molecule. In the process, an H* molecule is captured and the buffer-
ing circle in the ECF is completed.

The CO, produced during cellular respiration is transported by the systemic cir-
culation and eliminated through the alveolar capillaries. The transport of dissolved
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L] 02
CELL RED BLOOD CELL ! pCO,
ECF ECF ALVEOLAR CELL
CO, + H,0 <> H,CO, CO,+H,0 < H,CO; AHCO, + H* H*+HCO; < H,CO,|H*+HCO, «> H,CO,
< H"+ HCO, < H*+ HCO, H,CO, & H,0 + < CO,+H,0 < H,0+CO,
co,
—p €O, ———> | HbO, > Hb+0O,)) —> CO, —~
0, <— O, =-—— -~ 0, <« O,
REDUCED HEMOBLOBIN PRODUCTION OXIHEMOGLOBIN PRODUCTION
HbO, < O, Fe(Imidizol) <> Hb (H* BINDING) H* RELEASE « HbO, « Hb (Imidizol) Fe «<- O,

Fig. 1.1 Bicarbonate-hemoglobin buffer systemic transport. The CO, produced on the tissues gets
transported to the extracellular fluid space (ECF), where bicarbonate (HCO;") is made via the
equilibrium reaction, which is the main form of CO, transport in the ECF. Small amounts are
transported as dissolved carbon dioxide (CO,) and carbonic acid (H,CO;). HCO;™ is captured by
the red blood cell, where is transported to the pulmonary alveoli until its final excretion from the
lungs as pCO, (partial pressure of CO,), in exchange for O,. During this process, reduced hemo-
globin (Hb) is produced in the red blood cell, where an H* molecule is captured. The O, molecules
captured in the lungs are transported toward the opposite direction, firstly to the ECF, and red
blood cells where they bind to the ferric group (Fe **) of imidazole at the reduced hemoglobin
(Hb), to be transformed into oxyhemoglobin (HbO,), also called saturated hemoglobin, and the
final release of O, to the tissues, in exchange for CO,. During oxyhemoglobin production, a mol-
ecule of H* is released. CO, is transported in the RBC, together with the reduced hemoglobin to
form carbaminohemoglobin (HbCO,). During the oxygenation of the tissues and the simultaneous
excretion of CO,, the buffering mechanisms HCO;/H,CO; and Hb/HbO, overlap, being the most
important buffering mechanisms involved in the systemic balance of acid-base metabolism,
because of the capture and release of hydrogen ions

CO; in the ECF, plasma, erythrocytes, and the alveolar membrane is facilitated by
the equilibrium reaction, in the presence of the enzyme intracellular carbonic anhy-
drase (AC II). Because cellular CO, is produced in the cells at a faster pace than the
lung clearance, the equilibrium reaction also takes place in the ECF, where CO, is
converted to carbonic acid and bicarbonate, being this the most abundant form of
CO, transport. In the plasma fluid, the main buffers are bicarbonate/carbonic acid
and plasma proteins [17, 26].

On the other hand, in the erythrocyte, the carbonic acid/bicarbonate and oxyhe-
moglobin/reduced hemoglobin systems prevail, favored by the presence of carbonic
anhydrase and some of the aquaporins, which transport H,O molecules into the
erythrocyte, which is the substrate for the intracellular equilibrium reaction.

Another important factor that contributes to the process is the anionic antitrans-
porter (AE1), which performs the exchange of plasma chloride (CI~) for HCO;™ in
the erythrocyte. Molecules of HCO;_ from the erythrocyte become part of the buff-
ering process, both in plasma and in the rest of the ECFE. The erythrocyte plays an
important role in the buffering process by these systems [27-29].

The phosphate/phosphoric acid buffer system is of no quantitative importance at
the systemic level but becomes relevant during the renal excretion of hydrogen in
the form of titratable acidity, which will be discussed together with the ammonia/
ammonium system in the corresponding chapter.
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Clinical Aspects of Alterations in Acid-Base Metabolism

Variations of the pH in the ECF occur when free hydrogen ion concentrations are
altered. Increased [H*] concentration leads to acidosis; with a pH of <7.35. On the
contrary, metabolic alkalosis develops when [H*] decreases and pH increases to
>7.45. This clinical nomenclature is used to describe alterations of acid-base metab-
olism and the diagnosis of the primary metabolic alteration. The mechanisms of
buffering and compensation may also be supported by the blood gas determinations.
Therefore, metabolic acidosis is the disorder characterized by the accumulation of
hydrogen ions, or by the loss of bases, mainly bicarbonate from the EEC. Metabolic
alkalosis is the opposite situation, meaning the loss of hydrogen ion, or the gain of
bases, referring mainly to bicarbonate of the EEC.

In contrast, respiratory acidosis means the accumulation of pCO, and respiratory
alkalosis refers to the reduction of pCO, from EEC, as a result, CO, accumulation
or losses via the lungs.

This terminology is used as a physiological clinical guide to determine the etiol-
ogy of the primary alteration, as well as the presence and degree of the compensa-
tory mechanisms involved in a clinical situation.

Disorders of acid-base balance depend on the depletion or excess of bicarbonate
or hydrogen ion (metabolic component), as well as the excess or depletion of car-
bonic acid, converted to pCO, (respiratory component).

It is important to differentiate the simple from the mixed alterations of the acid-
base balance. The latter has two primary acid-base alterations that affect directly
both components (metabolic or respiratory) at the same time, a situation that hinders
the mechanisms of compensation. It also increases the degree of difficulty in the
understanding of the clinical entity and its diagnosis [30].

According to the Henderson—Hasselbach equation, blood pH is determined by
the balance (20:1 ratio) between the metabolic component (plasma bicarbonate),
which is corrected by the kidneys and the respiratory component (plasma pCO,),
corrected by the lungs.

A simple alteration of the acid-base balance is observed when one of the compo-
nents is affected primarily, with or without a compensatory response [31].

To diagnose the type of acid-base disorder and the presence or absence of some
degree of compensation, it is necessary to determine the arterial blood gases, which
should be interpreted according to the normal values at different ages. Venous blood
gas determination is used at some places since the difference between arterial and
venous blood results is not wide. Nonetheless, arterial blood samples are of the
utmost importance when the initial diagnosis is intended, leaving the venous blood
samples for follow-up during stable clinical situations. The venous blood must be
collected without the use of a tourniquet and preferably, arterialized venous blood.
To do so, it is necessary to warm to the arm with an electric device or warm water,
for few minutes, avoiding burns. This will be evaluated in the corresponding chapter
on the diagnosis of renal tubular acidosis [17].
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Metabolic Acidosis

This is the most frequent disorder of acid-base balance in pediatrics, mostly seen in
clinical entities leading to the gain of acids or the loss of bicarbonate from the
ECEF. The etiology may be associated with renal or extra-renal pathology. In chil-
dren, it is frequently associated with the loss of fluids and HCO;~ from the ECF by
intestinal losses, such as diarrhea, and less frequently due to an intestinal fistula,
ileostomy, etc. Diarrhea is one of the main causes of metabolic acidosis, due to a
high bicarbonate concentration in the intestinal secretions (80 mEq/l). Another
route of HCO;™ losses is by the kidneys, as it happens in renal tubular acidosis or
during treatment with the diuretic acetazolamide, which inhibits the enzyme car-
bonic anhydrase, with a consequent renal tubular loss of sodium bicarbonate sec-
ondary to the blocking of the equilibrium reaction [32-35].

The second possible mechanism for the development of metabolic acidosis is the
gain of hydrogen in ECF, during various clinical entities in which endogenous or
exogenous acids compounds are added to the ECF, including acute or chronic renal
failure, diabetic ketoacidosis, lactic acidosis, diseases of the intermediate metabo-
lism, etc. In renal failure, phosphoric and sulfuric acids are retained during renal
failure; fatty acids such as acetoacetic acid, -hydroxybutyric acids, and so on, are
also gained in diabetic ketoacidosis; whereas in lactic acidosis the gain of H* is as
lactic acid; and in methylmalonic acidosis, the acid with the same name is retained.
Retention of acids by the exogenous route may include the administration of ammo-
nium chloride; salicylic acid, etc.

The increased H* load during these clinical situations consumes bicarbonate that
is normally used in the buffering process of the ECF [36, 37].

Clinical observation of the patient is the most important step to find the etiology
of acid-base alterations, e.g., the presence of diarrhea or vomiting, diabetic ketoaci-
dosis, dehydration, drug ingestion, etc. The laboratory results (blood gases, serum
and urine electrolytes, serum creatinine, etc.) support the diagnosis of the alteration,
as well as the degree of compensation. Compensation for a primary impairment of
acid-base metabolism is carried out by the organ contrary to that of the primary
impairment so that in metabolic acidosis the compensation is performed by the
lungs and a compensatory respiratory alkalosis develops. In the presence of a pri-
mary metabolic alkalosis, compensatory respiratory acidosis develops.

On the other hand, during respiratory acidosis the compensation is carried out by
the kidneys, losing H* ions and retaining HCO;™; consequently, a metabolic alkalo-
sis develops. During respiratory alkalosis, the compensatory renal mechanism con-
sists of H* ions retention (metabolic acidosis).

Analysis of blood gases in metabolic acidosis shows a reduction in [HCO;],
compared to the normal values for the patient’s age. Plasma HCO;~ concentration in
the pediatric age group ranges at 16-26 mmol/l [38]. However, the pH may be in or
out of the normal range, since the pH is independent of the actual [H*] and [HCO;].
Instead, it depends on the proportions between both components, depending on the
degree of buffering and compensation of the primary alteration.
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In cases of primary metabolic acidosis, the compensatory response belongs to
the lungs, with the development of hyperventilation and compensatory respiratory
alkalosis. When the pH is below <7.35 and the pCO, is within the normal range
(38—40 mmHg), it indicates that there is no adequate respiratory compensation
response. Therefore, the alteration is a decompensated metabolic acidosis.

If the pH is reduced, but the pCO, shows only a slight or moderate reduction, the
alteration is a partially compensated metabolic acidosis. If the pCO, becomes more
reduced, meaning a good compensatory response, the pH will be within the normal
range, indicating a fully compensated metabolic acidosis [39]. During a complete
compensation, the pH is normal, but within the lowest normal range values.

It is important to mention that an over-compensatory effect does not take place
under any circumstances. Therefore, in the presence of metabolic acidosis, with
reduced plasma [HCO;™], the pH will be reduced if no compensation or only an
incomplete compensation is present. On the other hand, the pH will be normal
(toward the minimal normal range) and the pCO, appears very low, a complete
compensated metabolic acidosis is present. Thus, in this case, the compensatory
response is a respiratory alkalosis.

Therefore, under these considerations, the pH is not a reliable index to establish
the diagnosis of the primary alteration, since it may show normal, reduced, or high
values. This is the reason pH is not considered in the definition of acid-base metabo-
lism disorders. Instead, the pH value becomes very important to assess the degree of
compensation achieved in the presence of an acid-base alteration.

The presence of mixed alterations of acid-base metabolism makes more compli-
cated the interpretation of the laboratory results. For example, in the case of a pri-
mary metabolic acidosis, with reduced [HCO;~], which happens to occur with a
simultaneous primary respiratory alkalosis (with a reduction of pCO,), the pH is
increased if the degree of respiratory alkalosis predominates over metabolic acido-
sis. The 95% confidence limit curves facilitate the diagnosis of the degree of com-
pensation, either acutely or chronically, present in an individual, for both primary
and mixed disorders of the acid-base metabolism [40].

The acid-base normal lab values for the pediatric age group differ from those of
the adult population. An over-diagnosis of renal tubular acidosis in children has
been seen during the last decade in some Latin American countries.

This happens when the adult lab values are taken as a reference, instead of the
pediatric lab values according to the patient’s age, leading to an erroneous diagnosis
of RTA. The sample to measure blood gases must be taken from an artery, preferen-
tially or from a venous source, after warming the extremity, without the use of a
tourniquet [41, 42]. Besides, it is convenient to consider the altitude above sea level
when living in high altitude places, since all these confounding factors modify the
blood gas results [43].

Correction of the primary alteration is, in chronological order, the last defense
mechanism of the acid-base metabolism. However, its importance becomes obvi-
ous, since this mechanism fully corrects the primary acid-base alteration. The cor-
rection mechanism works in the metabolic component where the primary alteration
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appears. Thus, the kidneys correct the metabolic component and the lungs correct
the respiratory component. This occurs when the etiology producing the alteration,
either endogenous or exogenous, disappears spontaneously, or after treatment.

Metabolic Alkalosis

This alteration of the acid-base balance results from the gain of bicarbonate or the
loss of hydrogen ions from the EEC. Clinical entities that result from the gain of
bicarbonate are often iatrogenic, such as excessive administration of alkaline solu-
tions, or prolonged use of diuretics, steroids, and antacids (sodium bicarbonate).

H* depletion develops by vomiting or upper intestinal obstruction, as hydrochlo-
ric acid loss, as in cases with congenital pyloric stenosis. Other causes include cys-
tic fibrosis of the pancreas (with chloride losses); excess mineralocorticoid states,
with K* depletion; primary and secondary hyperaldosteronism; Bartter’s disease;
some types of neoplasia (with hypercalcemia), etc. [32, 44].

Most cases of bicarbonate retention have none or few clinical manifestations,
except in severe cases of alkalosis, with decompensation and very alkaline serum
pH, when neurological manifestations appear, due to cerebral edema or hypotonia,
as well as cardiac arrhythmias secondary to severe hypokalemia [45].

The compensation mechanism is mainly hypoventilation, with pulmonary CO,
retention and increased pCO, to reduce the blood pH (compensatory respiratory
acidosis). Also, the pH increase leads to inhibition of the respiratory center, which
decreases pulmonary ventilation, with increased pCO, in the process of restoration
of the HCO;~/H,CO; ratio of 20:1.

Initial laboratory results show an increase [HCO;™] and pH as well. However,
while the compensation mechanism advances, a progressive compensatory increase
in pCO, is observed, decreasing the plasma pH. Thus, a partially compensated
respiratory acidosis ensues. Complete compensation occurs after reducing plasma
pH to normal levels [46].

The correction mechanism occurs when the disease or clinical situation that
caused the metabolic alkalosis disappears. Metabolic alkalosis is corrected by the
kidneys, by excreting bicarbonate and reabsorbing hydrogen ions in the -intercalated
cells of the collector ducts in the distal nephron.

However, in the presence of dehydration (loss of Na*Cl~ and H,0) and hypoka-
lemia (loss of potassium through vomiting), B-intercalated cells in renal collecting
tubules fail to excrete bicarbonate as K'HCO;™, in exchange H*, as it should be
doing to correct the alkalosis. There is still controversy over the physiological
mechanism to explain such an event. Apparently, during a primary metabolic alka-
losis with fluid volume deficit, and ECF and ICF potassium depletion, Na*Cl~ mol-
ecules compete for the sites of H* and K* reabsorption. Therefore, persistent
dehydration and hypokalemia hinder the kidneys to perform the correction of alka-
losis, thus, acid urine production will continue (“paradoxical aciduria”) [47].
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During the presence of primary metabolic acidosis or alkalosis, the pulmonary
compensation response occurs rapidly. As an example, tachypnea and deep respira-
tions appear within minutes after the presence of the primary metabolic alteration.
On the other hand, during primary respiratory disorders, acidosis or alkalosis, the
renal compensatory mechanism develops slowly, taking hours or days for the maxi-
mum response to develop. However, the degree of compensation achieved by the
renal response is greater than the respiratory compensation.

Respiratory Acidosis

Respiratory acidosis is the clinical condition characterized by CO, retention with an
increase in pCO,, accompanied or not, by a plasma pH <7.35, depending on the
presence or absence of the compensation mechanism.

Plasma pCO, may suffer faster changes than the other acid-base balance vari-
ables, such as bicarbonate or pH. During primary CO, retention, the pCO, is
increased as a result of alveolar hypoventilation. The main causes of hypoventila-
tion are disturbances of the respiratory center, such as the use of narcotics, seda-
tives, traumatic brain injury, encephalitis; bronchopulmonary disorders, such as
bronchiolitis, bronchopneumonia, airway obstruction, pneumothorax, hemothorax,
emphysema, bronchial asthma, as well as chest wall anomalies, poliomyelitis,
myasthenia gravis, congenital malformations or trauma to the rib cage, among others.

As already mentioned, the compensation mechanism is carried out by the body
fluids in the opposite direction of that of the primary alteration. When pulmonary
ventilation is altered, a primary respiratory acidosis ensues and the compensation
mechanism is carried out by the kidneys, which increases the excretion of H* ions
and HCO;™ reabsorption, mainly in the a-intercalated cells of the collecting tubules.
A compensatory metabolic alkalosis appears.

Correction of the primary disorder occurs when the pCO, excess is eliminated,
once the normal respiratory function is restored [48].

Respiratory Alkalosis

Respiratory alkalosis occurs as a result of sustained hyperventilation, leading to a
decrease in pCO,, in the presence or absence of changes in the plasma pH, again,
depending on the presence and degree of compensation. Respiratory alkalosis is
described in association with various pathological states, such as psychological or
emotional situations accompanied by anxiety or prolonged crying with hyperventi-
lation, all ending in pCO, reduction. It also occurs frequently during anesthesia, in
respiratory ailments, the use of some medications, intense exercise, traumatic brain
injury, etc.
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Compensation is done by the kidneys, which increase the excretion of HCO;~
and the reabsorption of H* in the B-intercalated cells of the collecting tubules, ren-
dering a compensatory metabolic acidosis.

The correction of the primary acid-base alteration is carried out by the lungs
when the disease or clinical etiological situation subsides and pulmonary hyperven-
tilation ceases.

As previously mentioned, the physiological definition of acid-base disorders is
based on the value of the [HCO;™],, which is reduced in acidosis and increased in
alkalosis, respectively. A similar situation occurs in primary respiratory disorders in
which the pCO, value determines the type of alteration, being increased in acidosis
and decreased in alkalosis.

In the presence of a primary alteration of acid-base metabolism, the pH can be
normal, low or, high, depending on the presence or absence of the compensation
mechanism, and its degree. Therefore, the low or high pH indicates the presence of
acidosis or alkalosis but does not provide precise information regarding the type of
acid-base disorder [44].

Mixed Acid-Base Alterations

Mixed disorders of acid-base metabolism are the simultaneous presence of two pri-
mary disorders, in any possible combination of the four clinical disorders described
above. Both alterations exert an antagonistic effect upon each other, becoming a
clinical diagnostic challenge.

In general terms, the etiology is independent of each alteration. The clinical pre-
sentation dictates the type of combination of the mixed alterations. The lab results
show a mixture of both alterations, with no presence of a compensatory response.
These confusing lab results may be mistakenly interpreted as overcompensation.
However, the physiological phenomenon of overcompensation does not happen
during the regulation of the acid-base metabolism.

In mixed alterations, the pH result is erratic, it can be normal, increased, or
decreased, depending on the alteration prevailing at a certain time. For example, a
primary metabolic acidosis due to an acute kidney failure can occur simultaneously
with a primary respiratory alkalosis during a concomitant lung disease. The labora-
tory results, although erratic during the initial phase of the alteration, change as the
evolution of the clinical case progresses. It may show reduced HCO;~ (metabolic
acidosis) with a pCO, also reduced (respiratory alkalosis). In this case, the pH may
be decreased, normal, or increased, which depends on the predominantly mixed
alteration at the time of taking the sample for the blood gas determination.

Another example can occur when respiratory alkalosis and metabolic alkalosis
occur simultaneously, the lab results show increased pCO, and HCO;~, with no
evidence of compensation. The pH is higher than that assumed for a primary altera-
tion without concomitant mixed alteration, during which the compensatory



22 J. Zamora-Garcia and R. Munoz

mechanism appears. A clinical example could be the patient who presents with
severe vomiting and significant loss of H*Cl~ (metabolic alkalosis), with hyperven-
tilation due to a concomitant pulmonary alteration (respiratory alkalosis) [49].

The nomograms of the primary disturbances of acid-base metabolism and the
maximum degree of compensation that can be achieved may help to make the dif-
ferential diagnosis of a primary disorder with adequate compensation versus mixed
disturbances of acid-base metabolism [21].
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Chapter 2
Renal Regulation of Acid-Base Metabolism

Check for
updates

Ricardo Muiioz

Introduction

As mentioned in the previous chapter, the lungs perform the task of removing
organic volatile acids in the form of pCO,, in exchange for oxygen. The kidneys
eliminate non-volatile organic acids that contain hydrogen (protons), which includes
H* from the intermediate metabolism, by which the dietary proteins participating in
the formation of amino acids, such as leucine, isoleucine, valine, arginine, and
methionine, are metabolized. Most of the H* is excreted as buffer systems to be
excreted into the urine. One such system, “titratable acid” (TA), is composed of the
buffer pairs phosphoric acid/phosphates and sulfuric acid/sulfates. The other system
is composed of ammonium/ammonia [1].

The excretion of hydrogen ions or protons and, in consequence, the formation of
bicarbonate, depends on several factors, such as the glomerular filtration rate; the
systemic pH (influencing H* excretion along the nephron); the apical (luminal) pH;
intracellular pH; concentration of HCO;™ and the peritubular pCO,, as well as the
action exerted by angiotensin II (Ag II) upon proximal reabsorption of Na*.

The renal tubular excretion of hydrogen ions is coupled to the excretion and
reabsorption of sodium. Therefore, some physiological mechanisms that affect the
renal handling of sodium will also affect the renal regulation of acid-base
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metabolism, being mainly the electrolyte composition and volume of the extracel-
lular fluid (ECF); enzymatic and hormonal substances; transmembrane transport
proteins; concentration gradient difference between the apical membranes of the
renal tubular cell cytoplasm and luminal fluid, as well as between the cytoplasm and
the peritubular fluid across the basolateral membrane [2]. Some of these mecha-
nisms will be described below.

Hydrogen Excretion and Bicarbonate Reabsorption
in the Proximal Tubule

The main function of the proximal tubule is the reabsorption of sodium chloride and
other electrolytes, water, bicarbonate, glucose, calcium, magnesium, phosphates,
sulfates, and small amounts of some amino acids and other chemicals filtered by the
glomeruli. Most of these substances are recovered by the proximal tubules, through
reabsorption in the three segments, S1, S2, and S3.

The proximal tubule’s main function regarding acid-base metabolism is the
excretion of hydrogen ions and reabsorption of bicarbonate. The amount of H*
excreted by the kidneys is about 4200 mmol daily, in an adult subject with normal
renal function. Most of the filtered bicarbonate is reabsorbed in the proximal tubules.
Hydrogen ion excretion is accomplished by the production and excretion of TA and
ammonia. The buffer pair ammonium/ammonia is produced mainly, but not exclu-
sively, in the proximal tubule. The main area of excretion of ammonia is the final
portion of the nephron, as will be described in the next section.

Some buffer substances within the ECF also undergo glomerular filtration.
Bicarbonate, which is the main ECF buffer, is filtered as sodium bicarbonate. The
apical membranes of the proximal tubular cells cannot reabsorb NaHCO; molecules
as such. Therefore, this molecule dissociates as Nat and HCO;~ molecules in the
proximal luminal fluid. The Na* molecule gets reabsorbed in the apical (luminal)
membrane of the brush border cells by the action of several mechanisms, mainly a
transmembrane transporter protein sodium/hydrogen exchanger (Na*/H*), named
NHE3, in an electroneutral exchange. Several NHE3 isoforms function on both the
apical and basolateral membranes, depending on the physiological need of each site
[3-6] (Fig. 2.1). Furthermore, the Na* molecules are reabsorbed through Na* chan-
nels, or by coupling with other molecules, such as glucose, phosphates, sulfates,
amino acids, citrates, and other organic acids [7]. The proximal sodium reabsorp-
tion process ends up in the basolateral membrane by the action of the sodium/potas-
sium transporter protein adenosine triphosphatase, also called sodium/potassium
pump or, Na*K*ATPase, which exchanges 3 molecules of Na* by 2 K* molecules.
Thus, this exchange favors the formation of a reduced Na* concentration gradient
and an intracellular electronegative gradient, a physiological scenario that facilitates
the continuous entry of sodium into the cell and its reabsorption into the vasa recta,
to the systemic circulation and the ECF [8].
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Fig. 2.1 Proximal tubule: Excretion of H* and reabsorption of Na*HCO;- initiates in the brush
border cells of the proximal tubule. The Na*tHCO; molecule splits in the tubular lumen, allowing
the Na* molecule to be exchanged for H* through the apical membrane, by the exchanger protein
NHES3. Acetazolamide inhibits whereas angiotensin II (AG II) accelerates the expression of NHE3.
The H* excreted in the tubular lumen binds to the HCOs- molecule which remained from the
sodium bicarbonate filtered previously in the glomerulus. The equilibrium reaction takes place in
the tubular lumen, rendering carbonic acid (H,CO;) and CO, + H,O in the presence of the enzyme
carbonic anhydrase IV (AC IV). CO, and H,O are transported to the cytoplasm in the presence of
aquaporins, mainly AQP 1. In the cytosol, the equilibrium reaction gets reversed, leading to reas-
semble H*+ HCO;~. H* is again excreted to the tubular lumen, while HCO;™ is reabsorbed by the
basolateral membrane, after binding Na *, favored by the NBCel cotransporter. Na* molecules are
also reabsorbed by the Na*K*ATPase protein, exchanging 3 Na* molecules for 2 K*, facilitating
intracellular electronegativity and Na* reabsorption from the lumen into the peritubular space.
Chromosomal alterations of the NHE3 counter transporter, AC, and the NBCel cotransporter lead
to the development of Type II primary proximal renal tubular acidosis

Hydrogen ions go in the opposite direction, being extracted from the cytosol of
the proximal cells toward the proximal tubular lumen, in exchange for Na* mole-
cules, by the NHE3 exchanger (Na*/H* exchanger), as already mentioned. There,
the hydrogen ions bind to HCO;™ molecules that remained free in the tubular lumen
to form carbonic acid (H,CO;). The equilibrium reaction starts this way within the
tubular luminal fluid, a chemical reaction that is catalyzed in the presence of the
enzyme carbonic anhydrase IV (AC 1V), in the apical membrane of the brush bor-
der cells.

Carbonic acid dissociates in carbon dioxide (CO,) and H,O; both molecules pen-
etrate the cell through the apical membrane favored by the action of H,O transport
proteins, which in the proximal tubule is mainly aquaporin 1 (AQP1), which also
functions as transmembrane gas transporter. In the present situation, AQP1 transports
CO, through the apical membrane, as well as water molecules, into the cytoplasm [9].
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The reabsorption of H,O molecules is catalyzed by the presence of various aqua-
porins, throughout the nephron. Once the H,O and CO, molecules enter the cyto-
plasm, the equilibrium reaction is reversed, leading to the intracellular production of
H* + HCO;™. Isoforms of carbonic anhydrase IT and IV (AC II, AC IV) are important
metalloenzymes in the regulation of acid-base metabolism, since they associate the
respiratory component with the metabolic component, working simultaneously in
both directions through the equilibrium reaction [10], as described below:

CO, +H,0(AC) «> H,CO, <> H" +HCO,"

This way, CO, is produced during the cellular metabolism, to be transported by the
bloodstream and excreted by the lungs in the form of pCO,. On the other hand, in
the equilibrium reaction H* is eliminated by the kidneys, a process that leads to the
production and reabsorption of bicarbonate. As this happens, carbonic anhydrase
accelerates the equilibrium reaction hundreds of times per second, becoming an
important mechanism of the buffer system in the EEC, as well as the renal regula-
tion of the acid-base metabolism.

Although the CO, is not an acid, it behaves as such due to its participation in the
equilibrium reaction in a clockwise direction, mainly in clinical situations of over-
production and accumulation of pCO, (respiratory acidosis). The increased produc-
tion of CO, makes the equilibrium reaction run to the right, leading to the formation
of HCO;™ and H* ions. Bicarbonate molecules produced this way are used as a buf-
fer, whereas the protons are excreted by the kidneys. The AC is essential in the
reabsorption of bicarbonate and the excretion of hydrogen ions.

Once CO, and H,O molecules enter the cytoplasm of the renal tubular cell
through the apical membrane, the equilibrium reaction is reversed; the intracellular
H,O molecule dissociates into a hydrogen ion (H*) and a hydroxyl group (OH"),
facilitated by the intracellular carbonic anhydrase II (AC II). The OH~ group binds
to CO, to form bicarbonate. Once the NatHCO;~ molecules are reassembled in the
cytoplasm, they are reabsorbed as such through the basolateral membrane, facili-
tated by the presence of the sodium/bicarbonate exchanger, Na* 3HCO;~ (NBCel),
which transports 3 bicarbonate molecules, coupled by 1 sodium molecule [11]
(Fig. 2.1). Besides, the excretion of H* is further facilitated by the presence of a
vacuolar proton transporter protein in the apical membrane, the H*ATPase or
V-H*ATPase (vacuolar), although to a lesser extent in the proximal tubule than in
the collecting tubule, where this transporter exercises its priority action on the
o-intercalated cells [12]. Alterations or mutations of the NHE3, NBCel, and AC II
transporter proteins give rise to the development of hereditary proximal RTA, as
described in the corresponding chapter of this text.

Hydrogen ion excretion and the consequent bicarbonate reabsorption are closely
linked to sodium reabsorption in the proximal tubule. Under physiological condi-
tions, the amount of Na* reabsorbed, mainly as Na*Cl~ and Na* HCO;™ at this site
of the nephron, is about 70% of the glomerular filtration rate. Therefore, the glo-
merular filtration rate is a determining factor in the reabsorption of bicarbonate,
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sodium, chloride, and other electrolytes. Under physiological conditions, 50% to
75% of the filtered Na* molecules are reabsorbed via the transcellular route; the
remaining sodium by the paracellular route. Sodium reabsorption increases signifi-
cantly during dehydration, hypovolemia, or shock [13].

In contrast, 80% to 90% of the NaHCO;" filtered by the glomeruli is reabsorbed
in the proximal tubule. Of this amount, 80% is reabsorbed by the transcellular route
and the remaining 20% by the paracellular route, by passive diffusion. Although
urinary acidification begins in the proximal tubule, it represents only a minimal
quantity, since the urinary pH at the end of the proximal segment 3 (S3) is reduced
barely to 6.8—6.7, from the filtered fluid at pH 7.40, at the time of leaving the glom-
erulus. In contrast, maximum urinary acidification is achieved in the distal medul-
lary collecting tubules, with a maximal reduction of the pH to 4.5-4.0 [14].

The main objective of the physicochemical functions described in the proximal
tubule is the recovery of the filtered bicarbonate by the glomeruli, which otherwise
would be lost in the final urine. In the event, this occurs the pathologic entity is
named proximal RTA (type II), which is due to a reduction of the proximal tubule
bicarbonate reabsorption threshold; which is described at length in the correspond-
ing chapter.

Ammonia Synthesis and Excretion in the Proximal Tubule

In the present section, the term ammonia is described as the buffer pair composed of
ammonia (NH;) and ammonium (NH,*) molecules (pK = 9.15). Since most of the
body fluids are stable with a pH of 7.40 (+0.05), most of the compound is in the
form of ammonium.

The purpose of the buffer systems is to prevent or minimize sudden pH changes
in the ECF. Thus, the buffer function NH; + H* — NH,* avoids the accumulation of
H*, which will be later excreted by the kidneys. Most of the substances that partici-
pate in some way in the physiology of the kidneys are provided by the systemic
circulation, whereas ammonia is produced (ammonia-genesis) inside the kidneys,
throughout the epithelial cells of the nephron, including some of the glomerular
epithelial cells (Fig. 2.2). Nevertheless, most of the production is in the mitochon-
dria of the brush border cells of the S1, S2, and S3 segments of the proximal tubule,
mainly as NH;. Ammonia formation originates from the amino acid glutamine
metabolism. After several biochemical modifications, ammonia becomes trans-
formed into a-ketoglutarate, rendering 3 bicarbonate and 2 ammonia molecules at
the end of the process.

Systemic acidosis is a powerful stimulus to increase ammonia production in the
proximal tubules [15]. NH; molecules are extracted from the cell at the apical mem-
brane, mainly by the sodium/hydrogen exchanger (Na*/H*) (NHE3). The diuretic
acetazolamide inhibits the action of carbonic anhydrase in the proximal tubule,
favoring the development of metabolic acidosis. Besides, acetazolamide inhibits the
NHE3 transporter protein; therefore, NH," excretion. The increased NHE3
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Fig. 2.2 Proximal tubule: Synthesis and secretion of ammonia. NH; molecules are exchanged for
H* in the cells of the proximal tubule by NHE3 in the apical membrane, as well as for K* at the
sites of various K* channels, such as KCNA10, TWIK 1, KCNQI, and KCNEI, going from the
cytosol into the tubular fluid, where it binds to H* to form NH,*. The bicarbonate formed in the
cytoplasm during the equilibrium reaction is reabsorbed coupled to a Na* molecule, by the sodium/
bicarbonate co-transporter, NBCel located in the basolateral membrane. This is the same site of
exchange of K* for NH,*, which enters the cytosol from the peritubular fluid

expression and proximal tubular ammonium excretion seem to need the activation
of the angiotensin II receptor (R-Ag II) [16].

It is worth mentioning that ammonia molecules may be exchanged for Na* or H*
molecules, at the transport site channels where these cations are transported through
the cell membrane of the renal tubular cells. This phenomenon occurs since the
hydrodynamic radius of these cations is similar to those of ammonia. Also, there are
cellular transmembrane transporter proteins that are specific for ammonia, primarily
for NHj;, as will be described later. The largest amount of ammonia is extracted from
the cell into the tubular lumen, where it binds to an H* molecule to form NH,*,
although a small amount gets reabsorbed through the cell’s basolateral membrane
[17]. As mentioned before, the two ammonia molecules produced in the proximal
tubule are excreted in the final urine, whereas the 3 bicarbonate molecules are
restored to the ECF by the (NBCel) cotransporter, contributing further to the regu-
lation of the acid-base metabolic process. NBCel mutations give rise to proximal
renal tubular acidosis, type II [18].

New K* channels have recently been described in the brush border cells of the
proximal tubules. They share potassium channel transport sites with other cations,
mainly ammonia and, with less specificity, with sodium. They are the so-called
“hyperpolarization-activated cation channels and cyclic nucleotides”, also known as
HCN or pacemaker channels, which comprise 4 homologous subunits, HCN1 to
HCN4. The HCN1 and HCN3 channels are located in the apical membrane of the
proximal tubular cells and transport NH; from the cytosol to the tubular lumen.
There, they bind free H* ions to form ammonia, which in turn, are transported in the
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Fig. 2.3 Proximal tubules: Ammonia excretion. Cationic channels activated by hyperpolarization
and cyclic nucleotides (HCN). HCNs (pacemaker channels) comprise 4 homologous subunits,
HCNI1 to HCN4. HCN1 and HCN3 are expressed in the apical membrane of the proximal tubule
brush border cells, being their main function is the excretion of K* ions, which can be exchanged
for other cations, such as NH3, from the cytoplasm to the tubular lumen. At this site, it binds an H*
ion to form NH,*, which descends via the proximal convoluted tubule into Henle’s descending
loop. In the basolateral membrane, NH,* occupies the K* site of the Na*K*ATPase trans-
porter protein

luminal fluid to the collecting tubules. In addition to proximal hydrogen excretion,
HCNs favor the ammonia genesis process.

HCN?2 is expressed in the basolateral membrane of the a-intercalated cells of the
collecting tubules, captures NH,* which is transported to the cytosol; from there on
to the tubular lumen for its final excretion. Furthermore, pacemaker channels are
present in the a-intercalated cells of the collecting tubule, as well as in the thick
ascending limb of the loop of Henle, as will be described later [19] (Fig. 2.3).

The mechanisms of hydrogen ion reabsorption and ammonia excretion in the
proximal tubule allow the recovery of bicarbonate from the glomerular filtrate and
its reabsorption into the extracellular space. Furthermore, urinary acidification
begins in the proximal tubule, albeit moderately, reducing the initial filtrate pH from
7.40 to +6.80.

Hydrogen Excretion and Bicarbonate Reabsorption in the Loop
of Henle

The descending limb of Henle’s loop directs the glomerular filtrate from the proxi-
mal convoluted tubule to the renal medullary portion. While the fluid progresses
downstream, NaCl is reabsorbed into the medullary interstitium, decreasing pro-
gressively its concentration inside the lumen. As the electrolyte concentration
increases, NaCl has an important role in the countercurrent mechanism, a determin-
ing physiological function that participates in the maximum urinary concentration



32 R. Munoz

and dilution capacity. This mechanism also facilitates the concentration and recy-
cling of ammonia in the medullary interstitium and, its final excretion in the urine,
with an important effect on the systemic and renal regulation of acid-base metabo-
lism [20].

The ascending limb of the loop of Henle reabsorbs approximately 15% of the
bicarbonate filtered in the glomeruli and has unique physiological characteristics
concerning the reabsorption of Na* and other electrolytes, as well as in the regula-
tion of acid-base metabolism. This area of the nephron is impermeable to water.

Sodium reabsorption is dependent on the cotransporter Na* K* 2Cl- (NKCC2),
which transports sodium and potassium, 1 molecule each, plus 2 molecules of chlo-
ride, through the apical membrane of the tubular lumen [21, 22] (Fig. 2.4). CI- mol-
ecules which enter the cytoplasm, leave the cell through the basolateral membrane
by the K*/CI~ exchanger, whereas Na* is extracted from the cytosol towards the
interstitium by the action of the basolateral exchanger Na*K*ATP’ase (sodium/
potassium pump), which, as in the proximal tubule, exchanges 3 Na* molecules
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Fig. 2.4 Thick ascending limb of the loop of Henle (TALH): Hydrogen excretion and bicarbonate
reabsorption. This important part of the nephron, characterized by being impermeable to water, is
the dilution site of the urine in the tubular lumen; it’s a relevant piece for the generation of a hyper-
tonic interstitium and the development of the countercurrent mechanism. There is no aquaporins
function in the apical membrane. Na*, K*, and CI~ are reabsorbed from the tubular lumen, by the
Na*K* 2CI- cotransporter, which is inhibited by the use of loop diuretics. The K* accumulating in
the cytosol is excreted to the apical membrane through the K* channels (ROMK). As in the proxi-
mal tubule, the NHE3 cotransporter also exchanges Na* for H* in the apical membrane. The Na*
entering the cell through the NKCC2 cotransporter gets reabsorbed in the basolateral membrane in
exchange for 2 K* molecules by the Na*K*ATP’ase anti-transporter. Sodium bicarbonate is reab-
sorbed in the basolateral membrane by the Na* HCO;™ cotransporters, NBCel and NBCnl, as well
as by exchange with CI- by the anionic counter transporter AKE1. Furthermore, in the basolateral
membrane, the Na* molecules are reabsorbed in exchange for H* by the NHE4 anti-transporter,
which function is similar to its counterpart NHE3 in the apical membrane
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extracted from the cytosol, for 2 K* molecules from the peritubular fluid. Both the
entrance of potassium to the cell through the apical route (Na*K*2Cl~) and the exit
of chloride through the basolateral membrane (K*Cl~) generate a positive electric
charge in the tubular lumen, facilitating the transcellular and paracellular reabsorp-
tion of Na*. The concentration of cytoplasmic K* increases due to entry into the cell
by the basolateral membrane (Na*K*ATP’ase), plus the K* entrance via the apical
route (Na*K*2Cl"). These molecules return to the tubular lumen through the K*
channels localized in the apical membrane, called ROMK (Rat-Outer-Medullary K*
Channel). Hence, the intracellular and Iuminal fluid recirculation of K* maintains
the reabsorption cycle of Na*, K*, and CI~ operating continuously in the ascending
limb of Henle’s loop [15, 22].

Another mechanism of Na* reabsorption in exchange for H* ions (NHE3) in the
apical membrane, generating HCO;~ molecules, which in turn become reabsorbed
into the systemic circulation by the action of the Na*/HCO;~ cotransporter or
exchanger (NBC1), located at the basolateral membrane [23].

Metabolism of Ammonia in the Loop of Henle

The ammonium from the proximal tubule is reabsorbed mainly in the form of
ammonia (NH;) progressively as the filtrate advances to the renal medullary por-
tion in the path of the descending loop of Henle, a process that is facilitated by the
countercurrent mechanism. NH; accumulates and is recycled in the medullary
interstitial fluid, to finally be excreted in the collecting tubule. The purpose of
increasing the concentration of NH," and NHj in the tubular lumen and the peritu-
bular fluid is to facilitate the excretion of NH4* in the final urine through the col-
lecting tubule.

Ammonia (NH;/NH,*) does not cross the cell membrane since it is not fat-
soluble; therefore, it requires transporter proteins to carry out the reabsorption and
tubular excretion processes (Fig. 2.5). The main mechanism of apical transmem-
brane transport in the ascending limb of the loop of Henle is the Na * K* 2CI~
exchanger (NKCC2), which can transport ammonia as a substitute for K* in the
apical membrane. Therefore, it also participates in the regulation of acid-base
metabolism [23, 24]. Luminal NH4* competes with K* for transport sites of the
NKCC?2 transporter protein. In the presence of hypokalemia or hyperkalemia, the
concentration of K* in the tubular lumen is altered and, thus, altering the transport
of NH4* at the same time [25, 26].

The thick ascending limb of Henle’s loop is characterized by increasing ammo-
nium reabsorption and the recycling of ammonia in the renal medulla (Fig. 2.5). The
high concentration of ammonia in the medullary interstitium is due to the reabsorp-
tion of ammonia in the descending limb and, the parallel reabsorption in the thick
ascending limb of Henle, acting simultaneously in the form of a short circuit. The
high concentration of ammonia that is reached in this area facilitates excretion into
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Fig. 2.5 Thick ascending limb of the loop of Henle (TALH): Reabsorption and excretion of
ammonia. Renal metabolism in the loop of Henle shows particular characteristics since the reab-
sorption of NHj at the apical membrane predominates. NH; accumulates and recycles in the med-
ullary peritubular space, to its subsequent absorption and excretion in the collecting tubule. Only a
minor amount of NH, * (+ 30%), remains in the tubular lumen, to continue its way to the distal
tubule. In the apical membrane, NH,* molecules may compete for the K* sites at the Na*K*2ClI~
cotransporter (NKCC2). In the ROMK channels, NH,* is absorbed and K* ions are removed from
the cell into the lumen. Ammonia is also exchanged for H* ions in the anti-transporter NHE3 of the
apical membrane. In the basolateral membrane, NH3 molecules are exchanged at the K* sites of
the Na*K*ATPase transporter protein. Besides, the anti-transporter NH4 is expressed in the baso-
lateral membrane, which exchanges Na* ions (which enter the cytosol), for H* ions, which are
extracted into the peritubular fluid. NH,* molecules are exchanged for H* ions, thereby increasing
the reabsorption of ammonia in the TALH. HCN3 pacemaker channel facilitates the reabsorption
of NH,* and stimulates the NBCn1 cotransporter, as well as the Na*K*ATPase transporter in the
basolateral membrane. At the moment, chromosomal alterations in the TALH that may lead to the
development of ATR are unknown

the collecting tubule and excretion of NH,* in the final urine. The anti-transporter
Na*/H* or Na*/NH,* (NHE4) is expressed in the basolateral membrane, the main
action of which is to extract NH,* from the cell to replace H*. This mechanism
facilitates increasing the concentration of NH,* in the medullary peritubular fluid;
the result of which involves the reabsorption of a significant amount of ammonia in
Henle’s thick ascending limb, thus, avoiding ammonia to proceed towards the distal
tubule. Only 20 to 40% is transported to the distal tubule. Just a small amount of
ammonia is reabsorbed in the distal tubule and about 10% to 15% goes downstream
to the collecting tubule for its final excretion in the urine [27, 28].

Also, in the basolateral membrane are expressed the “cation channels activated
by hyperpolarization and cyclic nucleotides” (HCN3), which participate in the reab-
sorption of NH,* and the extraction of NH; from the cytosol to the interstitium where
it accumulates during the countercurrent mechanism. These channels stimulate the
sodium/bicarbonate exchanger (NBCnl, NBCel) and the Na*K*ATPase protein, so,
the presence of HCN3 is important in the regulation of acid-base metabolism [29].
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Hydrogen and Ammonium Excretion in the Distal
and Connector Tubules

Tubular sodium reabsorption continues in the distal convoluted tubule, as well as in
the principal cells of the connecting tubule and cortical collecting duct. This area of
the nephron is known as the “aldosterone-sensitive distal nephron” (ASDN), where
sodium reabsorption is through the epithelial sodium channels (ENaC). The apical
reabsorption of sodium molecules in the distal tubule is mainly in exchange for K*
and to a lesser extent for hydrogen ions. This function is dependent on aldosterone,
a hormone produced in the “zona glomerulosa” of the adrenal glands. Aldosterone
stimulates the opening of the ENaC [30].

The scientific information available regarding the metabolism of ammonia in the
distal tubule is scarce due to the difficulties in accessing this region of the kidney by
micro-puncture studies. However, ammonia excretion in this tubular segment com-
plies with some 10% to 15% of the total excretion of this buffer, under physiological
conditions.

Hydrogen Excretion in the Collecting Tubule

Most hydrogen ions excretion and the consequent formation of “new bicarbonate”
take place in the apical (luminal) membrane of the a-intercalated cells of the col-
lecting tubule. In this area of the nephron, hydrogen ion excretion is independent of
the reabsorption of sodium. The main excretory mechanism for H* ions depends on
the hydrogen pump or adenosine tri-phosphatase (H* ATPase), which is also called
vacuolar H* ATPase (V-H* ATPase) [30]. The H ATPase is made up of several sub-
units and it is energy-dependent. The B1 subunit is similar to the basolateral H*
ATPase of the proximal tubule, while the B2 subunit performs its function mainly in
the collecting duct of the kidney. a-intercalated cells increase the production of
V-H* ATPase in response to several factors, such as the reduction of intracellular
pH; the increase in the organic production of hydrogen ions and the presence of
metabolic acidosis. This situation also occurs as a renal tubular metabolic compen-
sation mechanism in the presence of secondary respiratory acidosis, with pCO,
retention [31-34] (Fig. 2.6).

There is another mechanism of excretion of hydrogen through the apical mem-
brane in the collecting tubules, which is the H* K* ATPase transporter protein, which
exchanges an H* molecule extracted from the cytoplasm, in exchange for a K* mol-
ecule from the tubular lumen. This exchange is electroneutral, so it does not affect
its function in the presence of transmembrane voltage changes. Two isoforms are
expressed in the digestive system, gastric H'K* ATPase, which is involved in the
production of H*CI™ in the gastric mucosa and, colonic H'K* ATPase. These iso-
forms are also expressed in the kidney. The presence of metabolic acidosis increases
the production of H*K*ATPase. It is also stimulated in the presence of hypokalemia.
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Fig. 2.6 Connecting and collecting tubules, a-intercalated cell: Hydrogen excretion and bicarbon-
ate reabsorption. This is an important part of the nephron in hydrogen excretion, which in turn is
accompanied by bicarbonate molecule formation. This “new bicarbonate” is reabsorbed into the
peritubular fluid and the extracellular fluid. The main function of “new bicarbonate” is to correct
systemic acidosis. In this area, the excretion of H* ions is independent of the reabsorption of Na*.
In the apical membrane, the excretion of H* depends mainly on the transporter proteins H* ATPase
(V H* ATPase) or hydrogen bomb and H*K*ATPase, or potassium/hydrogen pump. Both trans-
porter proteins excrete H* into the tubular lumen; H*K*ATPase in exchange for K* ions. H* ions
excreted in the tubular lumen bind phosphates to form phosphoric acid (HPO,> + H* — H,PO,")
and sulfates to form sulfuric acid (HSO,> + H* — H,SO,"), or titratable acid, to form ammonium
(NH; + H* - NH,*). K* entering the cell is extracted through the K* channels (ROMK, Maxi-K,
Kv1.3) into the tubular lumen. In the apical membrane, there is almost no AC IV; thus, CO, and
H,O molecules form slowly in the tubular space. However, intracellular AC II is abundant and
sodium bicarbonate is produced and reabsorbed through the basolateral membrane by kAEI,
which transports Cl~ to the cytosol and HCO;™ to the peritubular medullary fluid. CI~ ions are
reabsorbed by CI~ channels, together with Na* and K* by the Na*K*2Cl~ cotransporter, or NKCCI,
in the basolateral membrane. NKCCI1 is the counterpart of NKCC2, the latter expressed in the api-
cal membrane of TALH. Chromosomal mutations of the H*ATPase, AC II, and the anti-transporter
kAEL are the etiology of primary distal ATR, type I

H*K*ATPase exchanges K* for H" and can exchange Na* molecules for H*; acting
this way as a Na'K* ATPase. It can also exchange NH," for K* to excrete it. The
reduction in blood K* concentration as well as the presence of metabolic acidosis
stimulate the secretion of H'K* ATPase in the collecting tubule [35, 36].

The reabsorption of Na* through the basolateral membrane is facilitated by the
presence of the Na*K* ATPase protein, as well as by the NKCC1 exchanger, which
is the counterpart to the NKCC2, whose function is exerted in the apical membrane
of the thick ascending limb of Henle. Likewise, its counterpart NKCC1 carries one
Na*, one K", and two CI~ molecules; but the molecular transportation takes place in
the opposite direction, that is, from the a-intercalated cell cytoplasm to the fluid of
the peritubular space.

Intracellular carbonic anhydrase (AC II) plays an important role as a source of
intracellular H* production (through the equilibrium reaction) which, in turn, is
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excreted by the transporter proteins V-H* ATPase and H*K*ATPase. In contrast,
extracellular AC IV is almost non-existent in the collecting tubule [37]. The new
HCO:;- produced in the a-intercalated cell is reabsorbed at the basolateral mem-
brane by the presence of the anionic anti-transporter KAE1, which regulates the
tight junction through the Claudin-4 protein [38].

Contrary to what happens in the presence of acidosis, when the intracellular or
systemic pH increases, or in the presence of a fully developed clinical metabolic
alkalosis, H'K* ATP’ase translates the site of action toward the basolateral mem-
brane at the B-intercalated cells, increasing the amount of bicarbonate excretion and
conserving hydrogen ions that return to ECF, in the process of correcting or com-
pensating the alkalosis. The H* ATP’ase (V-H* ATP’ase) transporter protein, which
generally functions in the luminal membrane of the a-intercalated cells to excrete
H" ions, can also transfer its function to p-intercalated cells to excrete bicarbonate
during an episode of systemic alkalosis, thus demonstrating the functionality of
these transporter proteins [39, 40].

Mutations of AC II, V-H* ATPase and anion exchanger kAE1 give rise to the
development of distal tubular acidosis (Type I). The chromosomal mutations lead-
ing to the development of renal tubular acidosis are described in detail in the cor-
responding chapter.

H* transporter molecules, mostly V-H*ATPase, excrete intracellular H* into the
tubular lumen, where hydrogen ions bind to phosphate to form phosphoric acid
(HPO,~*/H,PO,4") and sulfates to form sulfuric acid (HSO,~*/H,SO,~), which are
excreted as urinary buffers in the form of titratable acid [19]. Also, hydrogen ions
bind ammonia (NH;) to form ammonium (NH,"). Under physiological conditions,
approximately half the buffering is as titratable acid and the rest as ammonia/ammo-
nium. However, when systemic acidosis develops, most of the buffering relies on
ammonia/ammonium [41].

Excretion of Ammonia in the Collecting Tubule

About 80% ammonia excretion is in the a-intercalated cells of the collecting tubule,
making this region of the nephron the most important site of regulation of the meta-
bolic component of systemic acid-base balance [42].

Various transporter proteins participate in the collecting tubule to carry out the
process of urinary acidification, consisting mainly of capturing NH; from the med-
ullary interstitium, introducing it into the cytosol of the a-intercalated cells, to its
final urinary excretion as NH,*. Therefore, the process of reabsorption of ammonia
is, as already mentioned, in the ascending limb of the loop of Henle, whereas the
excretion is carried out in the opposite direction toward the tubular lumen in the
a-intercalated cell of the collecting tubule, completing the recycling process of
NH;/NH,*, as part of the countercurrent mechanism [43, 44].

Transmembrane transport proteins, such as V-H* ATPase and H*K*ATPase, are
expressed in the apical membrane of the a-intercalated cells of the collecting tubule.
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Fig. 2.7 Connecting and collecting tubules, o.intercalated cell: Ammonium excretion. In the pres-
ence of systemic acidosis, the highest excretion of H*, up to 80%, occurs as ammonia, in the
a-intercalated cell of the collecting tubules. In the apical membrane, the ammonia (NH;) mole-
cules compete for the H* sites at the H*ATPase transporter, and mainly for the K* sites at the H'K*
ATPase transporter. NHj; is excreted in the tubular lumen, where it binds to H* to form NH,*. The
Rhesus glycoproteins (Rh) are expressed in the a-intercalated cell as the subunits Rhbg and Rheg,
which are gas transport proteins, including carbon dioxide, ammonia, and nitric oxide in various
organs, including the kidney. Rhcg glycoprotein, which participates in NH; excretion, is expressed
in the apical membrane. In the basolateral membrane, both Rh glycoproteins facilitate the capture
of NH,* molecules from the peritubular fluid, into the cytosol of the a-intercalated cell. Furthermore,
NH,* competes for the K* sites in the NKCC1 transporter (Na*K*2Cl") in the basolateral mem-
brane. Hyperpolarization-activated cation channels and cyclic nucleotides (pacemaker channels)
are expressed in the a-intercalated cell and, in the principal cells of the collecting tubules. The
HCN?2 isoform captures NH,* from the peritubular fluid and releases it into the cytosol, to be
excreted through the apical membrane into the final urine

At this site, NH,* may compete for the binding sites of the membrane for H* and K*,
to be excreted as a buffer in the final urine [45, 46] (Fig. 2.7).

Within the most inner area of the renal medulla, the apical membranes of the
a-intercalated cells are devoided of extracellular carbonic anhydrase IV (AC IV)
[47]. Nonetheless, intracellular a-intercalated cells are very abundant in anhydrase
II carbonic acid enzyme, which participates in the equilibrium reaction in the cyto-
sol, resulting in the formation of bicarbonate and hydrogen ions. These protons
allow the urinary acidification process to keep going, by H* leaving the a-intercalated
cell cytosol towards the tubular lumen through the action of V-H*ATPase and the
H*K* ATP’ase in the apical membrane [48]. On the other hand, HCO;~ gets reab-
sorbed from the cytosol into the peritubular fluid through the basolateral membrane,
in the presence of the kAEl anion exchanger, which exchanges HCO;~ for
Cl- [49].

NH," is exchanged for Na* or K* molecules at the K* sites of the Na*K*ATPase
and NKCCI1 transporters, to be transported from the peritubular fluid to the cytosol
and then to the tubular lumen. Therefore, it participates in hydrogen ion excretion,
although to a lesser extent than the other mechanisms already mentioned [50].
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Hyperpolarization-activated cation channels and cyclic nucleotides (HCN) are
also expressed in the a-intercalated cells in different tissues in rats and other mam-
mals, where pacemaker HCN activity is regulated. In studies conducted in rats, it is
suggested that HCN participates in the activation of the Na*K*ATPase protein and
the Na*/HCO;~ (NBCnl) cotransporter, thus, participating in the regulation of acid-
base metabolism. HCN2 is expressed in the a-intercalated cells of the collecting
tubule, whose function is to capture NH,* from the peritubular fluid to its transporta-
tion and release in the cytosol. Further excretion to the luminal fluid is carried out
by Na*K*ATPase and V-H*ATPase [51].

Contrary to the previously held concept that water and gases, like CO,, cross cell
membranes by passive diffusion through the bilipid membranes. However, water
and gas channels have been detected in some cell membranes. Two families of H,O
and CO, transmembrane transporter proteins are known to date, aquaporins (AQPs)
and Rhesus (Rh) glycoproteins. The first known function of AQPs was the trans-
membrane transport of H,O, and subsequently, transport of CO, was known. This
information led to an important change in the understanding of acid-base metabo-
lism, since cellular transport of CO, and H,O requires the presence of AQPs, both
systemically and in the epithelial cells of the renal tubules [52, 53]. Other investiga-
tions reported that AQP 1 possesses the ability to transport nitric oxide (NO) through
certain cell membranes, mainly in vascular endothelial cells, demonstrating the
importance of this protein on the regulation of blood pressure [54].

Together with other ammonium transporter proteins, such as H*ATPase and
H*K*ATPase, Rhesus glycoproteins represent the main site of excretion of ammo-
nia. The ammonia/ammonium buffer system is the main site for proton binding and
excretion; its contribution is of the greatest importance in the regulation of acid-
base metabolism [55]. Rhesus glycoproteins are expressed in several tissues of
plants, animals and numerous microorganisms. These glycoproteins are gas trans-
porters, mainly CO, and NH; [56-58].

Rhesus glycoproteins (Rhge, Rhbg) capture and transport CO, and NH, from the
peritubular fluid (hypertonic, with a high concentration of ammonia) to the cytosol.
This mechanism ensues at the basolateral membrane of the a-intercalated cells of
the collecting tubule. On the other hand, Rhgc, but not Rhbg, is expressed at the
apical membrane, and participates in the a-intercalated cells of the collecting tubule
excreting NH; and CO, [59] (Fig. 2.7).

The Physiological Impact of Urinary Buffers in the Excretion
of Hydrogen

A buffering substance contains a weak acid and a weak base, with their respective
salts; can minimize sudden changes in pH in a solution.

A normal subject, under physiologic normal status, needs to excrete 80 to
100 mEq of hydrogen ions, daily. It would be necessary to drop the urine pH to 1.5,
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to excrete such an amount of non-volatile acids. On the contrary, to excrete an alka-
line charge, it is required to increase the urinary pH to 8.0. This situation is not
feasible, since the renal capacity to acidify and alkalinize the urine, falls within a 4.0
to 8.0 pH range, which corresponds to an [H*] of 1/0.0001 (10*) and
1/0.00000001 (10%).

Therefore, the kidneys utilize buffers to excrete the non-volatile H* ions. The
renal excretion of excess hydrogen (H*) is achieved by titratable acid (TA) and
ammonia excretion. These buffers are of minimal physiological importance at the
systemic level, but in the urine, their role is most important to excrete protons. The
largest amount of systemic hydrogen ions are derived from the intermediate metab-
olism of amino acids. The concentration of free H* [H*] in the ECF is 0.0000000398
(nm/1). The logarithmic expression of this value is 3.98 x 1078, corresponding to a
pH of 7.40 (=0.05).

Most of the ammonia is produced mainly in the proximal tubule and is excreted
as ammonium molecules in the urine. The presence of buffer systems in the urine
leads to a reduction of the amount of free H*, maintaining the urinary pH stable at
6.0-6.5, under physiological conditions. The production of urinary buffers, mostly
ammonia, is increased in the presence of metabolic acidosis, which occurs in the
a-intercalated cells of the connecting and collecting tubules. On the contrary, when
bicarbonate accumulates in the ECF (metabolic alkalosis), the excess is excreted in
the B-intercalated cells. From this, it can be deduced that the urinary pH is not an
indicator of the quantity of excreted buffers, but rather of the urinary quantity of free
hydrogens (H*), in the case of systemic acidosis, or of hydroxyls (OH-), which are
transformed in HCOs-, in the case of systemic metabolic alkalosis.

Once the hydrogen ions that are extracted from the a-interspersed cells into the
lumen of the connecting and collecting tubules, they undergo the buffering process
in the form of titratable acid (phosphoric and sulfuric acids) and ammonium (NH,4*),
which are excreted by the urine. Only a small amount of free hydrogen ions remain
in the urine, determining the urinary pH within the physiological range of
6.0-6.5 [60].

The ammonia/ammonium buffer pair, which is been produced in the brush bor-
der of the proximal tubular cells, is the main mechanism of regulation of the acid-
base metabolism since it excretes from 50% to 70% of the hydrogen produced in the
body. This amount increases to 80% or 90% when the systemic production of H*
rises, even slightly; when the renal intracellular pH is reduced or in the presence of
a fully developed systemic acidosis, either of metabolic or respiratory origin (in this
last instance as a compensatory mechanism). The renal response to increasing the
urinary excretion of H* is by augmenting the expression of the cotransporters
NBCnl and NBC3 [60].

As previously mentioned, the main function of the proximal tubule concerning
the regulation of acid-base metabolism is the recovery of bicarbonate filtered by the
glomerulus, while the distal tubule has as a priority the formation of new bicarbon-
ate, which happens as a consequence of the excretion of hydrogen ions bound to the
buffer systems, mainly titratable acid and excretion of ammonia [61].
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The ammonia/ammonium buffer system is formed by weak acid and its base,

with a dissociation constant (pK) of ~9.15. The lower this value, the greater the
amount of the buffer solution that is in the form of acid, NH,*, according to the fol-
lowing reaction:

NH,” > NH, +H"

Therefore, in urine with a physiological pH of 6.0 to 7.0, the ammonium (acid

form) excreted from the cell to the tubular lumen would be trapped until its final
expulsion in the urine. As formerly described, this NH4* “entrapment theory” is cor-
rect, but incomplete, due to the existence of NH3/NH,* transporter molecular pro-
teins expressed throughout the nephron [61].
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Chapter 3
Physiology of Renal Potassium Handling

Check for
updates

Adrian Rafael Murillo-de-Ozores, Gerardo Gamba,
and Maria Castaiieda-Bueno

Introduction

K* is the most abundant cation in intracellular fluid with a concentration of approxi-
mately 140 mmol/L, while in the extracellular fluid (ECF) the physiological con-
centration of K* ranges between 3.5 and 5.0 mmol/L. This concentration gradient
allows the establishment of the electrical potential of plasma membranes of all the
cells of the organism, which plays an especially important role in excitable cells,
such as in skeletal or cardiac muscle cells, smooth muscle cells, and neurons.
Therefore, alterations in the extracellular K* concentration ([K*]gcr) can cause, for
example, serious alterations in the function of skeletal or smooth muscle and the
heart [1, 2].

Potassium Balance

Daily K* intake (+54 mmol/day) is similar to the total amount of K* in the extracel-
lular fluid (£60 mmol). Therefore, different mechanisms are responsible for pre-
venting sudden changes in the [K*]gcr in the postprandial period.
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After a K* intake, translocation of K* into cells, mainly skeletal muscle cells,
prevents a sudden increase in [K*]gcr. Different hormonal factors, such as insulin,
epinephrine, and aldosterone, are responsible for this process. These three hormones
have an activating effect on Na'/K* ATPase, which mediates the transport of K*
from the extracellular to the intracellular fluid. Insulin deficiency, a dysfunctional
renin-angiotensin-aldosterone system, or the use of B-blockers can predispose to
hyperkalemic states by interfering with the internal K* balance [3].

Renal Handling of Potassium

The ability of the kidneys to match the amount of K* excreted to the amount of K*
ingested is essential for the homeostasis of the body. This external balance is mainly
carried out by the kidneys since 90% of K* ingested is eliminated through the urine,
while the remaining 10% is excreted in feces. For this reason, kidney failure is gen-
erally associated with hyperkalemia, due to the inability of the kidneys to adequately
excrete potassium [2].

K* is freely filtered in the glomerulus and is reabsorbed almost entirely in the
proximal tubule. The fine processes that regulate urinary K* excretion take place in
the distal nephron, where complex mechanisms modulate the secretion and/or reab-
sorption of this ion (Fig. 3.1). Urine [K*] can exceed plasma [K*], due to the large
K* secretory capacity of the distal nephron. Secretion is observed under conditions
of normal or high K* intake. When K* content in the diet is very low the kidney is
unable to fully suppress K* excretion, in contrast to what happens with Na*.
Therefore, in these conditions there may be a negative K* balance and hypokalemia
develops [1].

As mentioned above, the proximal tubule is responsible for the reabsorption of
most of the filtered K*. This process occurs mainly via the paracellular route, either
through passive diffusion and/or by solvent drag (Fig. 3.2a). Initially, the [K*] in the
filtrate is equal to blood’s [K*], but as water is reabsorbed in the proximal tubule the
[K*] in the filtrate increases, establishing a chemical gradient that favors reabsorp-
tion of this ion through tight junctions of the proximal tubular cells. Furthermore,
the transepithelial voltage becomes positive in the lumen of the later portions of the
proximal tubule (segment S3). Thus, the electrical gradient also promotes K* reab-
sorption in this segment. Solvent drag, that is, the K* flow that accompanies the net
movement of water through the paracellular pathway, also plays an important role
in K* reabsorption [1].

Even though the proximal tubule does not transport K* via the transcellular route,
this does not mean that it is not important in the cellular physiology of this segment.
Like in most epithelia, proximal tubule cells have Na*/K* ATPase in their basolat-
eral membrane, whose activity establishes the concentration gradient necessary for
the proper function of a wide variety of secondary active transporters, such as the
Na*/glucose or Na*/amino acids cotransporters. The K* entering the cells through
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Fig. 3.1 K* renal handling. Various factors that modulate K* physiology in the distal nephron are
indicated within the rectangle

the Na*/K* ATPase is recycled to the interstitium through basolateral K* channels,
as well as K*/CI* cotransporters (KCC) [4]. On the other hand, the apical permeabil-
ity of K* in these cells is much lower than the basolateral permeability, perhaps due
to the presence of K* ion channels that are closed under normal conditions and open
only in response to changes in cell volume [5].

While K* reabsorption in the proximal tubule is paracellular and highly depen-
dent on water transport, in the subsequent nephron segments K* transepithelial
transport occurs mainly through the transcellular pathway and is carried out by a set
of transporters, channels, and pumps that are regulated by diverse mechanisms.

K* transport in the thick ascending limb of Henle’s loop occurs mainly through
the furosemide-sensitive Na*/K*/2CI~ cotransporter (NKCC2) (Fig. 3.2b). Located
in the apical membrane, this electroneutral cotransporter functions energized by the
gradient established by the Na*/K* ATPase. Na* and Cl~ ions transported by NKCC2
exit to the basolateral space through the Na*/K* ATPase and CI~ channels [6]. On
the other hand, part of the K* introduced into the cell via NKCC?2 is recycled into
the tubular lumen by an inwardly rectifying ion channel, called ROMK. This K*
recirculation is key to maintain NKCC2 function, since the [K*] in the lumen is rela-
tively low, and this cotransporter requires all three ions to be present simultaneously
to be translocated into the cell. The electrogenic output of K* through ROMK estab-
lishes a transepithelial, lumen-positive voltage that favors the paracellular reabsorp-
tion of cations in this segment of the nephron, such as Na*, Ca?*, and Mg?*. Although
K* could also be reabsorbed in this way, the renal medulla has a high interstitial
[K*], which hinders this process [7, 8].
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The basolateral membrane of the thick ascending limb of Henle’s loop is also
permeable to K* due to the presence of K* channels. Therefore, some of the K* that
enters the cell via NKCC2 exits the cytoplasm to the basolateral fluid space through
these K* channels. Through this mechanism, between 10 and 20% of the filtered K*
is reabsorbed in this nephron segment. This amount varies according to physiologi-
cal conditions. It has been reported that in some situations even K* secretion can
occur [9]. Finally, the relationship between NKCC2 and renal K* handling is more
complex, since cotransporter activity exerts an indirect effect on distal K* secretion,
as will be explained later in this chapter.

The distal convoluted tubule does not play an important role in transepithelial K*
transport [10]. Its main role is to carry out salt reabsorption through the thiazide-
sensitive Na*/CI~ cotransporter (NCC). However, the activity of this cotransporter
can indirectly modulate the distal mechanisms involved in K* secretion.
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The connecting tubule (CNT) and the cortical collecting duct (CCT) constitute
the aldosterone-sensitive distal nephron (ASDN). This segment contains a heteroge-
neous cell population, with 70% of principal cells responsible for K* secretion via
the transcellular route. The remaining 30% are intercalated cells. Principal cells
express the epithelial Na* channel (ENaC) in their apical membrane, as well as K*
channels such as ROMK and BK that confer a high permeability to K*. The entry of
Na* through ENaC channels promotes the establishment of a lumen-positive tran-
sepithelial potential that favors apical K* extrusion through K* channels.
Furthermore, Na* entry via ENaC is key to maintain basolateral Na*/K* ATPase
activity, thus allowing a constant entry of K* into the cell from the basolateral space
fluid [1, 8]. The net result of this process is the electrogenic exchange of Na* for K*
in the filtrate (Fig. 3.2¢). On the other hand, a- and p-intercalated cells are respon-
sible for reabsorbing K* through an H*/K* ATPase expressed in their apical mem-
brane (Fig. 3.2d). This mechanism operates mainly under K* deprivation
conditions [11].

Finally, in the medullary collecting duct (MCD) K* reabsorption occurs through
the H*/K* ATPase, as well as through the paracellular route. Luminal [K*] in the
MCD is high due to the active secretion of K* that takes place in previous segments.
Also, water reabsorption occurs in this segment, particularly in the presence of
antidiuretic hormone, and this further increases luminal [K*]. Thus, the electro-
chemical gradient favors the passive diffusion of K* from the lumen to the intersti-
tium [7, 8].

Factors that Regulate the Secretion of Potassium

The secretion of K* mediated by principal cells is modulated by a variety of factors.
One of them is the amount of luminal flux that reaches this segment. With higher
luminal flux, the luminal [K*] increases more slowly at a certain secretion rate [1,
8]. Additionally, BK apical channels are activated by high luminal flux, which
increases the apical permeability to K* and, therefore, its secretion [12]. The effect
of luminal flux on K* secretion may explain the well-known phenomenon that
diuretics acting upstream of the connecting tubule (such as furosemide in the loop
of Henle, or thiazides in the distal convoluted tubule) promote K* loss.

Likewise, genetic diseases such as Bartter’s syndrome type I and Gitelman’s
syndrome, caused by loss-of-function mutations in the genes encoding NKCC2 and
NCC, respectively, manifest with hypokalemia, in addition to other electrolyte
abnormalities [6]. Interestingly, mutations in the gene encoding the ROMK channel
are the cause of Bartter’s syndrome type II, characterized by transient neonatal
hyperkalemia, which disappears after one week of birth, probably due to compensa-
tion in the K* secretion process by BK channels. However, the absence of ROMK
affects the NKCC2-mediated transport process in the loop of Henle, so hypokale-
mia may subsequently develop in these patients, in addition to hypotension, hyper-
calciuria, and nephrocalcinosis [7, 13].
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On the other hand, familial hyperkalemic hypertension (also called Gordon’s
syndrome or pseudohypoaldosteronism type II), in which NCC activity is increased
by mutations in genes involved in the regulation of this co-transporter, is character-
ized by a hyperkalemic state due to the inability of the connecting tubule to secrete
potassium. In studies with murine models, it has been suggested that increased NCC
activity promotes a remodeling effect of the nephron, specifically connecting tubule
hypotrophy, which compromises K* secretion. This effect is reversible with the
administration of hydrochlorothiazide for 3 days, indicating that NCC activity is an
important modulator of the structure and physiology of ASDN [14].

Aldosterone is a steroid hormone produced in the zona glomerulosa of the adre-
nal gland. Its synthesis and release can be stimulated by angiotensin II in hypovole-
mic conditions or by increases in plasma [K*].

The mineralocorticoid receptor (MR) is a nuclear receptor and the target of
aldosterone. However, it is also capable of binding cortisol, whose plasma concen-
tration is much higher than that of aldosterone. Therefore, for a cell to respond to
fluctuations in plasma aldosterone concentration, it must express an enzyme called
11-B-hydroxysteroid dehydrogenase type II (11-p-HSD2), which catalyzes the
conversion of cortisol to cortisone that is unable to bind the MR. Principal cells in
the ASDN express 11-f-HSD, and thus their MR is subject to modulation by aldo-
sterone [1].

The occupation of MR by aldosterone allows its translocation to the nucleus,
where it promotes the transcription of different genes, such as those that encode the
Na*/K* ATPase and, importantly, the kinase SGK1 [15]. The main function of this
kinase is the phosphorylation and inactivation of the ubiquitin-ligase Nedd4-2,
whose function is to promote the degradation of the ENaC channels. Therefore,
SGKI1 activity promotes an increase in the amount of ENaC and an increase in the
electrogenic exchange of Na* by K*, allowing the secretion of the latter [8].

The disruption of these mechanisms, by pharmacological inhibition or by genetic
mutations, has an impact on K* secretion. Gain-of-function mutations in genes
encoding the ENaC channel subunits prevent Nedd4-2 binding and, therefore,
higher amounts of ENaC, promoting the hypokalemia observed in Liddle Syndrome
[16]. In contrast, loss—of-function mutations in these same genes in pseudohypoal-
dosteronism type I (PHAI), or the pharmacological inhibition of ENaC by K*-
sparing diuretics (such as amiloride) are the cause of hyperkalemia. PHAI can also
be caused by mutations in the MR gene or by its inhibition by antagonists such as
spironolactone [17].

An interesting observation is that glycyrrhizinic acid, commonly found in lico-
rice, has an inhibitory effect on 11-B-HSD2, allowing cortisol to bind to MR in the
principal cells, thus causing hypokalemia. Likewise, loss-of-function mutations in
the gene encoding this enzyme are the cause of apparent mineralocorticoid excess
syndrome, characterized by a hypokalemic state and hypertension [18].

Although aldosterone plays an essential role in K* homeostasis, other mecha-
nisms can regulate plasma K* levels to some extent. Different observations in
diverse animal models with an absence of aldosterone [19], or with fixed levels of
aldosterone, either by adrenalectomy or infusion [20], suggest that
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aldosterone-independent mechanisms participate in the regulation of K* secretion in
response to changes in plasma [K*]. One of these mechanisms is the modulation by
plasma [K*] of the NCC cotransporter in the distal convoluted tubule [21, 22]. In
distal convoluted tubule cells, an increase in plasma [K*] promotes membrane depo-
larization, which limits the efflux of Cl~ through the basolateral membrane [23].
The subsequent increase in intracellular [CI7] has an inhibitory effect on WNK4
kinase, which normally activates NCC through the SPAK/OSR1 kinases [24].
Furthermore, recent data suggest that a phosphatase may also respond to increased
plasma [K*] and promote NCC dephosphorylation and inactivation [25]. These pro-
cesses increase the flow of Na* that reaches the ASDN and, therefore, the ability of
principal cells to exchange Na* for K*.

Finally, glucocorticoids play an indirect role in the response to K* loads, perhaps
by regulating the glomerular filtration rate that affects the Na* flow reaching the
ASDN. Supraphysiological concentrations of glucocorticoids can also increase K*
secretion by directly binding to the MR, despite the presence of 11-f-HSD2 [1].

Relationship Between Renal Potassium Metabolism
and Acid-Base Balance

Alterations of acid-base status affect body K* balance. In general, acidosis is associ-
ated with hyperkalemia, while alkalosis is associated with hypokalemia. This is
because acid-base alterations affect intracellular storage of K*, as well as renal
excretion of K*. Acidosis promotes the release of K* from the cells through different
mechanisms: (1) Na*/H* exchange and Na*/HCO;~ cotransport is inhibited; (2) this,
in turn, results in a decrease in intracellular pH and a decrease in intracellular Na*
concentration [Na*]yc; (3) intracellular acidosis decreases Na*/K* ATPase activity
and NKCCI1 cotransporter activity; (4) furthermore, the decrease in [Na*]jc also
negatively affects the activity of Na*/K* ATPase; (5) finally, the increase in [H*];c
promotes displacement by H* ions of K* ions bound to non-diffusible intracellular
anions (e.g., proteins), which promotes the exit of K* from the cells. All of this
affects the intracellular storage of K*. The opposite phenomena are observed during
alkalosis and explain the hypokalemia associated with alkalosis [1, 26].

Regarding renal K* excretion, acute acidosis inhibits renal K* excretion through
the following mechanisms. In principal cells of the nephron, the drop in basolateral
fluid’s pH leads to a decrease in intracellular pH, due to the inhibition of Na*/H*
exchange by the basolateral NHE1 exchanger. This, in turn, promotes the inhibition
of various proteins involved in the K* secretory mechanism such as Na*/K* ATPase,
ENaC, ROMK, and BK channels. Furthermore, in a-intercalated cells the activity of
H*/K* ATPase is stimulated, thus, promoting the reabsorption of K* [26]. Alkalosis,
in contrast, stimulates renal K* secretion, probably by affecting the same mecha-
nisms in the opposite direction (Fig. 3.3a).
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In a chronic setting, however, acidosis promotes hypokalemia instead of hyper-
kalemia. For example, under conditions such as type 1 (distal) or type 2 (proximal)
renal tubular acidosis, caused by defects in renal acid-base regulatory mechanisms,
hypokalemia is usually observed. Changes in distal tubular flow produced in
response to acid-base disturbances have been proposed to be responsible for this
phenomenon. For example, metabolic acidosis inhibits proximal fluid reabsorption
by inhibiting Na*/K* ATPase activity in the cells of this segment, among other
mechanisms. Consequently, the increase in distal tubular flow counteracts the nega-
tive effects of low pH on distal K* secretion mechanisms. In chronic conditions this
mechanism predominates, producing hypokalemia. In chronic alkalosis, on the
other hand, an increase in distal tubular flow is also observed that is caused by dif-
ferent mechanisms than those described for acidosis, and this enhances the loss of
renal K* [26].

The opposite causal relationship also operates, that is, alterations in the K* bal-
ance affect the acid-base status of the organism. In general, hyperkalemia is



3 Physiology of Renal Potassium Handling 53

associated with metabolic acidosis, while hypokalemia is associated with metabolic
alkalosis. The exchange of K* for H*, mainly in the skeletal muscle cells, due to the
competition between K* and H* ions for binding sites in intracellular proteins is
largely responsible for this phenomenon. For example, in the case of hypokalemia,
the decrease in intracellular concentration of K* promotes the intracellular accumu-
lation of H*, thus promoting extracellular alkalinization.

In renal proximal tubular cells, intracellular acidification secondary to this phe-
nomenon activates mechanisms involved in the excretion of H" and reabsorption of
HCO;™, such as the apical Na*/H* exchanger, as well as the basolateral co-transporter
Na*/HCO;~ [26]. Furthermore, it increases the synthesis of NH; and excretion of
NH,*, an important mechanism to increase the renal capacity to excrete H* ions.
This latter effect is due to changes in the expression of proteins involved in ammo-
nia synthesis, reversed when plasma [K*] is normalized [27].

Finally, as mentioned above, during hypokalemia a-intercalated cells of the con-
necting tubule and collecting ducts promote the reabsorption of K* at the expense of
secreting H* into the tubular lumen. Furthermore, hypokalemia also increases the
membrane localization of the a4-H*ATPase and the Rhcg protein, both responsible
for the secretion of NH,* in the intercalated cells of the collecting duct [27, 28].
These mechanisms also contribute to the development of hypokalemic alkalosis
(Fig. 3.3b).

Again, the opposite mechanisms operate during hyperkalemia, explaining the
association with metabolic acidosis. In fact, in the hyperkalemic subtypes of renal
tubular acidosis, the primary alteration is normally a defect in renal K* secretion. As
an example, in type 4 renal tubular acidosis, which is secondary to hypoaldosteron-
ism, the decrease in aldosterone-stimulated K* secretion leads to hyperkalemia,
which in turn causes acidosis. Likewise, in genetic diseases with alterations of distal
K* secretion, as in type I and type II pseudo-hypoaldosteronisms, acidosis second-
ary to hyperkalemia is observed [26].
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Chapter 4
Genetic Origin of Renal Tubular Acidosis

Check for
updates

Laura Escobar-Pérez and Rosa Vargas-Poussou

Introduction

Four types of renal tubular acidosis (RTA) have been described according to the
chronological order in which the clinical cases were documented. Type I RTA cor-
responds to classic distal RTA or Albright’s RTA described in the 1940s [1]. Type II
RTA or proximal RTA was documented by Rodriguez-Soriano in the 1960s [2].
Type III RTA or mixed RTA was described in the 1970s [3]. Finally, Type IV RTA
or hyperkalemic distal RTA was associated with hypo or pseudohypoaldoste-
ronism [4].

In all types of RTA, hyperchloremic metabolic acidosis occurs with a normal
blood anion gap (BAG), which is determined with the formula:
[Na*] — ([CI"] + [HCO;7]) < 12. When BAG is elevated, metabolic acidosis is nor-
mochloremic and may be secondary to an unmeasured endogenous anion (lactic
acid, organic acids, ketone bodies, etc.), or the presence of an exogenous anion
(acetylsalicylic acid, methanol or ethylene glycol poisonings). On the other hand,
when BAG is normal, metabolic acidosis is secondary to the loss of bicarbonate,
which can occur by intestinal losses (diarrhea, fistulas) or RTA: in proximal RTA
bicarbonate is lost in the urine while in distal RTA bicarbonate is consumed in the
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plasma due to the inability to excrete hydrogen ions in the urine by the collecting
ducts of the nephrons.

Hereditary kidney diseases show different frequencies, for example, polycystic
kidney disease is the most common autosomal dominant alteration, and affects 1 in
1000 people. In contrast, the rest of the inherited kidney diseases occur infrecuently,
which means that they impact less than 5 people per 10,000. In particular, RTA has
a prevalence of approximately 1:100,000 in consanguineous marriages and less than
1:1 million in the rest of the population. Consequently, most physicians are unlikely
to encounter a case of RTA during their medical practice.

RTA is a monogenic inherited disease. Gene mutations produce variable
effects: premature stop codons, open reading frame shift, alternative RNA pro-
cessing, or nucleotide point changes in codons, leading to changes in one or
more amino acids, consequently, causing structural alterations in proteins, losing
their function. Genes associated to RTA types in several populations are
described below.

Autosomal Recessive Proximal RTA

This inherited form of RTA is due to mutations in SLC4A4 encoding the baso-
lateral sodium/bicarbonate transporter (Na*/HCO;~) NBCel of proximal tubu-
lar cells [5]. Alternative splicing of SLC4A4 results in three isoforms, TA
isoform (kNBCel) is expressed in the proximal tubule, eye, and salivary
glands. The other isoforms are expressed in pancreas, teeth, brain, and eye. In
the eye, NBCel maintains corneal transparency, as well as ocular pressure.
Consequently, mutations in SLC4A4 explain its association with ocular mani-
festations such as band keratopathy, cataracts, and glaucoma (Table 4.1). Other
extra-renal manifestations are dental enamel defects, mental retardation, basal
ganglia calcification, migraine, hyperthyroidism, and increased amylase with-
out pancreatitis [6].

Autosomal Dominant Proximal RTA

In 1977, Luis Brenes documented the case of a family in which nine members pre-
sented proximal RTA in a “pure” form better known as isolated proximal RTA with-
out ocular involvement. They had hyperchloremic metabolic acidosis with normal
plasma creatinine values and the ability to acidify urine, and were asymptomatic.
The only feature was short stature [7] despite lack of hypercalciuria. To date, only
two families with isolated proximal RTA have been described [8]. Several candidate
genes have been analyzed, but the associated gene has not yet been identified
(Table 4.2).
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Table 4.1 Type of RTA, transmission, age of presentation, clinical and biology, protein involved,
Gen/locus/OMIM

Proximal, recessive, first months, growth delay

Eye abnormalities (banded keratopathy, cataracts, and glaucoma)

Mental retardation, brain calcifications

Defects in tooth enamel

Increased serum amylases

Severe metabolic acidosis

Hypokalemia, Na*/HCO;~ or NBCel exchanger; SLC4A4/4q21 /604278
Dominant protein? Gen/locus/OMIM ? /? / 179830

Distal Dominant

(complete or incomplete)

Adult/adolescence

Lithiasis and/or nephrocalcinosis

Muscular weakness

Osteomalacia/osteoporosis

Moderate metabolic acidosis

Hypokalemia, hypocitraturia, hypercalciuria

Exchanger
CI"/HCO;™ or AE1. Gen/locus/OMIM: SLC4A1/17q21-22/179800
Recessive *,

Childhood. Hemolytic anemia. Metabolic acidosis. Growth-retarded.
Exchanger: C1-/HCO3— or AE1. Gen/locus/fOMIM: SLC4A1/17q21-22 /611590
Recessive

First months. Growth delay.

Vomiting, dehydration

Early nephrocalcinosis

Sensorineural deafness
Rickets
Severe metabolic acidosis

Hypokalemia, hypocitraturia, hypercalciuria.
Genes/locus/OMIM: V-ATPase subunit B1, ATP6V1B1/ 2p13/267300; V-ATPase a4 subunit,
ATP6VOA4 / 7q33-34 / 602722
Mixed, proximal and distal. Recessive. First months /childhood. Carbonic anhydrase II or AC
II. Gene/locus/OMIM: CA2 / 8q22 / 259730
*Described only in Southwest Asia. The numbers in the circles correspond to the location of the
proteins involved in Fig. 4.1.

Fanconi Syndrome with Proximal RTA

In proximal RTA associated with Fanconi syndrome, in addition to hypokalemia
and hyperchloremic acidosis, patients have generalized proximal tubular defects;
they lose sodium, phosphate, glucose, low molecular weight proteins, amino
acids, etc.
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Fig. 4.1 Mechanisms of urinary acidification. (a) Schematic representation of a proximal tubular
cell; filtered bicarbonate is recovered in this segment; glutamine degradation, ammonium, and
bicarbonate synthesis are performed. The transport systems involved in proximal bicarbonate reab-
sorption include Na*/H* exchanger (NHE3) and H*-ATPase (V-ATPase), which secrete hydro-
gen ion (HY) into the urine; carbonic anhydrase IV (AC-1V) accelerates the dehydration of carbonic
acid (H,COs); carbonic anhydrase II (AC-II) is cytosolic and catalyzes the hydration of CO,;
finally, the sodium bicarbonate transporter (NaHCO;, NBCel), guarantees the reabsorption of
bicarbonate due to its location in the basolateral membrane. (b) Representation of filtered (black),
excreted (gray), and reabsorbed (dots) bicarbonate. When plasma bicarbonate increases (metabolic
alkalosis), its excretion in the urine is observed (gray line). The curve with asterisks corresponds
to the bicarbonate load excreted in a patient with proximal RTA; a decreased threshold of plasma
bicarbonate concentration is observed. (¢) Representation of o/f} intercalated cells and principal
cells of the collecting duct. Intercalated H* secreting cells are type o. Hydrogen ion secretion is
carried out by H*-ATPase (V-ATPase) and ATPase K*-H* pumps on the apical membrane.
Reabsorption of sodium (Na*) by principal cells generates a negative transepithelial gradient in the
lumen that favors H* secretion. In the cytosol, carbonic anhydrase AC II catalyzes the hydration of
CO,; the bicarbonate generated is reabsorbed through the basolateral exchanger AE1. NH3 trans-
port by RhBG and RhCG channels is depicted
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Table 4.2 Hyperkalemic Type IV renal tubular acidosis

Primary congenital hypoaldosteronism. Suprarenal hyperplasia (21-hydroxylase, 3-p-OH
dehydrogenase, or desmolase deficiency)

Acquired Addison’s disease

Isolated mineralocorticoid deficiency

Acquired Hyporeninemic hypoaldosteronism: Diabetic nephropathy, interstitial Nephritis,
prostaglandin inhibitors

Pseudo-hypoaldosteronism (mineralocorticoid resistance). Congenital. Type I (with salt loss
and hypotension)

Autosomal dominant or renal form: mutations in the mineralocorticoid receptor gene

(MLR or NR3C2)

Autosomal recessive or generalized form: mutations in three genes of ENaC sodium channel
subunits (SCNN1A, SCNNI1B, and SCNN1G)

Pseudo-hypoaldosteronism Congenital Type II (with sodium retention and hypertension):
Gordon syndrome

Pseudo-hypoaldosteronism Autosomal dominant: mutations in the genes of two kinases
(WNKI1 and WNK4) or the ubiquitin ligase complexes KLHL3 - cullin 3 (KLHL3 and
CUL3)

Pseudo-hypoaldosteronism Autosomal recessive: mutations in the KLHL3 gene

Pseudo-hypoaldosteronism Acquired.: Tubulointerstitial nephritis and obstructive uropathy

The exome (genome formed by exons) of a Mexican adolescent with Fanconi
syndrome and isolated proximal RTA was recently analyzed. Until now, it is the
only case reported in the literature [9]. Two heterozygous variants were identified
in the SLC26A1 sulfate/oxalate exchanger. The glomerulus filters sulfates and oxa-
lates freely; sulfates are reabsorbed in the proximal tubule, in contrast, oxalates are
excreted by the luminal membranes of this segment. The SLC26A1 exchanger is
located in the basolateral membrane of the proximal tubule and participates in the
efflux of sulfate toward the interstitium by exchange with oxalate, which is excreted
in the apical membrane by the SLC26A6 transporter [10]. Mice in which SLC26A1
expression is suppressed develop urolithiasis, hyperoxaluria, increased blood oxa-
lates, decreased blood sulfates, and increased urine excretion of sulfates, as well as
hepatotoxicity [11]. However, mutations in the SLC26A1 exchanger in humans and
their consequences are not known.

In collaboration with the Seth Alper group, heterozygous variants in the
SLC26A1 gene (C41W and A56T) were identified in the Mexican patient. However,
these variants did not lose their function in Xenopus frog oocytes [9]. No mutations
were found in other transporters involved in Fanconi syndrome such as the phos-
phate transporter NaPilla/SLC34A1 [12] or the glucose transporter GLUT2/
SLC5A2 of Fanconi-Bickel syndrome [13]. Therefore, the molecular origin of
Fanconi syndrome accompanied by isolated proximal RTA is unknown, except that
it is autosomal recessive.
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Distal RTA

Determination of urinary anion gap (UAG) is used to differentiate distal RTA from
metabolic acidosis of any other etiology. In this case, the undetermined cation is
ammonium (NH,*). Ammonium excretion is decreased when the result is positive,
thus ruling out other possibilities of metabolic acidosis with a different etiology. In
distal RTA, acid-secreting intercalated cells do not eliminate the acid load (ammo-
nium and phosphate diacid) in the urine. Most of the patients studied have mutations
in three proteins present in these cells: the chloride/bicarbonate exchanger AE1
(SCLA4AT) and two subunits of the V-ATPase (V-H*ATPase): a4 (ATP6V0A4) and B1
(ATP6V1BI). However, autosomal dominant distal RTA is due to mutations only in
AELl, whereas autosomal recessive distal RTA is explained by mutations in AE1 or
the a4 and B1 subunits of V-ATPase.

Distal RTA comprises 80% of the genetic forms. Still, its prevalence is low,
approximately 1:1 million, and in consanguineous marriages approximately
1:100,000 [14]. Knowledge of the genetic bases of this entity has greatly contrib-
uted to the understanding of the molecular mechanisms involved in the acid-base
balance regulated by the kidney.

In conclusion, the autosomal recessive distal RTA comprises a heterogeneous
group of genes (five) and only one (SLC4A1), in the autosomal dominant RTA.

Autosomal Dominant Distal RTA

In the autosomal dominant distal RTA, one of the parents suffers the disease; it
appears in late childhood or adulthood and is due to mutations in the SLC4A gene,:
the anion exchanger 1 (AE1).

Michael Tanner [15] from the University of Bristol and Fiona Karet [16] from the
Cambridge Institute of Medical Research were the first to identify families with
mutations in the SLC4A 1 gene. Mutations in AE1 are always heterozygous. AE1 is
also expressed in erythrocytes, so the loss of its function produces hereditary sphe-
rocytosis and ovalocytosis in addition to distal RTA. It is noteworthy that the kidney-
specific AE1 isoform is shorter: it does not have the first 65 amino acids of the
amino-terminal AE1 of the erythrocyte. Consequently, in the autosomal dominant
distal RTA, renal function is only affected when mutations in AE1 are located in the
transmembrane domain or the carboxyl-terminal [17].

Autosomal Recessive Distal RTA Is Heterogeneous

In autosomal recessive distal RTA, parents do not have the disease, they are only
carriers. In this case, the signs appear during pregnancy (polyhydramnios). In the
infant, the clinical manifestations appear in the first months of life.
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Early genetic studies of autosomal recessive distal RTA revealed mutations in the
following genes: SLC4A1 [18] and ATP6VOA4, ATP6VIBI [19-23]. Fiona Karet’s
group pioneered lineage studies in families with autosomal recessive distal RTA
[21]. The majority of the families that were analyzed were from Turkey and Arabia,
among consanguineous marriages. The age of children with autosomal recessive
distal RTA who participated in the study ranged from 1 month to 3 years; all pre-
sented nephrocalcinosis and hypercalciuria and more than 50% sensorineural deaf-
ness, because V-ATPase is also expressed in the ciliated cells of the inner ear. These
findings further confirmed that the enzyme H-K-ATPase, present in the a-intercalated
cells, cannot compensate for the lack of functionality of the V-ATPase.

a4 and B1 subunits of V-ATPase are located in the kidney and inner ear; a4
subunit is present in the Vo domain and B1 subunit of VI domain and, the genes
are ATP6V0OA4 and ATP6B1V 1, respectively [22]. Mutations in any of these genes
are responsible for the decrease or loss of V-ATPase of the inner ear, which partici-
pates in the homeostasis of the endolymph pH, essential for normal hearing. In
addition to nervous deafness, an expansion of the vestibular aqueduct frequently
occurs [24].

In general, mutations of the B1 subunit are associated with hearing loss in child-
hood; patients with mutations in a4 subunit have moderate and late deafness in
adolescence. However, some studies have concluded that the age of onset and the
severity of the hearing loss are independent of the V-ATPase gene [23].

In dizygotic twins of different sex with autosomal recessive distal RTA and the
same mutation in intron 6:, only one developed deafness; the cause of this is not
known [25].

Autosomal Recessive Distal RTA Has Been Documented
in Several Racial Groups

Mutations in the ATP6VIBI and ATP6V0A4 genes have been described in families
of diverse origin, such as Arabic, Turkish, Spanish [22]; African [23], Greek [26],
Albanian and Italian [27], Tunisian [28], Japanese [29], Chinese [30-33], Brazilian
[34], Mexican [35], and Korean [36]; and only mutations in ATP6VIBI in families
of Spanish origin [25], Iranian [37], Kosovar [38], and Hindu [39]. The number of
patients analyzed is variable due to the difficulty of finding them.

Unfortunately, in Mexico, several pediatricians associate failure to thrive to RTA
[40], and diagnosis is made without any of the parameters established for this
syndrome.

We performed the genetic analysis of nine Mexican patients [35]. Mutations
were identified in the ATP6VIBI and ATP6V0OA4 genes; three cases were homozy-
gous variants in ATP6VIBI, a change in the reading frame, a point mutation in exon
10 (p.Pro346Arg), and an unreported mutation in intron 5. Three patients were
homozygous for an unreported point mutation (p.Arg743Trp) and a known one
(p-Asp411Tyr) in the ATP6VOA4 gene. Three cases were compound heterozygotes:
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one case had two new mutations (p.Val52Metfs * 25) and a deletion of exons 18-21;
two patients showed the point mutation p.Asp411Tyr and a second mutation,
p-Argl84X and c.1691 + 2dup, respectively.

FOXI1 Transcription Factor

A recent study with three patients from two unrelated inbred families identified
homozygous point mutations (p.L146F and p.R213P) in the transcription factor
FOXI1, which regulates the expression of transporters AE1, AE4 [41] and subunits
of V-ATPase B1, a4, A, and E2 [42]. Clinical features were early deafness and distal
RTA. Mutations in the transcription factor FOXII inhibit their binding to the DNA
of these genes, therefore, they are not expressed.

Autosomal Dominant Distal RTA

Autosomal dominant distal RTA is diagnosed in the majority of cases between
adolescence and adulthood, followed by nephritic colic or the presence of neph-
rocalcinosis and osteoporosis, or is manifested by symptomatic hypokalemia
(muscle weakness). Hypokalemia and hyperchloremic acidosis are less severe
than those manifested in the recessive forms of distal RTA. In some patients,
metabolic acidosis is not present, but the defect in the secretion of hydrogen ions
is detected with a urinary acidification test; this form of RTA is called “incomplete
distal RTA”.

This dominant form of transmission is due to mutations in the heterozygous state
of the SLC4A1 gene. There are two AEI isoforms: one isoform is expressed only in
erythrocytes (also known as band 3), and the renal isoform is shorter (it does not
have the first 65 amino acids of the amino acid terminal). Mutations of this gene are
also associated with spherocytosis and ovalocytosis in Southeast Asia (OSA) (SEA).
In OSA, erythrocytes are oval and most patients are asymptomatic; occasionally,
they have mild symptoms such as paleness, jaundice, anemia, and gallstones.

Ovalocytosis is a red cell morphological abnormality caused by the 27 base pair
deletion at codons 400 to 408 of the gene. The most frequent mutations found in
unrelated families are G701D, A858D, and AV850, while other mutations have
been described in some families [18, 43, 44]. In Thailand, mutations in the SLC4A1
gene explain 50% of distal RTA [44], and no mutations in the ATP6VIBI and
ATP6V0A4 have been found.

Curiously, mutations responsible for hematological changes are different from
those involved in distal RTA. AE] mutations in distal RTA lead to retention of the
protein in the endoplasmic reticulum or abnormal targeting of the protein to the api-
cal membrane of the a-intercalated acid-secreting cells. The homozygous A400-408
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deletion and heterozygotes composed of four mutations (R602H, G701D, AV850,
and A858D) develop ovalocytosis and distal RTA [45].

Dominant distal RTA develops in adulthood and its diagnosis and treatment are
commonly delayed, as is the case of a male with a history of paralysis, moderate
hypokalemia, and normal blood pH with hypercalciuria. The father presented the
same clinical picture. Both were identified as having a heterozygous mutation
(c.1162C > T, p.Arg388Cys) in exon 11 of SLC4A1 [46].

Recently, we performed the genetic analysis of a Mexican family with autosomal
dominant distal RTA. It was a heterozygous variation (deletion in exon 20 of
SLC4AI; https://doi.org/10.1016/j.nefro.2021.09.014) in two brothers (girl and
boy) and their mother; the father did not have the mutation. This finding is of inter-
est because it demonstrates the first case of autosomal dominant distal RTA in Latin
America.

Autosomal Recessive Distal RTA Due to SLC4A1

Mutations in the SLC4A 1 gene encoding the chloride/bicarbonate anion exchanger
AEI1 (CI7/HCO;") also produce autosomal recessive distal RTA. So far, more than
10 mutations of the SLC4A 1 gene produce RTA, in addition to ovalocytosis or sphe-
rocytosis [45]. Mutations in AE1 have been found mostly in the Asian tropical pop-
ulation of Thailand, Malaysia, the Philippines, and New Guinea [44]. Distal RTA
cases in Asia are an example of natural selection because they are resistant to
malaria.

Families with autosomal dominant and recessive distal RTA in the SLC4A1
gene have been reported in China. In a family with distal RTA of autosomal reces-
sive origin, both parents were carriers of the mutations: G494S and G701D
[36, 46-48].

To date, more than 30 mutations in SLC4A1 and ATP6VI1BI and 50 mutations in
ATP6V0A4 have been published and all affect the traffic of the AE1 exchanger to the
basolateral membrane of the o-intercalated cells and the synthesis or activity of
V-ATPase (https://www.HGMD.CF.AC.UK/, www.ensembl.org and www.hgmd.
org; [49]). Most of the mutations are homozygous and exceptionally heterozygous
compounds.

WDR?72

Three children with distal RTA of unknown origin were recently reported in a Thai
family. Two pathogenic variations were found: ([p.R593G *] and [p.L841Q] in the
protein called “72 tryptophan-aspartate repeat domain” (WDR72) [50]. WDR72 is
anintracellular protein with two beta-sheets and one alpha-solenoid at its C-terminus.
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WDR?72 is a domain of vesicle proteins involved in the deformation mediating com-
plexes of membranes that regulate intracellular trafficking [51]. However, the func-
tion of WDR72 is not yet known.

Mixed Renal Tubular Acidosis (Type III)

This form of RTA was discovered in 1972 by William Sly’s group in the United
States. Mixed RTA combines proximal bicarbonate reabsorption and distal hydro-
gen secretion defects. Autosomal recessive transmission mixed RTA occurs with
osteopetrosis and calcifications in the brain and is associated with mutations in the
carbonic anhydrase AC II gene. This enzyme participates in the proximal and
a-intercalated cells in the reabsorption of bicarbonate and secretion of hydro-
gen ions, respectively, which explain the mixed nature of this RTA. AC II is also
expressed in osteoclasts, where it plays an important role in acid secretion and
bone resorption; its absence is responsible for the increase in bone density and
fragility of osteopetrosis and is associated with calcifications in the brain and
mental retardation. Conductive deafness and blindness may be present as side
effects of bone compression [52]. Genetic analysis was performed for the first
time with 12 unrelated families from: United States, Saudi Arabia, France,
Belgium, and Kuwait [53]. AC II deficiency is most common in the Middle East
of the Arabian peninsula having the junctional mutation of exon 2-intron 2 of the
AC II gene [54].

Association between primary pulmonary hypertension and AC II deficiency has
also been suggested [55].

Hyperkalemic RTA (Type IV)

The coexistence of hyperchloremic metabolic acidosis and hyperkalemia indicates
a generalized collecting duct dysfunction. The main causes are summarized in
Table 4.3, corresponding to the abnormalities associated with hypo or pseudo-
hypoaldosteronism. Under these conditions, lack of aldosterone or resistance to its
action is responsible for a defect in distal sodium reabsorption, which prevents the
generation of the transepithelial gradient necessary for potassium and hydrogen
ion secretion.

In conclusion, genetic studies have made an extraordinary contribution to
the understanding of the complexity of the mechanisms underlying the renal acid-
base balance. Cases of hereditary RTA that have not been explained with the genes
known up to now, constitute a challenge in the identification of new molecular play-
ers involved in acid-base homeostasis in the kidney.
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Table 4.3 Hyperkalemic Type IV renal tubular acidosis

Primary congenital hypoaldosteronism, suprarenal hyperplasia (21-hydroxylase, 3-p-OH
dehydrogenase or desmolase deficiency)

Acquired Addison’s disease

Isolated mineralocorticoid deficiency

Acquired Hyporeninemic Hypoaldosteronism: Diabetic Nephropathy, Interstitial Nephritis,
Prostaglandin Inhibitors

Pseudo-hypoaldosteronism (mineralocorticoid resistance) Congenital Type I (with salt loss and
hypotension)

Autosomal dominant or renal form: mutations in the mineralocorticoid receptor gene (MLR or
NR3C2)

Autosomal recessive or generalized form: mutations in the genes of one of the three ENaC
sodium channel subunits (SCNNI1A, SCNNI1B, and SCNN1G)

Pseudohypoaldosteronism Type II (with sodium retention and hypertension). Gordon syndrome

Autosomal dominant: mutations in the genes of two kinases (WNK1 and WNK4) or of the
ubiquitin ligase complexes KLHL3 - cullin 3 (KLHL3 and CUL3)

Autosomal recessive: mutations in the KLHL3 gene

Acquired tubulointerstitial nephritis and obstructive uropathy
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Chapter 5
History of Renal Tubular Acidosis

Victor M. Garcia Nieto, Teresa Moraleda Mesa,
and Margarita Monge Zamorano

Distal Renal Tubular Acidosis

In 1936, Butler, Wilson, and Farbes published the clinical and biochemical charac-
teristics of four infants between the ages of 2 weeks and 11 months who suffered
from a clinical syndrome that had not been described until then, and was charac-
terized by:

(a) Persistent dehydration in the absence of vomiting and excessive diarrhea, in the
presence of an adequate intake of food, liquids, and salt.

(b) Persistent hyperpnea associated with a sustained elevation in serum chloride
concentration and a reduction in bicarbonate concentration.

(c) Deposit of calcium salts within and adjacent to some renal tubules” [1].

Bicarbonatemia levels ranged from 6 to 12 mEq/l and chloremia levels from 121
to 140 mEq/l. All four children died. In the post-mortem study, no pathological evi-
dence of parathyroid hyperplasia was found, which was one of the best-known eti-
ologies of renal calcification of the disease at that time. Another recognized etiology
of the same disease was hypervitaminosis D [2]. In the 1930s, some cases had also
been described in which calcification of the renal tubules, dehydration, and hypo-
chloremic alkalosis associated with an upper-intestinal obstruction coexisted [1].
With current terminology, we may say that they were cases of chloride deficit or
Pseudo-Bartter’s syndrome.

In the 1930s, some cases of infants with metabolic acidosis, dehydration, and
hypotonia had been published [3], and others more likely with acidosis and
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nephrocalcinosis are difficult to guess whether or not they were patients with the
same disease [4]. From these cases of nephrocalcinosis in infants, the term “neph-
rocalcinosis infantum” was coined.

In 1940, Albright et al. published the characteristics of a patient that had coinci-
dences with those reported by Butler et al. A 13-year-old girl had persistent rickets
and short stature. Plasma calcium levels were normal (ruling out hyperparathyroid-
ism), phosphate levels were reduced, and alkaline phosphatase levels were elevated
(consistent with rickets). These symptoms were accompanied by “massive calcium
deposits“in the pyramids of the kidneys (Fig. 5.1). Hyperchloremia and low bicar-
bonate concentration were documented [5]. Stimulating tests were performed using
ammonium chloride, sodium citrate, and ammonium nitrate. For the first time in
history, the authors concluded that the disease was characterized by an inability to
produce ammonia and to excrete acid urine. Likewise, Albright et al. were the first
ones to describe the presence of hypercalciuria, which would facilitate the appear-
ance of secondary hyperparathyroidism and, therefore, hypophosphatemia. These
authors advocated citrate treatment as a method to “raise serum CO, and reduce
chloride levels” [5]. Figures 5.2 and 5.3 show the x-rays of both femurs, taken
before and after 6 months of treatment. The authors hypothesized that nephrocalci-
nosis could be the cause of the ammonium secretion defect, an idea that was modi-
fied a few years later, by themselves.

Indeed, in 1946, Albright et al., in one of the most extensive articles in Nephrology
literature (consisting of 81 pages), believed that nephrocalcinosis should be consid-
ered a complication of homeostasis disorders that occur in the new disorder and,
named it “renal acidosis resulting from tubular insufficiency without glomerular
insufficiency” [6]. The explanation for nephrocalcinosis as a complication seemed
obvious since the authors had observed that hypercalciuria was secondary and, nor-
malized once treatment with alkaline salts started. The authors also drew attention
to the existence of a urinary loss of potassium that could cause hypokalemia,

Fig. 5.1 “Dense calcium
deposits in the pyramids of
both kidneys” on an
abdominal radiograph
performed in a case of
“nephrocalcinosis with
rickets, with growth
retardation” [5]
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Fig. 5.2 Radiograph of
both femurs before starting
treatment in the patient in
Fig. 5.1 [5]

leading to paralysis. Two patients without renal calcifications showed a more or less
acceptable concentration capacity, arguing that hypostenuria should be secondary to
nephrocalcinosis.

In the late 1940s, infantile nephrocalcinosis was already related to the presence
of hyperchloremic acidosis [7-9]. The disease was also known by the name of
Butler-Albright syndrome [10-12], which was combined with that of renal tubular
acidosis (RTA) since the early 1950s [13, 14].

In the mid-1950s, family cases began to be published suggesting an autosomal
dominant inheritance in some cases of RTA [15-17]. The association between deaf-
ness and autosomal recessive inheritance was later described [18-22].

In 1962, a French group [23] and another English group [24] gave an important
piece of information describing biochemical data specific to RTA. This was hypoci-
traturia, which nowadays is an adequate marker of metabolic acidosis. This finding
was confirmed soon after [25].
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Fig. 5.3 X-ray of the
pelvis and both femurs
after 6 months of treatment
in the same patient in

Figs. 5.1 and 5.2 [5]. “An
increase in bone density
and thickness is observed”.
“A periosteal new bone
border is observed, with
remarkable improvement
in B”

Transient Tubular Acidosis

In 1953, Lightwood, Payne, and Black described a group of infants diagnosed with
a transient variant of RTA. The suppression of alkaline therapy at 2 years of age was
not followed by the recurrence of acidosis [26]. This disorder was frequently
observed in Great Britain in the 1940s and early 1950s of the last century. However,
its frequency decreased dramatically in subsequent years [27], suggesting a causal
association with environmental factors such as mercury poisoning [28, 29] or hyper-
calcemia [30-32]. The excessive addition of vitamin D to milk formulas, a common
practice in those years in Great Britain [27], is a theory that could not be neglected
regarding the etiology. Likewise, the first sulfamide drugs used could be toxigenic,
since years later were known to cause a defect in the renal acidification capacity
[33, 34].

The pathophysiology of acidosis in these cases could not be defined, since, in
most of them, precise functional studies were not performed, so, given the general
knowledge of the time, the syndrome was accepted as the representation of a matu-
rational defect of renal acidification capacity. Currently, some cases of transient
distal RTA secondary to poisoning by organophosphate compounds [35] or by viper
bite [36] have continued to be published.
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As such, the so-called Lightwood syndrome was recognized in the medical lit-
erature as a form of transient distal RTA, characteristic of early childhood. The
cases of primary proximal RTA described for the first time by Rodriguez-Soriano
et al. in 1967 [37] corresponded to a transitory variety [38]. In the chapter written
by Drs. Rodriguez Soriano y Vallo in the book published in tribute to Dr. Gustavo
Gordillo in 1976, these authors wrote that “the so-called Lightwood syndrome, or
transient RTA of the infant, should not be considered as such, since it probably
includes various nosological varieties today well recognized” [39].

Transient distal RTA of primary or idiopathic origin was not documented until
the mid-1970s. Leumann and Steinmann described the findings in a four-month-old
patient with primary distal RTA and loss of bicarbonate. The acidosis did not reap-
pear when the alkaline therapy was suspended, at about 10 months of age, at which
time it showed normal tubular function. This patient had transient hypercalcemia,
not attributable to vitamin D intoxication or hyperparathyroidism [40]. A similar
patient was described at the same time by Hirschman et al. [41]. Likewise, transient
“idiopathic” cases of type 4 RTA and hyperkalemia have been described [42, 43].
Other transient cases of type 4 RTA were described due to resistance to aldosterone
(obstructive uropathy) [44, 45] or due to an important distal reduction of sodium
delivery to the cortical duct, like in patients with nephrotic syndrome, acute diar-
rhea, etc. [46, 47].

Proximal Tubular Acidosis (PRTA)

Juan Rodriguez Soriano (1933-2010) was an eminent Spanish pediatric nephrolo-
gist, educator of several generations of pediatricians, and pediatric nephrologists.
He was internationally considered as one of the pioneers of pediatric nephrology
and, a benchmark, in that of tubulopathies. His prestige in that specialty was unani-
mously recognized. He studied Medicine at the University of Barcelona. In 1959, he
obtained a scholarship to expand his training at the Hopital des Enfants Malades in
Paris with Pierre Royer and Renée Habib. In 1963 he was admitted to the Albert
Einstein College of Medicine in New York. Studies leading to the study of renal
acidification capacity under normal circumstances served to identify proximal RTA
as an independent pathophysiological entity, a finding that marked his professional
life. The work was published in 1967 in Pediatric Research [37]. Until then, only
distal type 1 RTA was known, which had been described in 1936 by Butler et al. [1],
and confirmed 4 years later by Albright et al. [5]. In a subsequent publication by the
New York Group, it was learned that patients diagnosed with isolated proximal RTA
had had a transient clinical condition [38]. Much later, Dr. Rodriguez Soriano wrote
he suspected that PRTA he previously described should have been an immaturity of
the Na*/H* (NHE-3) luminal exchanger [48]. In 1970, he took over the Pediatrics
Department of the Cruces University Hospital, nearby Bilbao. There, together with
Alfredo Vallo, he continued researching and publishing on many pediatric topics,
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Fig. 5.4 The Bilbao Pediatric Nephrology Group after the VI National Meeting of Pediatric
Nephrology (Granada, November 1978). From left to right, Gonzalo Castillo (1), Alfredo Vallo (1),
Victor M. Garcia Nieto, Roberto Oliveros and Juan Rodriguez Soriano (1). This image is the prop-
erty of one of the authors (VMGN)

but especially on various aspects of his two main topics of interest, kidney function
tests and tubulopathies [49] (Fig. 5.4).

Since his stay in Paris, he had been interested in distal ATR [50] and continued
to be a priority object of study for the Group formed in Bilbao. Thus, in 1975 they
demonstrated, through low-saline fluid overload, that in infants with distal RTA,
there could be an associated urinary loss of sodium and bicarbonate, motivated by
an increase in the distal supply of both ions [51].

At the V National Meeting of Pediatric Nephrology (Madrid, 1977), the Group
presented the results obtained with the stimulating test to increase secretion of
hydrogen ions in alkaline urine by measuring urinary pCO,, both in normal children
and children with kidney problems [52]. In the early 1980s, they published several
laboratory tests, corroborating that some patients who did not increase urinary after
a fluid load with a high bicarbonate concentration could increase urinary pCO, after
the administration of phosphate, thus suggesting that this renal tubular response
could be applied in the evaluation and understanding of the etiology of renal tubular
acidosis [53].

In 1981, Rodriguez Soriano et al. published the long-term evolution of five
patients with distal RTA. The authors stated that with adequate treatment, they all
had normal glomerular filtration rate, optimal growth and development, a halt in the
progression of nephrocalcinosis, and the absence of another clinical data character-
istic of the disease, except for persistent polyuria [54].
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The Other Forms of Renal Tubular Acidosis

In 1972, two independent groups published the first cases of type 3 RTA associated
with osteopetrosis. Sly et al. described three sisters with a form of osteopetrosis dif-
ferent from the varieties known until then, namely the malignant type and the benign
autosomal dominant type. Patients with this disorder showed clinical manifestations
by the age of 2 years, mainly bone fractures. Other signs were short stature, mental
retardation, mild anemia, dental malocclusion, and visual impairment due to com-
pression of the optic nerve [55].

The same year, Guibaud et al. described two brothers with renal tubular acidosis
and mild osteopetrosis, both unaffected parents, originally from North Africa, were
first cousins [56]. In 1983, Sly et al. demonstrated the absence of type II carbonic
anhydrase in red blood cells of affected patients [57]. Confirmation of this deficit
using molecular biology techniques was carried out by Venta et al. in 1991 [58].

The first patients with type 4 RTA and hyperkalemia were cases secondary to
Gordon’s syndrome [59, 60], hypoaldosteronism [61], and obstructive uropa-
thy [44].
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Chapter 6 m
Classification of Renal Tubular Acidosis Creck o

Norma Elizabeth Guerra Hernandez

Renal tubular acidosis (RTA) is characterized biochemically by persistent metabolic
acidosis, hyperchloremia, and a normal anion gap. Table 6.1 shows the classifica-
tion of RTAs into 4 types, which may be distinguished from each other based on the
clinical findings, pathophysiological mechanisms, specific molecular changes that
generate the RTA, and the results of the different diagnostic tests [1].

Recent advances in molecular biology techniques allow us to understand the
pathophysiological mechanisms and the defect of the different transporters that

Table 6.1 Classification of renal tubular acidosis

Type |Name Tubular area affected Main defect
Type 1 | Distal or classic | Collecting duct Inability to secrete H* ions and
RTA a-intercalated cell ammonium
H*-ATP-ase, AE1
Type 2 | Proximal RTA Proximal tubule Bicarbonate reabsorption (HCO;™)
NBCel exchanger
Type 3 | Mixed distal and | Combined proximal H* excretion and HCO;™ reabsorption
proximal RTA tubule and distal (osteopetrosis, brain calcifications)
collecting tubule
Type 4 | Distal RTA with | Collecting tubule Pseudohypoaldosteronismo or
hyperkalemia hypoaldesteronismo

(ENaC, Na*K*ATPase, NCC)

N. E. G. Hernandez ()
Department of Pediatric Nephrology, General “Dr. Gaudencio Gonzalez Garza,” National
Medical Center La Raza, Mexican Institute of Social Security, Mexico City, Mexico

Advanced Studies Iztacalaca Faculty, National Autonomous University of Mexico,
Mexico City, Mexico

© The Author(s), under exclusive license to Springer Nature 81
Switzerland AG 2022

R. Muioz (ed.), Renal Tubular Acidosis in Children,
https://doi.org/10.1007/978-3-030-91940-5_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91940-5_6&domain=pdf
https://doi.org/10.1007/978-3-030-91940-5_6

82

Table 6.2 Hereditary characteristics of primary RTA

N. E. G. Herndndez

Gen
Inheritance | Chromosome | mutation Defect
Proximal RTA (type 2)
Autosomal dominant AD ? ? ?
Autosomal recessive with AR 4qg21 SLC4A4 Cotransporter
ocular abnormalities NBCel
Sporadic in lactating babies AR - - NHES3 antiporter
immaturity?
Distal RTA (type 1)
Autosomal dominant AD 17q21-22 SLC4A1 AE1
Autosomal recessive with AR 2pl13 ATP6V1B1 | B1 subunit of
early deafness H*-ATPase
Autosomal recessive with or | AR 7q33-34 ATP6VOA4 | A4 subunit of
without early deafness H*-ATPase
Mixed RTA (type 3)
Autosomal recessive with AR 8q22 CA Il Carbonic anhydrase
osteopetrosis type II (CA 1I)
ATR Hyperkalemic (type 4)
Pseudohypoaldosteronism
type 1
Autosomal dominant (renal) | AD 4q31.1 MR Mineralocorticoid
receptor (MR)
Autosomal recessive AR 16p12 SNCCI1B, B and y ENaC
SCNN1G (sodium epithelial
channel)
Pseudohypoaldosteronism AD 12p13.3 WNKI1 WNKI1 kinase
type 2 (Gordon’s syndrome) 17p11-q21 WNK4 WNK4 kinase

participate in the regulation of the acid-base balance, allowing a better understand-
ing of the different forms of presentation and hereditary syndromes [1, 2].
Each of the different types of RTA may present in the hereditary or primary form

or acquired, a secondary form [2]. The primary forms are the result of the genetic
defect in the transporters or enzymes involved in the reabsorption of HCO;™ or the
secretion of H* and ammonium ions; it is more frequent in childhood (Table 6.2)
[1-4]. Secondary forms usually occur in adults and are the result of exposure to
drugs or toxins, or secondary to systemic or immunological diseases [1, 2].

Proximal Renal Tubular Acidosis (Type 2)

It is characterized by a defect in proximal tubular reabsorption of HCO;™. It may be
an isolated alteration, unrelated to other tubular abnormalities, or more frequently
accompanied by other tubular defects, such as glycosuria, hyperuricosuria,
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hyperphosphaturia, and aminoaciduria, causing Toni-Debré-Fanconi syndrome,
secondary to cystinosis, and Lowe’s syndrome, among other causes [35, 6].

They can also occur in hereditary form or secondary to the administration of
medications or be associated with different diseases. The main manifestations are
failure to thrive, vomiting, anorexia, rickets, and osteoporosis: In severe cases, ocu-
lar malformations and mental retardation are also observed [2, 5, 6].

Distal Renal Tubular Acidosis (Type 1)

This type of RTA is characterized by the inability of the a-intercalated cells of the
collecting tubule to secrete hydrogen (H*). The clinical presentation usually begins
within the first year of life, with persistent metabolic acidosis, normal anion gap,
hypercalciuria, hypocitraturia, and nephrocalcinosis, which may be evident in the
first weeks of life, and is frequently associated with early or late sensorineural deaf-
ness [1,2,4,6,7].

Five genetic mutations are the etiology of RTAd that have been identified in the
genetic or primary forms, namely SLC4A1, ATP6VOA4, ATP6V1B1, FOXI1, and
WDR?72, as appear in Table 6.2 and will be described in greater detail in the corre-
sponding chapter [2, 6, 7].

According to the specific defects in urinary acidification, the distal RTA is clas-
sified as:

(a) Secretory defect:

It is characterized by a defect in cellular function that can affect both the luminal
H*-ATPase pump, as well as the action of intracellular type II carbonic anhydrase or
the basolateral AE1 anion exchanger (Fig. 6.1).

LUMINAL BASOLATERAL
H*ATPase -
H 4—(53 H* + HCO, Q1o
3 Cl
HPO 2 AET
NH, o, T
CO,H,
Carbonic acid
NH .
3 H,PO, T

AMMONIA  TITRATABLE ACID

",

H*-K*ATPase

H,0 + CO,

Fig. 6.1 Cortical collecting tubule
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(b) Voltage defect (short circuit defect):

Generated by the inability of the distal tubule to increase or generate the intratu-
bular electrical gradient for H* ion secretion, together with impaired K* secretion.
This alteration is due to a defect in the arrival or transport of sodium at that level. It
is also associated with hyperkalemia due to diminished potassium secretion, as
occurs in type 4 or hyperkalemic RTA. This alteration is observed in children with
type 1 primary pseudohypoaldosteronism and is associated with mutations in the
epithelial sodium channel-forming subunits (ENaC) [3, 5, §].

(c) Gradient defect (increased back diffusion):

There is a normal H* ion renal secretory capacity. However, excretion is ineffec-
tive due to the presence of back diffusion of the secreted H* ions, as a consequence
of increased permeability in the luminal membrane. This defect occurs in distal
renal tubular acidosis secondary to the use of amphotericin B [8].

(d) Hydrogen ion buffering defect:

It is a result of the decrease in phosphate and NH3 (ammonium) buffering capac-
ity. The most frequent etiology of this alteration is the defect in the transport of NH;
from the proximal nephron to the distal areas, as a consequence of a chronic tubu-
lointerstitial medullary pathology primary or secondary to nephrocalcinosis [8].

(e) H*ion unavailability defect:

A feasible explanation may be the presence of a minor secretion of H*or voltage
defects; it has been described in adult patients with prolonged treatment with lith-
ium salts, but also may be seen in inherited forms of distal RTA [3, 5, 8].

Type 3 Renal Tubular Acidosis

Functional characteristics of both forms of ATR, proximal and distal, are shared.
There is a defect in the tubular reabsorption of the filtered HCOs—, but unlike iso-
lated proximal RTA, there is also an inability to acidify the urine [2, 3]. It is charac-
terized by a hereditary deficiency of type II carbonic anhydrase, necessary for
proximal and distal renal acidification, as well as for osteoclastic function and brain
maturation [6]. It is observed in autosomal recessive osteopetrosis and is secondary
to mutations in the CA II gene, which encodes carbonic anhydrase type II, generat-
ing RTA with cerebral calcifications and mental retardation [2, 5].

Type 4 Renal Tubular Acidosis

The acid-base imbalance is generated by the deficiency or resistance to aldosterone
causing metabolic acidosis with hyperkalemia [1]. It occurs more frequently in
adults [3]. It has been identified in patients with pseudohypoaldosteronism and
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Table 6.3 Clinical characteristics of RTA
RTA type 1 RTA type2 | RTAtype3 | RTA type4

During acidosis

Anion Gap Normal Normal Normal Normal
Urinary ammonium Low Normal Low Low
Serum potassium Low /normal | Low /normal | Low /normal | High
Minimum urinary pH >5.5 <5.5 >5.5 <5.5

With normal serum bicarbonate

Fractional excretion of bicarbonate | <5% >10-15% >5% >5-10%
Maximum urinary pCO, (mmHg) | <60-70 >60-70 <60-70 >60-70
pCO, urine: plasma ratio (mmHg) | <20 >20 <20 >20

primary hypoaldosteronism, congenital adrenal hyperplasia, obstructive uropathy,
and nephrotic syndrome, as well as associated with the use of medications, such as
trimethoprim, pentamidine, cyclosporine A, and lithium [2, 9]. In this type of RTA,
the patients keep the capacity of urinary acidification, achieving a urine pH <5.5
after an acid load, but there is an inability to increase urinary excretion of pCO, in
clinical situations of systemic metabolic acidosis [4].

According to the laboratory findings, the different types of RTA have specific

characteristics that allow differential diagnosis and, therefore, the therapeutic
approach, as shown in Table 6.3 [1, 10].
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Laboratory Diagnosis of Renal Tubular
Acidosis. Acidification Tests

Victor M. Garcia Nieto, Maria Isabel Luis Yanes,
and Patricia Tejera Carreio

Simple Determinations

Blood

(a) Hyperchloremia. Although it is not a sensu stricto functional test, it should be
remembered that from its initial description, it is known that hyperchloremia is
a characteristic sign of renal tubular acidosis (RTA) [1]. Hyperchloremia is
accompanied by a normal anion gap [2] (Fig. 7.1). However, not all cases of
RTA have hyperchloremia [3].

(b) Anion gap. The calculation of the plasma anion gap helps to study the origin of
metabolic acidosis.

The formula is : pNa* — [Cl’ ] p+ [HCO{ J p

Hyperchloremic RTA presents with a normal anion gap. In contrast, anion gap
values rise in various disorders that occur with increased acid production and nor-
mochloremia, as in ketoacidosis, lactic acidosis, kidney failure, or salicylate poison-
ing [4, 5] (Fig. 7.2).
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Fig. 7.1 Graphic representation, in the form of a Gamble nomogram, on the composition of the
plasma showing the physiological electro neutrality (left) (2), the concept of anion gap (center) and
the behavior of chloride levels and anion gap in patients with RTA (right)

Plasma chloride

concentration
Normal chloride Hyperchloremia
(high anion gap) (normal
anion gap)
Renal origin Extra renal Renal origin Extra renal origin
origin
I |
_ Organic Renal tubular HCO4
Chronic renal acidosis acidosis intestinal
failure ** loss *

*Diarrhea, ureterosigmoidostomy, pancreatic and, biliary looses, cholestiramine therapy,
acute enterocolitis due to cow’s milk protein intolerance (lactating age)

**Lactic acidosis, diabetic ketoacidosis, starvation acidosis, ethylene glycol ingestion,
methanol, salicylates intoxication

Fig. 7.2 Algorithm on the etiology of metabolic acidosis from plasma chloride levels



7 Laboratory Diagnosis of Renal Tubular Acidosis. Acidification Tests 89

The normal value of the anion gap varies according to laboratory techniques and
whether or not the K* concentration is included in the formula. Thus, values between
3 and 11 mEq/l have been described as normal when “ion selectivity electrodes’ are
used. If the photometry technique is used to measure the concentration of Na* and
K* and the colorimetric technique to measure the concentration of bicarbonate
[HCO;] plus chloride concentration [Cl], the normal value is 8—16 mEq/l, but the
value increases to 10-20 mEq/1 if the concentration of plasma potassium [K*] is also
included in the formula.

Urine

(a) Hypercalciuria and hypocitraturia. The frequency of hypercalciuria and, espe-
cially, of hypocitraturia is very high in cases of RTA. Citrate is a very sensitive
marker of metabolic acidosis [6]. When the pH of the proximal tubular cell
becomes low, the activity of the sodium-dependent dicarboxylate transporter 1
(NADCI) which is located in the apical membrane of the proximal tubule is
stimulated. NADCI1 is an electrogenic transporter coupled to Na* reabsorption
at a rate of 3 Na* cations for 1 citrate?”* anion [2]. The result of increased
citrate tubular reabsorption is hypocitraturia. Much of citrate metabolism and its
tubular reabsorption depends on the action of citrate-lyase and the mitochondrial-
aconitase ATP which transforms citrate into iso-citrate to enter the Krebs cycle
[7]. Citrate participates in the Krebs cycle in the mitochondria, thereby produc-
ing a greater amount of CO, that is transported into the cell cytoplasm. When
citrate>™* is converted to CO, and H,O three H*are consumed, a reaction equiv-
alent to generating bicarbonate.

During an acid overload, the activity of citrate-lyase and the mitochondrial-
aconitase ATP increases concomitantly with a decrease in the concentration of
citrate at the renal cortical level [8]. Intracellular hypocitraturia stimulates the entry
of more citrate into the cell through the activation of NADCI. In summary, hypoci-
traturia can be an indicator of metabolic acidosis and RTA.

(b) Anion gap in the urine. Anion gap is an indirect marker of NH," excretion in the
urine. Under normal conditions, the total charge of positive ions that appear in
the urine (UNa*+UK*+UCa?*+UMg*+UNH,") equals the total negative charge
of urinary ions (UCl~ + organic Uanions+UHCO;~ + USO,~ + UH,PO,/
HPO,*), such that:

UNa® +UK" + UCa*" + UMg*" + UNH," = UCI" + organic Uanions
+UHCO,” +USO,> + UH,PO,” /HPO,*
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Assuming that the urinary concentrations of cations and anions other than Na*,
K*, Cl, and NH,4* do not change significantly after an acid overload (an assumption
that is not entirely correct), the initial formula would become:

UNa" + UK™ +UNH," = UCI”

Urinary UNH," reduction is accompanied by UCI™ reduction to maintain electro-
neutrality and vice versa. Therefore, the urinary NH,* concentration can be esti-
mated by subtracting the Cl~ concentration from the sum of the Na* and K*
concentrations, according to the following formula [9-11]:

UNH," (anion gap) = (UNa+ +UK" )— ucl

Thus, in a distal RTA, the anion gap is positive [(UNa*+ UK*) > UCI], since less
ammonium production goes along with a decreased chloride excretion. On the other
hand, when there is intestinal or renal loss (proximal tubular acidosis) of bicarbon-
ate, the urinary anion gap (NH4*) is negative [UCI~ > UNa*+UK")]. Calculation of
the anion gap can help to differentiate distal from proximal renal tubular acidosis.

Generally speaking, urinary anion gap values range from —20 to —50 mEq/L in
individuals who may excrete adequate amounts of NH,* [10, 11]. On the contrary,
as indicated, it is less negative or even positive in individuals in whom urinary
excretion of NH,* is reduced [11].

Batlle et al. studied seven normal subjects who received an ammonium chloride
overload during three days, the urine anion gap was negative (—27 + 9.8 mmol/l)
and the urinary pH was less than 5.3 (4.9 £ 0.03). Also, in eight patients with diar-
rhea, the urine anion gap was negative (—20 = 5.7 mmol/l). In contrast, the urinary
anion gap was positive in all patients with impaired renal acidification capacity,
both in the distal RTA type 1(23 + 4.1 mmol/l; 11 patients) and in RTA type 4
(hyperkalemic RTA) (30 + 4.2; 12 patients), as well as in 15 patients with selective
aldosterone deficiency (39 +4.2) [11].

The urine anion gap should be only calculated in the presence of systemic meta-
bolic acidosis.

Tests in Which H* Secretion Is Stimulated by
an Acid Overload

Acidification Test with Ammonium Chloride (CINH )

This is the traditional test to diagnose distal RTA, to find out if the excretion of
hydrogen ions is adequate or not. It was the first test developed for this purpose [12,
13]. The overload of acid radicals provided by CINH, stimulates its secretion by the
H*ATPase of the a-intercalated cells of the cortical collecting duct. Acidosis also
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stimulates the proximal production of ammonia and its delivery to the collecting
tubule. Currently, the test is performed less frequently because it is poorly tolerated,
with gastritis, nausea, vomiting, and severe metabolic acidosis. The test is altered in
patients with distal RTA due to the defect of hydrogen secretion.

After emptying the bladder, 75-100 mEq/m? of CINH, (1 g = 18.8 mEq) are
administered orally, in enteric protection capsules (in adults or adolescents, the dose
is 0.1 g/kg) [14]. Urine samples are collected at 60-minute intervals during the fol-
lowing 4—6 hours. Urine volume and urine pH are measured. Titratable acid and
ammonia are determined in the two urine specimens with the lowest pH.

In some selected patients, if necessary, the test can be done by intravenous infu-
sion of CINH,0.9%0 (100 mEqg/m?) for 4-6 hours.

Another way to perform the test is the so-called “long test”, in which similar
doses of CINH, are administered, divided into three doses over three days [14]. This
modality is the most accurate to assess the renal capacity to generate ammonium
since it takes several days to do so.

A normal response implies a decrease in urine pH < 5.35. The normal values in
infants and older children for titratable acid and ammonium excretion in both
“short” and “long” tests [14—16].

Tests Performed with Another Source of Hydrogen Production

In addition to ammonium chloride, L-arginine monohydrochloride (C¢H;4,N,0,)
[17—-19] has also been used as a stimulus to acidify the urine.

Tests in Which the Secretion of Hydrogen Ions Is Stimulated
by an Increase in Tubular Electronegativity

Acidification Test with Furosemide (Stimulus to Acidify in
Acidic Urine)

(a) Classic test. In 1968, Puschett and Goldberg demonstrated that acute adminis-
tration of furosemide induces the production of acidic urine [20]. Subsequently,
other authors demonstrated its utility in the study of renal acidification capacity
[21-24].

Furosemide reduces the reabsorption of sodium, potassium, and chloride in the
ascending limb of Henle’s loop by inhibiting the cotransporter Na*K*2Cl~ (NKCC?2,
Na-K-ClI cotransporter) [25]. The volume contraction generated by the diuretic
stimulates sodium reabsorption in the collecting duct. The Na* molecule is then
exchanged for H* in the apical membrane. H* secretion is further stimulated by the
increased electronegativity in the lumen of the collecting tubule at the expense of
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chloride. In daily practice, it can be used as an initial screening test for RTA, since
it is better tolerated than the ammonium chloride test.

After emptying the bladder, 1 mg/kg furosemide is given PO. The test time dura-
tion is four hours, with sample collection at timed intervals. The lowest pH is usu-
ally reached during the third or fourth-hour collection, which is when the
aforementioned volume contraction is likely to occur.

In some cases, dizziness from low blood pressure is observed. It is contraindi-
cated in situations involving previous volume contraction clinical situations, like
ADH deficiency.

The test is not accurate in patients with distal RTA, due to secretory defects and
in those with voltage defects due to an impaired tubular sodium transport. In con-
trast, the test is normal in patients with saline loss due to aldosterone deficiency, as
in type 4 renal tubular acidosis.

The urinary pH should be <5.35 to perform the test. The stimulus for the secretion
of hydrogen ions produced by furosemide is lower than that of CINH,, so the titratable
acid and ammonia values are lower than those obtained with furosemide [16, 26].
Therefore, the amount of ammonium excreted with this test is difficult to interpret.

In patients with idiopathic hypercalciuria, our Group has observed false-negative
results with the furosemide test, since there is less excretion of titratable acid. We
showed that this defect was not secondary to the possibility of resistance to the
diuretic [27]. Nevertheless, the patients who did not acidify the urine using this test
showed instead normal results with the pCO, test [26].

(b) Urinary acidification test with furosemide and fludrocortisone

In 2007, Walsh, Wrong et al. designed this test with the idea of improving the
results of the furosemide acidification test, aiming to increase the secretion of H*
ions at the cortical collecting duct [28]. The mineralocorticoid fludrocortisone mim-
ics the action of aldosterone and activates a higher density of the epithelial sodium
channels (ENaC) in the luminal membranes of the principal cells. This maneuver
increases sodium reabsorption, favored by the volume contraction, as well as the
secretion of ammonium by the a-intercalated cell, thereby facilitating the excretion
of H* ions.

The activity of the basolateral Na*K*ATPase and H*ATPase pumps is also
increased with the administration of the mineralocorticoid in the a-intercalated cells
[28, 29].

After bladder emptying, 1 mg/kg of furosemide (40 mg in adults) and fludrocor-
tisone (1 mg/1.73 m?) are administered PO.

Measurements, determinations, and results are the same as those described with
the furosemide test. In control adults, the ammonium excretion achieved was
85 + 23 pmol/min and the titratable acidity 42 + 5 pmol/min, reducing the urinary
pH to 4.92 + 0.10 [28].

Shavit et al. used these tests in patients with suspected incomplete distal RTA. In
61.8% of the cases, both tests showed coincident results, but in 38.2% the
furosemide-fludrocortisone test was abnormal, whereas the CINH, test was nor-
mal [30].
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Determination of Maximum Urinary pCO, (Stimulus to Acidify
in Alkaline Urine)

In a normal situation, if there is enough concentration of urinary HCO;™ in the col-
lecting duct, a negative gradient is induced in the tubular lumen, and the H* secre-
tion increases, producing carbonic acid (COsH,). Since there is no luminal carbonic
anhydrase at the distal level (unlike in the proximal tubule), the H,CO; formed dis-
sociates very slowly in H,O and CO, (Fig. 7.3). If H* ion secretion is adequate, the
CO, production, which is measured as pCO, on a gasometer, will be adequate
[31-35].

In 1974, Halperin et al. confirmed that urinary pCO, did not rise in patients with
distal RTA when subjected to CO;HNa overload [33]. The high bicarbonate urinary
excretion necessary to perform this test can be achieved with different stimuli such
as sodium bicarbonate (oral or intravenous), acetazolamide, or the combination of
both sodium bicarbonate with acetazolamide. It is a simple, sensitive, and well-
tolerated test.

The same technique applies to the three modalities of this test. The test is done
after emptying the bladder. An hour later, the patient must urinate again. Urinary
pCO, can be measured in this sample, but better results are obtained if the sample is
collected 90 minutes after the beginning of the test. When the samples are collected,
the patient should be as close as possible to the laboratory where the gasometer is
located. Part of the urine is withdrawn immediately through a syringe with no air
bubble left on top. It is sealed with a needle that should be bend to prevent gas leak-
age. The urine is put into a gasometer in the same way as is done with blood

Mechanism of CO,

) production in the
collecting tubule
H+

H* + COgH- = CO3H,

| i ] COgH,= CO,+ H,0

Normal UpCO,.> 70 mmHg

Validated test: UCOzH-> 80
mEq/l

Fig. 7.3 Determination of maximum urinary pCO, (stimulus to acidify in alkaline urine). CO,
production in the collecting duct
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samples. The rest of the urine sample is used to determine the concentration of [Na*]
and [K*] ions in case the gasometer does not offer a reliable result of bicarbonate
excretion.

Electrolyte measurements are needed to calculate urinary bicarbonate, by
Edelman’s formula, as follows [14]:

UHCO," =0.03 xurinary pCO, x —log (urinary pH —urinary pK)

Urinary pK (ionization constant) =

6.33-0.5[ UNa +(mEq/L)+ UK +(mEq/L)]"

For a normal result, the urinary pCO, must be >70 mmHg [36, 37]. The result of
the test is expressed as the gradient difference between urinary/plasma pCO,; the
difference must be >30 mmHg. Furthermore, to validate the test, the bicarbonate
excreted must be >80 mEq/1, which usually coincides with a urine pH >7.4-7.8 [38].

When the test is not valid (reduced bicarbonate excretion) due to a defect in the
urine concentration capacity; then the [HCO; Ju becomes diluted. The test should
be repeated, adding desmopressin simultaneously.

The test has a high specificity and sensitivity to detect defects of distal proton
secretion [34]. Patients with distal RTA due to a primary defect of H* secretion
would not be able to increase the urine pCO,. The test is normal in cases of RTA due
to permeability defect (H*back-leak). Some cases have been reported in which urine
pCO, is low, but NH,* excretion is appropriately increased [39].

There is a myth in some hospital laboratories that urine samples cannot be
inserted into the gasometers intended for blood samples. After 40 years of doing
these tests in our hospital, we have never observed any problem with the different
devices used. However, the introduction of samples with a pH different from the
estimated range for blood can cause the apparatus to start a self-calibration process.
Unless the introduction of urine samples is explicitly prohibited in the datasheet of
the device, we believe that it can be used without causing any problem.

(a) Sodium bicarbonate test
Sodium bicarbonate is administered orally at the dose of 2-4 mEq/kg
(1 g =12 mEq) of sodium bicarbonate 1M is infused intravenously at a rate of
3 ml/min/1.73 m®SA. The most frequent side effects are vomiting and abdomi-
nal pain.
(b) Acetazolamide test
Acetazolamide reduces bicarbonate reabsorption in the proximal tubule by
inhibiting carbonic anhydrase, thereby promoting the arrival of bicarbonate in
the distal portions of the nephron [40]. Dosing is 1 g/1.73 m2SA, PO, or
10-15 mg/kg/dose [41, 42]. This is the least sensitive test, since the individual
response is irregular and, on many occasions, low bicarbonate excretion is
achieved [43]. Usually, false-negative results are more frequently obtained
than, with the bicarbonate test, especially in patients with idiopathic
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hypercalciuria [23]. Acetazolamide is better tolerated is better than oral bicar-
bonate, although headaches may occur.
(c) Acetazolamide and sodium bicarbonate test
The sodium bicarbonate administered for the test is not reabsorbed in the
proximal tubule due to the pharmacological effect of acetazolamide. The dose
of each product is half of that indicated above for acetazolamide when given
alone, so, there may be fewer side effects with both medications together [44,
45]. Sodium bicarbonate and acetazolamide are administered orally, diluted in
water, at a dose of 2 mEq/kg and 500 mg/1.73 m? SA, respectively.
Non-significant side effects have been noticed by us in children, while in
adults we have occasionally observed diarrhea, gastric discomfort, and even
paresthesia. This test has been described by our Group.

Other Tests to Assess Urine Acidification by Increasing
Tubular Electronegativity

Distal tubular acidification can be stimulated by increasing electronegativity at the
expense of chloride (calcium chloride) [46], sulfate (sodium sulfate) [13], or phos-
phate overloads.

Some patients are not able to increase the urinary pCO, when a high bicarbonate
concentration fluid is given, but they do so after the administration of phosphate.
This fact has been described in secretory defects limited to the medullary proton
pump [47] and in cases of voltage-dependent tubular acidosis and moderate defect
of distal sodium transport. Phosphate can be administered PO or by IV infusion [48].

Study of Proximal Tubular Reabsorption
of Bicarbonate (HCO;™)

Determination of the Renal Threshold
of Bicarbonate Reabsorption

The objective of this test is to analyze the characteristics of proximal tubular HCO;
reabsorption.

Physiologically, bicarbonate appears in the urine when blood [HCO;7] is above
the renal tubular reabsorption threshold, while bicarbonate disappears from the
urine when blood [HCO;7] is below the tubular threshold.

The test may be performed in patients with systemic hyperchloremic metabolic
acidosis with normal distal tubular acidification capacity and, suspected isolated
proximal RTA or, secondary RTA secondary to other proximal tubular defects
(Toni-Debré-Fanconi syndrome).
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In the case of proximal RTA, the HCO;~ reabsorption threshold is lower than
normal [49, 50]. A proximal acidification defect is suspected when the bicarbonate
reabsorption threshold is lower than normal.

In newborns, the threshold is 20 mEq/l; in infants during the first year of life, the
threshold ranges from 21.5 to 22.5 mEq/1 [14]; in older children, between 24 and
26 mEq/1, and, in the adult population is 26 mEq/1.

Under a spontaneous metabolic acidosis, a sodium bicarbonate solution with a
concentration of 0.33 mEq/ml is infused at a rate calculated to increase the [HCO;]
around 2 mEq//h (for an approximated value of 50% of the extracellular body fluid,
the rate of infusion would be 0.05 x weight (kg)/ml/min).

The bicarbonate threshold is known to have been reached when the urinary pH
rises between 6.5 and 7. At this time, the infusion rate is increased 1.5 to 2 times
from the previous one and maintained until the blood [HCO;] is increased to 25
and 30 mEq/1 [14]. This test requires bladder catheterization. Urine samples are col-
lected, under mineral oil, at half-hour intervals, to determine pH, creatinine, and
bicarbonate.

In the middle of each interval, blood samples are collected to measure creatinine
and a capillary blood gas analysis. Possible side effects or complications may be
tetany due to alkalosis, hypokalemia, and fluid overload.

If the threshold is to be determined in a clinical situation in which the blood
[HCO;]is not greatly decreased (> 20 mEq/1), a metabolic acidosis must be induced
by ammonium chloride administration.

Bicarbonate Fractional Excretion (FEHCO;5)

The renal threshold of bicarbonate reabsorption determination is a complex and
tedious test, but it allows us to have an idea of the proximal reabsorption of bicar-
bonate. For the diagnosis of proximal RTA, it must be confirmed that the FEHCO;~
is increased.

FE means the volume of blood (ml) that is devoid of the substance under study
for every 100 ml of glomerular filtrate (GF). It determines the renal handling of the
substance to be studied, by the relationship of the urine/plasma concentrations. It is
equivalent to the quotient between the clearance of the studied substance and that of
creatinine [51, 52]. The result is expressed in ml/100 ml of GF. No bladder catheter
is required.

If metabolic acidosis is present, oral or intravenous bicarbonate is administered,
depending on the base deficit at the moment [30 —plasma [HCO;~] x body weight
(kg) x 0.3]. The bladder is emptied at timed intervals. Urine creatinine and bicar-
bonate concentration are determined when the urine pH is >6.5-7. A blood sample
is collected to quantify creatinine and a blood gas (preferably arterial) is performed
to determine plasma bicarbonate levels. With these data, the EF of bicarbonate is
determined using the following formula:
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Hyperchloremic

acidosis with
normal GFR
Acidification of the urine
No urine acidification after CINH,, after CINH, or furosemide,
or furosemide, and/or no urine pCO, and/ or pCO,
increase in alkaline urine increase in alkaline urine
[
No hyperkalemia ;
Normal (1) Increased Ir?lcpreased Hyperkalemia
Hypokalemia FE HCO,. FE HCO,,
RTA Type | RTA Type Il RTA Type Il RTA Type IV

(1) FE HCO3. may be increased in some cases of distal RTA, mainly in lactating babies

Fig. 7.4 Renal acidification tests in the four types of RTA

(urine[HCO;] x plasma creatinine x 100/plasma [HCO;~] x urine creatinine)
[16]. No bicarbonate overload is necessary if the blood [HCO;~] is normal.

Normal FEHCOs™ is normal with a result of <3%. When there is a proximal
acidification defect, the result is >5%, and more often than not >15% (Fig. 7.4).

Epilogue The proper use of the tests narrated in this chapter allows us to distinguish the four
described subtypes of RTA.

References

1. Butler AM, Wilson JL, Farber S. Dehydration and acidosis with calcification at renal tubules.
J Pediatr. 1936;8:489-99.

2. Gordillo-Paniagua G. Composicion organica. In: Electrolitos en pediatria. Fisiologia y clinica.
2% ed. México DF: Asociacion de Médicos del Hospital Infantil de México; 1975. p. 39.

3. Karet FE, Gainza FJ, Gyory AZ, Unwin RJ, Wrong O, Tanner MJ, et al. Mutations in the
chloride-bicarbonate exchanger gene AE1 cause autosomal dominant but not autosomal reces-
sive distal renal tubular acidosis. Proc Natl Acad Sci U S A. 1998;95:6337-42.

4. Narins RG, Emmett M. Simple and mixed acid-base disorders: a practical approach. Medicine
(Baltimore). 1980;59:161-87.

5. Kraut JA, Madias NE. Serum anion gap: its uses and limitation in clinical medicine. Clin J Am
Soc Nephrol. 2007;2:162-74.

6. Brennan S, Hering-Smith K, Hamm LL. Effect of pH on citrate reabsorption in the proximal
convolute tubule. Am J Phys. 1988;255:F301-6.

7. Tosukhowong P, Tungsanga K, Phongudom S, Sriboonlue P. Effects of potassium-magnesium
citrate supplementation on cytosolic ATP citrate lyase and mitochondrial aconitase activity in
leukocytes: a window on renal citrate metabolism. Int J Urol. 2005;12:140-4.



98

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

V. M. Garcia Nieto et al.

. Zacchia M, Preisig P. Low urinary citrate: an overview. J Nephrol. 2010;23(Suppl 16):S49-56.
. Kraut JA, Madias NE. Differential diagnosis of nongap metabolic acidosis: value of a system-

atic approach. Clin J Am Soc Nephrol. 2012;7:671-9.

. Goldstein MB, Bear R, Richardson RMA, Marsden PA, Halperin ML. The urine anion gap: a

clinically useful index of ammonium excretion. Am J Med Sci. 1986;292:198-202.

. Batlle DC, Hizon M, Cohen E, Gutterman C, Gupta R. The use of the urinary anion gap in the

diagnosis of hyperchloremic metabolic acidosis. N Engl J Med. 1988;318:594-9.

Albright F, Consolazio WV, Coombs FS, Sulkowitch HW, Talbott JH. Metabolic studies and
therapy in a case of nephrocalcinosis with rickets and dwarfism. Bull Johns Hopk Hosp.
1940;66:7-33.

Royer P, Mathieu H, Habib R. Acidosis tubular crénica idiopatica con hipercalciuria e hipoci-
traturia (Sindrome de Butler-Albright). In: Problemas actuales de nefrologia infantil, ed. esp.
Barcelona: Ed. Toray; 1965. p. 113-25.

Edelmann CM Jr, Rodriguez Soriano J, Boichis H, Gruskin AB, Acosta MI. Renal bicarbonate
reabsorption and hydrogen ion excretion in normal infants. J Clin Invest. 1967;46:1309-17.
Peonides A, Levin B, Young WF. The renal excretion of hydrogen ion in infants and children.
Arch Dis Child. 1965;40:33-9.

Garcia Nieto V, Santos F, Rodriguez IB. Pruebas funcionales renales. In: Garcia Nieto V,
Santos F, Rodriguez Iturbe B, editors. Nefrologia Pedidtrica. 2* ed. Madrid: Aula Médica;
2006. p. 51-62.

Manning RT, Delp MH. Arginine hydrochloride as a system acidifier. Am J MedSci.
1961;241:575-80.

Garcia Puig J, Mateos Ant6n F, Martinez Gémez ME, Gil Aguado A, Arnalich F, Vazquez JJ,
et al. Exploracion de la capacidad renal de acidificacién con monoclorhidrato de L-arginina:
Resultados en sujetos normales. Rev Clin Esp. 1980;156:393-8.

. Loney LC, Norling LL, Robson AM. The use of arginine hydrochloride infusion to assess

urinary acidification. J Pediatr. 1982;100:95-8.

Puschett JB, Goldberg M. The acute effects of furosemide on acid and electrolyte excretion in
man. J Lab Clin Med. 1968;71:666-77.

Garcia Puig J, Mateos Anton F, Anciones B, Grande C, Gilaquado A, Arnalich F, et al.
Influencia de la furosemida sobre la disfuncion acidificadora de la acidosis tubular renal. Rev
Clin Esp. 1980;156:407-11.

Rastogi SP, Crawford C, Wheeler R, Flanigan W, Arruda JA. Effect of furosemide on urinary
acidification in distal renal tubular acidosis. J Lab Clin Med. 1984;104:271-82.

Reynolds TM, Burgess N, Matanhelia S, Brain A, Penney MD. The frusemide test: simple
screening test for renal acidification defect in urolithiasis. Br J Urol. 1993;72:153-6.
Kovacikova J, Winter C, Loffing-Cueni D, Loffing J, Finberg KE, Lifton RP, et al. The con-
necting tubule is the main site of the furosemide-induced urinary acidification by the vacuolar
H+-ATPase. Kidney Int. 2006;70:1706-16.

Suki W, Rector FC Jr, Seldin DW. The site of action of furosemide and other sulfonamide
diuretics in the dog. J Clin Invest. 1965;44:1458-69.

Garcia-Nieto V, Monge M, Hernandez Herndndez L, Callejon A, Luis Yanes MI, Garcia
Rodriguez VE. Estudio de la capacidad de acidificacion renal en nifios diagnosticados de hip-
ercalciuria idiopdtica. Nefrologia. 2003;23:219-24.

Rodriguez C, Luis Yanes MI, Delgado M, Garcia-Nieto V. ;El defecto para acidificar la orina
en la prueba realizada con furosemida, es un marcador de resistencia parcial a la accion de este
farmaco? Nefrologia. 2005;25:578-9.

Walsh SB, Shirley DG, Wrong OM, Unwin RJ. Urinary acidification assessed by simultaneous
furosemide and fludrocortisone treatment: an alternative to ammonium chloride. Kidney Int.
2007;71:1310-6.

Dhayat N, Gradwell M, Anderegg M, Schneider L, Luethi D, Mattmann C, et al. Furosemide/
fludrocortisone test and clinical parameters to diagnose incomplete distal renal tubular acidosis
in kidney stone formers. Clin J Am Soc Nephrol. 2017;12:1507-17.



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Laboratory Diagnosis of Renal Tubular Acidosis. Acidification Tests 99

Shavit L, Chen L, Ahmed F, Ferraro PM, Moochhala S, Walsh SB, et al. Selective screening for
distal renal tubular acidosis in recurrent kidney stone formers: initial experience and compari-
son of the simultaneous furosemide and fludrocortisone test with the short ammonium chloride
test. Nephrol Dial Transplant. 2016;31:1870-6.

Pitts RF, Lotspeich WD. Bicarbonate and the renal regulation of acid-base balance. Am J Phys.
1946;147:138-54.

Poy RK, Wrong O. The urinary pCO, in renal disease. Clin Sci. 1960;19:631-63.

Halperin ML, Goldstein MB, Haig A, Johnson MD, Stinebaugh BJ. Studies on the pathogen-
esis of type I (distal) renal tubular acidosis as revealed by the urinary PCO, tensions. J Clin
Invest. 1974;53:669-77.

Dubose TDJR, Pucacco LR, Green JM. Hydrogen ion secretion by the collecting duct as a deter-
minant of the urine to blood pCO, gradient in alkaline urine. J Clin Invest. 1982;69:145-56.
Kim S, Lee JW, Park J, Na KY, Joo KW, Ahn C, et al. The urine-blood PCO, gradient as a diag-
nostic index of H(+)-ATPase defect distal renal tubular acidosis. Kidney Int. 2004;66:761-7.
Halperin ML, Goldstein MB, Richardson RM, Stinebaugh BJ. Distal renal tubular acidosis
syndromes: a pathophysiological approach. Am J Nephrol. 1985;5:1-8.

Peces R, Arrieta J, Batlle DC. Mecanismos y clasificacién de la acidosis tubular renal.
Nefrologia. 1991;11:217-23.

Rodriguez-Soriano J, Vallo A. Renal tubular acidosis. Pediatr Nephrol. 1990;4:268-75.
Vasuvattakul S, Nimmannit S, Shayakul C, Vareesangthip K, Halperin ML. Should the urine
PCO?2 or the rate of excretion of ammonium be the gold standard to diagnose distal renal tubu-
lar acidosis? Am J Kidney Dis. 1992;19:72-5.

Leaf A, Schwartz WB, Relman AS. Oral administration of a potent carbonic anhydrase inhibi-
tor (diamox). I. Changes in electrolyte and acid-base balance. N Engl J Med. 1954;250:759-64.
Rubinstein H, Batlle DC, Roseman M, Sehy JT, Arruda JAL, Kurtzman NA. Urinary pCO,
during carbonic anhydrase inhibition in the dog. Mineral Electrolyte Metab. 1981;5:49-59.
Alon U, Hellerstein S, Warady BA. Oral acetazolamide in the assessment of (urine-blood)
PCO,. Pediatr Nephrol. 1991;5:307-11.

Monge Zamorano M, Garcia Nieto V, Espinosa M* D, Sanchez Almeida E, Fernandez Gonzalez
JL, Ledon LC. ;La prueba con estimulo de acetazolamida es til para poder determinar la pCO,
urinaria maxima? AnEspPediatr. 1995;42:233-4.

Garcia Nieto V, Hernandez-Gonzélez MJ, Herndndez-Herndndez L, Monge M, Molini N. A
new combined test to study the maximum urinary pCO, in the pediatric age. Pediatr Nephrol.
2002;17:C8.

Guerra-Hernandez NE, Ordaz-Lopez KV, Escobar-Perez L, Gomez-Tenorio C, Garcia-Nieto
VM. Distal renal tubular acidosis screening by urinary acidification testing in Mexican chil-
dren. Rev Investig Clin. 2015;67:191-8.

Brines J, Herndndez R, Colomer J. Prueba corta de acidificacion renal con cloruro calcico en
la infancia. AnEsp Pediatr. 1978;11:97-112.

Batlle D, Flores G. Underlying defects in distal renal tubular acidosis: new understandings.
Am J Kidney Dis. 1996;27:896-915.

Vallo A, Rodriguez-Soriano J. Oral phosphate-loading test for the assessment of distal urinary
acidification in children. Mineral Electrolyte Metab. 1984;10:387-90.

Rodriguez Soriano J, Boichis H, Stark H, Edelmann CM Jr. Proximal renal tubular acido-
sis. A defect in bicarbonate reabsorption with normal urinary acidification. Pediatr Res.
1967;1:81-98.

Igarashi T, Sekine T, Inatomi J, Seki G. Unraveling the molecular pathogenesis of isolated
proximal renal tubular acidosis. J Am Soc Nephrol. 2002;13:2171-7.

Santos F, Garcia Nieto V. Funcién renal basal. En: Nefrologia Pedidtrica, 2* ed. Garcia Nieto
V, Santos F, Rodriguez Iturbe B, eds. Madrid: Aula Médica 2006, pp. 39-49.

Nguyen MT, Maynard SE, Kimmel PL. Misapplications of commonly used kidney equations:
renal physiology in practice. Clin ] Am Soc Nephrol. 2009;4:528-34.



Chapter 8 m
Proximal Renal Tubular Acidosis (Type II) e

Mara Medeiros, Omar Guadarrama, and Ricardo Muiioz

Introduction

In theory, proximal renal tubular acidosis (RTA) should have been depicted as Type
I RTA since the alteration is located in the proximal tubule. However, distal renal
tubular acidosis or Type I RTA was the first to be described. Therefore, chronologi-
cally, the corresponding place of proximal RTA is Type II or PRTA [1, 2].

According to the etiology, PRTA may be primary or secondary. In turn, PRTA
can be sub-classified as hereditary, congenital, or acquired.
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Secondary PRTA becomes part of a systemic primary disease, which, in addition
to the RTA-related abnormalities, other clinical and laboratory manifestations may
appear, secondary to multiple functional alterations present in the proximal tubule.

The clinical presentation of PRTA is a syndrome characterized by a hyperchlore-
mic systemic metabolic acidosis, with a normal anion gap, hypokalemia, rickets,
anorexia, vomiting, and failure to thrive. In most cases, the concentration of bicar-
bonate in the blood [HCO;~]; is usually around 15 mmol/l. In most cases of PRTA
secondary to systemic diseases, the more conspicuous symptoms are dependent
upon the primary disease. Symptoms of the primary disease overlap and tend to
predominate over the symptoms of the RTA. This knowledge is relevant, since mis-
diagnosing the systemic primary disease or, the secondary RTA, may lead to estab-
lishing an erroneous treatment, thus hindering adequate care of the patient [3, 4].

Etiology and Pathophysiology

In a normal adult under physiological conditions, the filtered bicarbonate, approxi-
mately 4000 mmol daily, is almost completely reabsorbed in the proximal tubule (=
90%). The rest is reabsorbed in the distal nephron, so the final urine is HCO;™ free.

The proximal tubule performs two basic tubular functions which keep the bal-
ance of acid-base metabolism. The first consists of the synthesis and tubular secre-
tion of ammonia (NH3), which once in the tubular lumen captures an H* ion to
become ammonium (NH,*). The buffer solution called ammonia contains both com-
pounds, ammonia and ammonium (NH3/NH,"), with a pK = 9.2. In the tubular
lumen of the nephron, the greatest amount of ammonia is NH,*. The excretion of
hydrogen ions by the buffer system ammonia/ammonium is the most effective phys-
iological method of H* excretion from the extracellular fluid (ECF). The counter-
part, titratable acid, mainly phosphoric acid and, sulfuric acid, with their
corresponding bases (HPO,=/H,PO,~ and HSO,=/H,SO,), takes care of excreting
about the other half of the total amount of H* eliminated by the kidneys.

On the other hand, during an episode of systemic metabolic acidosis (whatever
the etiology), most of the H* ions (protons) are excreted as ammonia. The excretion
of H* ions free of a buffer solution, either as ammonia or titratable acid, represents
only a small amount of the total excretion of hydrogen ions from the ECF, with little
importance to the whole acid-base metabolism. Nonetheless, urinary-free H* ions
determine the pH of the urine [5].

The second important function of the proximal tubule is the recovery of the fil-
tered bicarbonate. (See Chap. 2).

The bicarbonate of the glomerular filtrate present in the lumen as a molecule of
Na"HCOs;~ cannot undergo reabsorption as such in the proximal tubule, so the mol-
ecule must dissociate in sodium and bicarbonate. The Na*" molecule gets reabsorbed
in the apical membrane of the brush border cells, in exchange for H*, in the presence
of the exchanger Na*/H* (NHE 3). Then, the sodium reabsorption continues in the
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basolateral membrane into the peritubular space and vasa recta, by the action of the
antiporter Na*K*ATPase at this site [6-8].

The bicarbonate remaining in the tubular lumen (previously secreted at the apical
membrane by NHE3) binds to an H* molecule to form carbonic acid (H,CO;).
Carbonic acid then breaks down into H,O and CO, in the presence of the extracel-
lular enzyme carbonic anhydrase-IV. Both molecules are reabsorbed into the cyto-
sol by the action of aquaporins, which have the transmembrane capacity to transport
both, water and gas; in this case CO, molecules. Again, once in the cytosol of the
proximal tubular cell, the Na* and HCO;™ molecules, in the presence of intracellular
carbonic anhydrase II (AC II), reassemble to form Na*HCO;~, which will be reab-
sorbed through the basolateral membrane via the NBCl1 cotransporter [9—11].

Proximal RTA is characterized by a defect in the proximal tubular function, due
to a low threshold for bicarbonate reabsorption. Several pathological situations may
cause this alteration, which is analyzed below. It should be noted that the reduction
in the proximal reabsorption of HCO;~ increases its distal tubular load, exceeding
the tubular HCO;™ reabsorption capacity in this latter segment, with an increase in
urinary bicarbonate excretion, thus ensuing a secondary increase in the urinary pH.

However, the distal acidification capacity is intact in patients with
PRTA. Therefore, when the plasma concentration of bicarbonate [HCO;~] decreases
and equals the reduced threshold of the proximal reabsorption, the distal portion of
the tubule increases the reabsorption of bicarbonate and the excretion of H*, until
the urinary acidification capacity at the distal level has been recovered, with reduc-
tion of the urinary pH to <5.5 [12]. This may happen when the patient with PRTA
develops extra-renal losses of bicarbonate, such as in patients having diarrhea.
Under these clinical circumstances and given the physiological adaptations men-
tioned, contrary to what happens in patients with distal RTA, the patients with prox-
imal RTA may be able to acidify the urine.

Clinical Aspects

The clinical presentation and pathophysiology of PRTA depend on the etiology of
the defect of the mechanism of renal tubular reabsorption of HCO;~. Hence, PRTA
may be sporadic, hereditary (autosomal recessive or dominant), or acquired.

Specific inherited chromosome mutations do not show clinically with Fanconi’s
syndrome.

Isolated primary RTA occurs sporadically or as hereditary. The clinical presenta-
tion is the usual signs and symptoms of RTA, without any other clinical manifesta-
tions [13]. However, this presentation is infrequent among the RTAs. All types of
RTA are rare in the holistic concept of kidney disease in Pediatrics. Furthermore, the
primary or inherited forms of ATR Type IV are even rarer than the acquired forms.

The most frequent form of hereditary proximal RTA is the recessive type, in
which there are mutations of the cotransporter Na"HCO;~ or NBCel (gene SLC4A4,
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Fig. 8.1 Chromosomal alterations in hereditary pRTA. The X mark indicates the molecules with
chromosomal alterations, which are found in the intracellular carbonic anhydrase II (AC II)
enzyme of the brush border cells of the proximal tubule. This enzyme accelerates the equilibrium
reaction, in the hydration phase of the equilibrium reaction to form carbonic acid (H,CO;) and Na*
+ HCO;™. The other molecule that is pointed out is the Na*/HCO;~ exchanger, called NBCel,
which undergoes mutations in the SL4A4/4g21 chromosome. This latter molecule reabsorbs
sodium bicarbonate through the basolateral membrane of the proximal tubule

chromosome 4p21), which seems to have a stoichiometry of 3 HCO;™:1 Na*. The
clinical manifestations appear at an early age; in addition to metabolic acidosis with
hyperchloremia and hypokalemia, failure to thrive, severe ocular disorders (glau-
coma, band keratopathy, cataracts), cerebral calcifications (mainly in the basal gan-
glia), mental retardation, hypothyroidism, and dental, as well as pancreatic
alterations, may also be present. This type of proximal RTA was initially described
in Japan [11, 14, 15]. (See Chap. 2, Fig. 8.1).

Another rare variety of hereditary PRTA is the mutation of the intracellular car-
bonic anhydrase II enzyme (CA II gene, chromosome 8q22) (See Chap. 4). Since
AC 1I is expressed in the proximal and distal tubules, deficiency of this enzyme
shows clinically as mixed RTA or Type III. Genetic transmission is autosomal reces-
sive, with osteopetrosis secondary to osteoclastic disorders and mental retardation.
Nowadays, most authors considered mixed or Type III RTA, to be a sub-classification
of distal RTA, instead of an isolated specific pathology.

There may be systemic manifestations due to the wide distribution of AC II in the
body [16, 17]. There are 15 known forms of AC, being AC II the most conspicu-
ously distributed in the human body. Also, it has the highest catalytic activity [18].

The autosomal dominant form of PRTA has only been described in two families,
one in Costa Rica, whose affected individuals had failure to thrive and rickets [19,
20]. Most cases of PRTA are secondary to rare systemic diseases of diverse etiology,
presenting clinically as Fanconi’s syndrome, with glycosuria, aminoaciduria,
citraturia, phosphaturia, calcinuria, low-grade proteinuria and, RTA, with urinary
bicarbonate loss, among other manifestations.
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According to their frequency, most of these pathologies are rare or very rare in
children. Secondary RTA is not always present. These diseases are sporadic or
inherited, like those of the intermediate metabolism, tubulointerstitial nephritis of
various etiologies, induced by the use of nephrotoxic drugs (analgesics, antibiotics),
lupus nephropathy, Sjogren’s disease, Wilson’s disease, kidney diseases: medullary
cystic, cystinosis, galactosemia, tyrosinemia, hereditary fructose intolerance,
Lowe’s syndrome, von Gierke’s disease, Fanconi-Bickel syndrome, Dent’s disease,
etc. In recent times, PRTA has been described during HIV antiviral treatment; hepa-
titis, and in patients with kidney transplantation (+20%). The symptoms depend on
the etiology. However, most patients manifest clinically as Fanconi’s syndrome [21].

Nephropathic cystinosis is an inherited metabolic disorder. In Mexico, it is one
of the diseases in children that most frequently presents with proximal RTA and
clinically manifestations of Fanconi’s syndrome. Even so, it is classified as rare in
our country, since its incidence is 1:100,000-1: 200,000 births, according to the
December 2017 report from FEMEXER (Mexican Federation of Rare Diseases).
The genetic mutation is located at the CTNS gene (chromosome 17p13), which
encodes the cystinosine protein, apparently a lysosomal membrane protein, whose
function is that of a cystine-specific membrane lysosomal transporter, with systemic
distribution [22]. The organs most affected are the eyes (with cystine deposits in the
anterior chamber of the eyeballs) and the kidneys (nephropathic cystinosis, with
cystine deposits in the lysosomes) [23, 24]. The accumulation of lysosomal cystine
in the brush border cells of the renal proximal tubule produces tubular atrophy with
the light microscopy appearance described as “gooseneck”, lesions that lead to the
development of Fanconi’s syndrome [25]. Clinical signs are those of hypothyroid-
ism, failure to thrive, hypophosphatemic rickets, and impaired renal function. There
is progression to chronic renal failure without specific treatment [26].

Some immunological diseases, like systemic lupus erythematosus (SLE), may
also course with PRTA. SLE is a disease of unknown origin, characterized by the
production of autoantibodies, such as antinuclear, antiphospholipid, antimitochon-
drial antibodies, etc.

SLE may involve the kidneys (lupus nephropathy), with progressive reduction of
the glomerular filtration rate (GFR), proteinuria, and proximal RTA. The incidence
of SLE is more frequently seen in children than adults, and also the clinical presen-
tation is more aggressive. According to the international literature, the incidence of
SLE is 1-20:900,000 children. In these cases, the development of lupus nephropa-
thy is <100,000 (children/year), with morbidity of 3.3-24:100,000 children/year
[26]. The incidence is greater in females (8—13:1) [27].

In an extensive population of North American children, an average annual inci-
dence of systemic lupus erythematosus is 2.22 (95% confidence index [CI]:
2.05-2.40) and the incidence of lupus nephropathy was 0.72 (95% CI 0.63-0.83)
cases/100,000 children between 3 and 18 years of age, while the prevalence of SLE
was 9.73 (95% CI: 9.38-10.08)/100,000 children, and the prevalence of lupus
nephropathy was 3.64 (95% CI 3.43-3.86)/100,000 children [28].

The clinical presentation of SLE is similar to the adults but differs in terms of the
repercussions on growth and development, failure in school performance,
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psychological disturbances due to the presence of a chronic disease, which may be
aggravated by the presence of lupus encephalopathy, and when kidney damage is
progressive, mainly when substitute therapies for kidney function are needed [29].

Contrary to the adult population, most children with SLE (60-80%) show symp-
toms of Lupus Nephropathy at the onset of the disease [30]. Histopathological find-
ings in the kidney tissue obtained by biopsy and studied by light microscopy,
immunofluorescence, and electron microscopy show variable types of lesions. The
results are classified according to the World Health Organization (WHO).

Study groups of the renal histopathological lesions have described six degrees of
the alterations. Grade IV is characterized by changes compatible with diffuse exu-
dative endocapillary and extracapillary glomerulonephritis, showing various types
of immune complex deposits located in the glomerular tuft and the renal tubules.
Also, extracapillary deposits with crescents formation, accompanied by acute pro-
liferative inflammatory lesions, may be reversible with the appropriate treatment,
contrary to the presence of chronic, usually non-reversible fibrotic lesions [31].

These latter severe histopathological lesions are associated with poorer evolu-
tion, with a rapid progression to end-stage renal failure. Since more than half the
children with lupus nephropathy present this type of injury in the initial renal biopsy,
the prognosis is more severe than in the adult patients [32].

The clinical findings of lupus nephropathy are related to the development of
glomerulonephritis with acute nephritic syndrome or nephritic-nephrotic syndrome,
characterized by hypertension, hypocomplementemia, hematuria, proteinuria,
edema, and azotemia. PRTA may appear in patients with SLE, with the usual signs
and symptoms.

Lab immunological studies show hypocomplementemia, specific autoantibodies,
such as anti-DNA; anti-nuclear; anti-phospholipid antibodies, etc. [33].

The urinary sediment show free red and white blood cells, with red and white
blood cell casts, usually accompanied by granular, waxy, and hyaline cells.

Nephrotoxicity from diverse drugs and medications is another acquired form of
PRTA, usually reversible when the toxic drug is discontinued, as soon as possible
after detection of the toxicity.

In some clinical situations, toxic substances may produce tubular lesions, such as
membrane thin-chain disease, amyloidosis, myeloma, autoimmune diseases, as well
as the intake of toxic metals such as cadmium, lead, mercury, gold, and bismuth.

The drugs more frequently associated with nephrotoxicity are antibiotics, anal-
gesics, non-steroidal anti-inflammatory drugs, x-ray contrast media, hypertonic
solutions, anesthetics, chemotherapy, calcineurin inhibitors, etc.

Some medications associated with the development of PRTA include carbonic
anhydrase-inhibitors (acetazolamide), ifosfamide, topiramate, aminoglycosides,
valproic acid, tenofovir, ritonavir, etc. [34-36].

Some predisposing risk factors associated with the development of nephrotoxic-
ity should be identified and included in the clinical chart, like the health status of the
individual at the time, and pre-existing illnesses, before the administration of the
drug in question (kidney failure, liver disease, diabetes, hydration status, hypovole-
mia), age of the patient (newborn, prematurity, childhood, senescence),
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administration of multiple nephrotoxic drugs, specific toxicity of each drug, syner-
gism, and genetic polymorphisms, among others. Besides, it is important to mention
that the nephrotoxicity of the drugs increases with a concomitant reduction of the
renal blood flow, which under normal situations is 20-25% of the effective cardiac
output [37].

The clinical manifestations vary, since the drug’s nephrotoxicity renders multiple
histopathological alterations, such as tubular necrosis, cortical necrosis, tubulointer-
stitial nephritis, leukocyte accumulation with the presence of eosinophils, and so on.
Oliguria, albuminuria, RBCs, hyaline, and granular casts may appear in the urine
sediment. Azotemia, acute and chronic renal injury, as well as renal tubular acidosis,
generally proximal or distal, may appear [37, 38]. Therefore, during the evaluation
of plausible nephrotoxicity, the questions asked must be directed to detect the
administration of potentially nephrotoxic drugs. The diagnosis is confirmed by lab-
oratory studies, such as CBC, blood chemistry, electrolytes, glomerular filtration
rate, urinalysis, electrolytes in the urine, albuminuria, etc. Radiological studies may
include abdominal x-rays, renal ultrasound, and urinary tract. Other laboratory stud-
ies may be indicated in agreement with the suspected diagnosis, including some-
times a percutaneous kidney biopsy.

Several biomarkers have recently been studied in blood and urine, such as the
“lipocalin-associated neutrophil gelatinase” (NGAL), the transmembrane protein
“kidney damage molecule-1" (KIM-1), interleukins (IL-18), the “protein fatty acid
binding” (L-FABP), and cardiac fatty acid binding protein (HFABP), cyclophilins,
al-microglobulin, B2-microglobulin, and clusterines, among others. These bio-
markers, mainly performed in the urine, are intended to support the detection of
renal proximal tubular damage. To date, no marker detects the presence of proximal
RTA, becoming very important to make the proper diagnosis of this condition with
the usual methods at hand, up to this time, and avoiding over-diagnosis of this
entity [39].
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Chapter 9
Distal Renal Tubular Acidosis
(Type I DRTA)

Ricardo Muiioz

Introduction

DRTA was initially described as a clinical entity by Lightwood [1] and later on by
Rodriguez-Soriano [2] designated it as the first type of renal tubular acidosis, called
at that time classic, distal, or type I RTA.

On the other hand, proximal RTA was described chronologically in the second
place and, thus named type II RTA.

DRTA is the most frequent type of renal tubular acidosis in the pediatric age
group. However, similarly to other types of RTA, it is a rare entity worldwide. The
epidemiology of type I RTA is discussed in more detail in Chap. 4 of this book.

According to the etiology, DRTA is classified as primary or secondary. The latter
is a companion of several systemic diseases or secondary to the administration of
certain potentially nephrotoxic drugs, such as amphotericin B, toluene, lithium, tri-
methoprim, ifosfamide, foscarnet, analgesics, and so on.

Certain clinical entities, such as medullary sponge kidney disease and, some
diseases of autoimmune etiology, may be the cause of secondary DRTA:
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hypergammaglobulinemia, Sjogren’s syndrome, disseminated lupus erythematosus,
rheumatoid arthritis, and polyarteritis nodosa, among others [3, 4]. Some of these
diseases are discussed in the corresponding chapters.

Pathophysiology of Hereditary DRTA

Historically, the pathophysiology of DRTA has gone through various scientific the-
ories and hypotheses, mainly due to the technological advances available in each
era, a process that will continue with the development of newer knowledge.

Traditionally, it is nowadays considered that the functional alteration in the prox-
imal RTA (type II) is a defect in the bicarbonate reabsorption, whereas in DRTA
(type I) there is a reduced ability of urinary acidification located in the distal tubule.

Nevertheless, these functional alterations overlap, since the proximal tubule
retains a certain acidification capacity, whereas the collecting tubule may produce
and reabsorb some amount of bicarbonate. Therefore, the classification is mainly
based on the primary dominant function of each segment of the nephron.

The highest excretion of H* takes place in the connecting and collecting tubules,
by buffer systems acting as titratable acid and ammonia and, as a consequence, the
formation and reabsorption of new bicarbonate [5].

DRTA is currently considered to be the result of renal alterations in the capacity
to acidify the urine, in turn, being secondary to a dysfunction of the a-intercalated
cells of the collecting tubules.

All these functional alterations obey specific chromosomal mutations of the
transporter proteins that translocate H* ions transmembrane at the a-intercalated
cells. H* ions are mainly transported as ammonium (NH,*) and bicarbonate (HCO;")
molecules.

The chromosomal mutations lead to the development of DRTA, usually in the
absence, or just with a slight reduction of the glomerular filtration rate (GFR).

Nonetheless, some cases may show a small reduction in the filtration rate that,
when it happens, is discordant with the degree of metabolic acidosis.

By reducing the distal tubular excretion of protons in the form of buffering com-
pounds, mainly phosphates and sulfates (titratable acid) and ammonia/ammonium
(NH3/NH,*"), the formation and reabsorption of bicarbonate is reduced. Consequently,
the serum bicarbonate concentration [HCO;7]s is reduced and hyperchloremic sys-
temic metabolic acidosis with a normal anion gap develops [6].

The fine regulation of acid-base metabolism at the end of the nephron takes place
in the a-intercalated cells of the connecting and collecting tubules. Transporter pro-
teins of H* and HCO;~ take care of this function, such as H*ATPase (hydrogen
adenosine triphosphatase (ATP), also called vacuolar H*ATPase (VH* ATPase) or
“hydrogen pump”. This transporter protein performs the highest excretion of cyto-
solic H* through the apical membrane of the a-intercalated cells toward the distal
tubular lumen, where H* ions are entrapped, to be excreted subsequently in the final
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urine as titratable acid and ammonia. This function is independent of Na* distal
tubular reabsorption.

Albeit indirectly, Na* reabsorption at this level participates in the final excretion
of H*, since the antiporter Na*/K* pump (Na*/K*ATPase), expressed in the basolat-
eral membrane affects the role of H* ATPase through changes in the transmembrane
electrical potential facilitating the distal excretion of H* [7].

The hydrogen/potassium pump (H*K* ATPase) transporter protein, located in the
apical membrane of the a-intercalated cells, also intervenes in the distal excretion of
H*, although to a lesser extent than H* ATPase, since the H*K*ATPase pump
responds mainly to changes in the [K*] of the extracellular fluid space (ECF). This
physiological mechanism, in turn, depends on the action of aldosterone. To date, no
chromosomal abnormalities have been detected in H'K*ATPase, which could lead
to the development of distal RTA.

HCOs" is reabsorbed in the basolateral membrane from the cytosol into the peri-
tubular fluid and vasa recta, by the anion exchanger AE1, which exchanges HCO;~
for C1~. The AE1 anion exchanger is expressed in various organs; in the kidney, it is
called KAE1 [8, 9].

The function of the vacuolar H*ATPase at the apical membrane of the
a-intercalated cell is linked to the physiology of the kAE1 exchanger, for the reab-
sorption of bicarbonate. This function is favored by the intracellular carbonic anhy-
drase catalytic metalloenzyme (AC II), which participates in the process of cellular
respiration and accelerates the rate of the equilibrium reaction in the hydration of
CO, to form carbonic acid (H,CO;) and, at the end of the reaction, to HCO;~ and H*.
AC II is the source of intracellular production of HCO;~, which is reabsorbed in the
basolateral membrane by the HCO;7/CI~ antitransporter (KAE1) to the systemic cir-
culation toward the extracellular fluid space (ECF), as new bicarbonate. During the
intracellular equilibrium reaction, protons are produced and excreted in the apical
membrane toward the tubular lumen by the vacuolar H*ATPase [10]. The H* mole-
cules are excreted in the final urine accompanied by a buffer, mainly titratable acid,
which is made up of various compounds, mainly phosphates (HPO,~>/HPO,"), with
pK 6.80, plus sulfates (HPO,~>/HPO,"), as well as ammonia, consisting of the buffer
pair ammonia and ammonium (NH;/NH,"), with pK = 9.3.

H* and K* can be exchanged for NH," molecules at the membrane sites of the
transporter proteins H*ATPase, H'K* ATPase and, Na*/K*ATPase, for excretion of
NH," in the final urine. Other important transporter proteins for the excretion of
ammonia in the a-intercalated cells in the collecting tubules are the Rhesus (Rh)
glycoproteins: Rhcg and Rhbg, as well as the “cationic channels activated by hyper-
polarization and cyclic nucleotides” (HCN), also called “pacemaker channels” [11-
13]. The physiological mechanisms of H* secretion and excretion participating in
the renal regulation of acid-base metabolism are reviewed in detail in Chap. 2.

The genetic mutations that give rise to the primary or hereditary DRTA are
located in the o-intercalated cells of the connecting and collecting tubules and
explain the pathophysiology of this entity [14]. To date, three chromosomal muta-
tions have been described, including the H* secreting protein (vacuolar H*ATPase),
the HCO;7/CL™ anion exchanger (AE1), and intracellular AC II. See Fig. 9.1.
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TUBULAR LUMEN o-INTERCALATED CELL PERITUBULAR FLUID
CONNECTING/COLLECTING TUBULES

HPOZ + HY  <«t— X |V H* ATPasa
. DRTA
H,PO," H KAET
H' <—— | HK+ATPasa 4 <—— CI' NEW BICARBONATE
NH, + H* H,CO; > H* +HCO;  —f> HCO,  SYNTHESIS
U H,O
NH,* [x Jacu T
CO, + H,0 OH-+ CO,
pH 4.0
APICAL MEMBRANE BASOLATERAL MEMBRANE

Fig. 9.1 Mark X indicates the sites of the chromosomal alterations of primary (hereditary)
DRTA. They are located in the a-intercalated cells in the collecting tubules. The anionic antiporter
kAEl exchanges HCO; /Cl~ at the basolateral membrane. The H-V ATPase transporter secrets
hydrogen ions from the cytosol to the distal tubular lumen. Intracellular AC II is expressed in both,
proximal and distal tubules, where the equilibrium reaction reverts the site of hydration of CO,, for
its conversion to H,CO; and, in turn, to H* + HCO;~. The bicarbonate molecule is reabsorbed
through the basolateral membrane by the KAE1 antiporter and, from there, shifted to the ECF

The heterogeneity of the hereditary pattern, as well as the variations of the clini-
cal presentation, is not due to a complete functional absence. Instead, they are due
to specific functional deficiencies secondary to mutations in the genes involved.
Furthermore, the function of the molecules can be altered by different mechanisms,
such as failure of the intracellular trafficking of the affected protein, sequestration
of the protein in the organelles, or due to the protein’s inability to recognize the
target organ.

The inherited pattern of the involved genetic mutations can be autosomal domi-
nant or recessive. This becomes relevant to genetic counseling, as well as to have a
better idea about the penetration of the gen and, the severity of the clinical presenta-
tion of RTA [15].

The genetic mutations, hereditary patterns, and clinical presentation are
described below.

Chromosomal and Physiological Alterations
of the AE1 Antiporter

The AEI exchanger, which exchanges HCO;7/Cl-, belongs to the SCL4A1l gene
family; is encoded on chromosome 17q 1-22 and is expressed in different organs
and tissues, such as the basolateral membrane of a-intercalated cells of the connect-
ing and collecting tubules in the cortical and medullary regions, as well as in the
plasma membrane of erythrocytes [16, 17].
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Various genetic mutations of AE1 exchanger proteins have been described, most
of the autosomal dominant type.

Hemolytic anemia or hereditary spherocytosis may develop in some patients,
accompanied or not by DRTA, since the anion exchanger is also expressed on the
red blood cell membrane. The simultaneous presentation of both alterations is fre-
quent in some ethnic groups of South East Asia, The presence of hemolytic anemia
depends on the mutation of the gene involved, which is infrequent in the dominant
form and frequent in the recessive form of inheritance [18].

The autosomal dominant form of DRTA has a more benign clinical presentation
and the manifestations appear in older children, about 5 to 10 years of age; the
degree of systemic metabolic acidosis is less severe, with blood bicarbonate values
=~ 17 mmol/l and the hypokalemia is less severe or absent. Consequently, the urinary
pH is >6.5. Polyuria in these patients is secondary to a reduction in the maximum
capacity of urinary concentration under water restriction, which contributes to the
urinary loss of K* and hypokalemia. Furthermore, chronic reduction in plasma K*
concentration contributes to polyuria.

Most of the clinical findings are related to the presence of metabolic acidosis,
mainly with failure to thrive and rickets. However, some patients may develop kid-
ney stones and nephrocalcinosis, with progressive loss of renal function, which in
most cases may be avoided by early and adequate treatment [8, 19-21].

Chromosomal mutations of the AE1 antiporter, showing as DRTA, have a heredi-
tary dominant transmission and the clinical manifestations may be complete or
incomplete. The latter is characterized by having an alkaline pH, but the plasma pH
and HCO; values remain normal and stable while the patient stays at a normal
steady-state physiological condition. However, the maximum urinary hydrogen ions
excretion is reduced under bicarbonate loss by an extrarenal route (e.g., diarrhea).
In these cases, the urinary pH is not reduced to >5.3-5.5, even in the presence of
systemic metabolic acidosis, or after the induction of acidosis with an acid load of
ammonium chloride (NH,*C17) [22].

Less frequently, AE1 mutations are seen in children with the recessive hereditary
pattern, or with mutations of the H*ATPase transporter protein. Usually, the mani-
festations appear at an early age in incomplete form. It always appears early in life
in complete form.

Hemolytic anemia is frequent and the clinical manifestations are more severe in
the recessive form, mainly in the degree of the electrolyte imbalance, severe meta-
bolic acidosis, failure to thrive, and an early appearance of kidney stones and neph-
rocalcinosis [22, 23].

Chromosomal and Physiological Alterations of the H*ATPase
Transporter Protein

Chromosomal mutations of the vacuolar H*ATPase transporter protein are expressed
in various cells, such as a-intercalated cells, in the renal collecting tubules, macro-
phages, and osteoclasts.
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Hereditary recessive DRTA is due to chromosomal mutations that encode two of
the plasma membrane subunits, the o4 subunit of the ATP6V0A4/7q33-34 gene,
which encodes the type-a subunit and the bl subunit of the ATP6V1B1, 2p13 gene,
both present in the apical membrane of the a-intercalated cells, whose function is
the extraction of H* from the cytosol to the tubular lumen.

The recessive type of DRTA is heterogeneous and may affect different ethnic
groups, being secondary to mutations in more than one gene [24-27].

This is the most severe form of distal RTA. The complete clinical presentation
happens only in young children <5-year-old, whose clinical manifestations are fail-
ure to thrive, hyperchloremic metabolic acidosis with a normal anion gap, and uri-
nary pH > 6.5, which is inappropriately alkaline in the presence of systemic
metabolic acidosis. There is also anorexia, vomiting, muscle weakness, and poly-
uria. The latter is secondary to the reduction in serum potassium (hypokalemia),
with hypercalciuria, hypocitraturia, rickets, nephrocalcinosis, renal lithiasis, and
progressive sensorineural deafness of early or late onset [28, 29].

Deafness is of the progressive sensorineural type, caused by mutations in the
gene encoding the B1 subunit of H* ATPase (ATP6V1B1) [30-32]. Deafness is
explained, in part, by the mutations described in the B1 subunits, also expressed in
the ciliary bodies of the inner ear, causing a reduction of the pH in the endolymph
and an increase in the size of the endolymphatic sac, which is detectable by mag-
netic resonance imaging [33, 34].

Chromosomal and Physiological Alterations of the Carbonic
Metalloenzyme Anhydrase II (AC II)

Another molecule that has been detected with mutations causing DRTA is the intra-
cellular enzyme AC II. This metalloenzyme has the widest distribution and catalytic
activity in the body. It is expressed in both, proximal and distal renal tubules [35].
Mutations in the gene encoding this protein, which is located on chromosome CA2
8q22, is clinically apparent at an early age, often in the neonatal period, as a severe
syndrome of autosomal recessive hereditary type of transmission with mixed RTA,
distal and proximal, by what in some nomenclatures is called Mixed RTA, or type
III. Therefore, it is characterized by alterations in the proximal tubular bicarbonate
recovery, in combination with defects in distal mechanisms of acidification.
However, mixed or type III RTA is currently classified as a childhood variant of
distal RTA. It is associated with osteopetrosis (marble bones) and brain calcifica-
tions, in some phenotypes accompanied also by cognitive changes or mental retar-
dation, bone fractures, deafness, craniofacial dysmorphia with prominent forehead
and micrognathia. All this is an addition to the usual clinical manifestations of sys-
temic metabolic acidosis that also are present in other types of RTA [36-39]. More
than a dozen heterogeneous mutations have been detected, even in the prenatal
period. The prenatal diagnosis is achieved by amniocyte culture or biopsy of the
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chorionic villi [40—42]. It is considered a rare disease, with an incidence of 1:10°.
This type of RTA may appear in various ethnic groups with a wide geographical
distribution, although the frequency is higher in Arab countries [43].

Plausible differential diagnoses to consider with this type of hereditary DRTA
may be difficult to assess, based solely on the clinical information. However, a sim-
ple clinical diagnostic approach may be supported by the fact that mutations of the
H*ATPase vacuolar protein transporter show clinically a characteristic hereditary
recessive type with sensorineural deafness, whereas mutations of the AE1 antiporter
present with hemolytic anemia. Mutations of the CA II occur with osteopetrosis.
This is a clinical approach, but a chromosomal genetic study is necessary to verify
the definitive differential diagnosis [42—44].

The incomplete form of DRTA is characterized by an inability to acidify the
urine in the presence of systemic acidosis, or when an overload of H* is present.
Systemic acidosis does not show up under stable physiological conditions and the
blood pH and plasma bicarbonate concentrations are normal. However, metabolic
acidosis becomes apparent when an extra-renal loss of bicarbonate, or an increased
endogenous or exogenous acid load is present. This is due to the tubular inability to
acidify the wurine. It is frequently accompanied by renal lithiasis or
nephrocalcinosis.

Acid-base and electrolyte alterations of incomplete DRTA are hypokalemia,
hypocalcemia, hypercalciuria, and hypocitraturia, as well as an alkaline urine
pH. Blood gas results are normal under stable physiological clinical conditions.
However, when protein intake increases or, during catabolic stress with increasing
organic acid load, a systemic metabolic acidosis develops since there is no adequate
renal response to excrete the excess of H* in the face of acidosis.

As a consequence of intracellular acidosis, urinary calcium excretion increases,
and also the proximal tubular reabsorption of citrates. These alterations lead to the
development of hypokalemia and the deposition of calcium salts in the renal inter-
stittum. The administration of ammonium chloride (NH,"CI") confirms the presence
of the urinary acidification defect [45].

Pathophysiology of the Most Frequent Complications
of RTA Type I

Extracellular AC IV catalyzes the equilibrium reaction (hydration and dehydration)
in the renal tubular lumen of the proximal tubule, to convert HCO;™ to CO, and
H,O. The Na*/HCO;~ molecule cannot be reabsorbed as such in the apical mem-
brane. This is the reason to split sodium bicarbonate into two molecules through the
equilibrium reaction. Both molecules will be reabsorbed by the apical brush border
cell of the proximal tubule. Once in the cytosol, intracellular AC II reverses the reac-
tion to form HCO;™, which is reabsorbed as sodium bicarbonate through the baso-
lateral membrane, by the action of the N*/HCO;~ co-transporter (NBCel).
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The same function is made by the anion exchanger HCO;7/Cl~ (AEl) in the
a-intercalated cells of the collecting tubule, so that chromosomal mutations of AC
II give place to both, distal and proximal RTA [46, 47].

Osteopetrosis is attributed to a functional deficiency of osteoclasts. AC II is pre-
sumed to play an important role in cerebrospinal fluid secretion [48, 49]. However,
the etiology of the brain calcifications localized in the paraventricular and basal
ganglia is unknown. These lesions usually appear after 5 years of age.

Normal bone resorption performed by the osteoclasts is carried out through the
secretion of H* ions during the acidification process; this happens in the extracel-
lular resorption of the bone trabeculae, requiring the action of H*ATPase. H* ions
are generated in the cytosol of osteoclasts during the equilibrium reaction by the
action of intracellular AC II, which converts H,O and CO, molecules to HCO;™ and
H*. AC II deficiency reduces bone resorption capacity, with secondary development
of osteopetrosis [40, 49].

Failure to thrive is the result of various mechanisms occurring simultaneously.
Metabolic acidosis is an important mechanism leading to failure to thrive in chil-
dren. Once H* ions accumulate in the ECF, the physiological buffer systems become
activated, consisting of cation exchange between the extracellular fluid (ECF) and
the intracellular fluid (ICF), where H* moves into the cells in exchange for intracel-
lular K* and Ca** ions, which leave the cytosol moving to the ECF [50].

Chronic K* losses may lead to secondary hyperaldosteronism, with persistent
hypokalemia characteristic of RTA type I, II, and III. Another factor that stimulates
the renin-angiotensin-aldosterone system (RAAS) is the persistent volume reduc-
tion of the ECF, caused by anorexia, vomiting, polyuria, and dehydration. All this
aggravates chronic K* depletion and also contributes to the development of failure
to thrive [51].

Children with DRTA develop polyuria secondary to renal losses of bicarbonate,
as well as Na*, K*, phosphates, citrates, and magnesium. Renal losses of Na* and
H,O favor the contraction of the ECF volume and activation of the RAAS, which
increases the urinary K* losses. Chronic metabolic acidosis and hypokalemia con-
tribute together to the development of failure to thrive [48].

The calcium bone losses during the buffering mechanism of metabolic acidosis
lead also to the development of rickets, if untreated. The highest concentration of
calcium in the body is found in bone, where Ca?* binds to phosphate molecules to
form deposits of hydroxyapatite [52]. Therefore, metabolic acidosis is associated
with an increase in urinary calcium excretion leading to bone demineralization and
the onset of rickets. Increased bone resorption occurs through various mechanisms.
In cases of chronic metabolic acidosis, the reduction of the systemic pH and the
reduction of the plasma HCOj;™ increase osteoclastic activity, thus, the resorption of
Ca?* from the bone.

Another mechanism of calcium extraction from bone, in cases of metabolic aci-
dosis, includes the cyclo-oxygenase system with the release of prostaglandin PGE,.
These prostaglandins stimulate the expression of the nuclear activator receptor k-B
(RANK) and H*ATPase, both capable of stimulating osteoclast activity [53].
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In addition to urinary calcium losses, there is a reduction of intestinal calcium
absorption, duetoalterations of the enzymatic hydroxylation of 25-hydroxyvitamin-D
and its conversion to 1, 25-dihydroxyvitamin-D. This was found in rats after an oral
administration of ammonium chloride (NH,*Cl17). Correcting the metabolic acidosis
will revert the calcium metabolism alterations to the normal state [35].

A reduction in the secretion of growth hormone (GH) and insulin-like growth
factor (IGF-1) has also been implicated as mechanisms of failure to thrive and rick-
ets since metabolic acidosis tends to diminish growth hormone and IGF-1 action in
the bone’s growth plates [54].

Chronic metabolic acidosis favors the development of renal nephrocalcinosis
and lithiasis by different mechanisms that alter calcium physiology.

Failure to thrive and rickets are also caused by the suppression of the activity of
the calcium sensor-receptor (CaSR) by metabolic acidosis, since it affects the physi-
ological control of the parathyroid hormone, with further deterioration of the sys-
temic and renal metabolism of calcium [55].

Patients with DRTA have an alkaline urinary pH, hypercalciuria, and with some
frequency, hypocitraturia. This combination of factors is of high risk for the devel-
opment of renal nephrocalcinosis and lithiasis, which, in turn, lead to chronic renal
failure and secondary hyperparathyroidism, especially in patients with a late diag-
nosis or inadequate treatment, which worsens in cases with recurrent urinary tract
infections [56, 57].

Precipitation and formation of calcium/phosphate salt deposits depend on numer-
ous factors that promote or inhibit the crystallization process, such as extracellular,
intracellular, and intraluminal tubular pH; the ionic concentration of calcium and
phosphates, as well as the reduction of crystallization inhibitors, such as citrates,
sulfates, pyrophosphates, magnesium, glycosaminoglycans, and nephrocalcin,
among others.

Patients with DRTA have a high urinary pH (>6.5) and a reduced water load to
the distal tubule, facilitating the development of calcifications of the renal medul-
lary area (nephrocalcinosis) or the renal tubular lumen (nephrolithiasis) [58]. In
proximal RTA (type II), this complication is rare, although most calcium and oxa-
lates are reabsorbed in the proximal tubule. However, this tubular area is protected
by the presence of aquaporins that provide abundant H,O, which is reabsorbed by
the cells of the brush border. Furthermore, the intracellular pH is reduced, favoring
the reabsorption of citrates and other salts, such as magnesium and sulfates, which
reduce the precipitation of calcium oxalate salts.

On the contrary, in DRTA (type I) the amount of water is diminished by the
reduction of the ECF volume, as well as by the repeated episodes of systemic dehy-
dration in children with this entity [59, 60]. Intracellular pH increases the reabsorp-
tion of citrates at the proximal tubular area, reducing the distal load (hypocitraturia).
This increases the distal tubular precipitation of calcium salts. Hypocitraturia,
together with the reduction of H,O intake, is a common denominator of the develop-
ment of lithiasis and nephrocalcinosis in diverse pathological conditions [60].
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Diagnosis and Treatment of DRTA in Pediatric Patients

First, it is a priority to diagnose the presence of systemic metabolic acidosis.
Otherwise, reaching the diagnosis of any type of RTA will be out of the question.
This is the main feature for over-diagnosing RTA in Mexico and some other Latin
American countries, during the last few years [61].

The four types of RTA described so far have hyperchloremic metabolic acidosis,
with normal anion gap and, persistent alkaline urinary pH (due to renal tubular
defects of HCO;™ reabsorption), and retention of H*, mainly as NH,*. The differen-
tial diagnosis of primary or secondary DRTA, as well as with other types of RTA, is
based on the study of the renal capacity to acidify the urine. The laboratory studies
must include the determination of arterial blood gases or from arterialized venous
blood (without the application of a tourniquet), urinary anion gap, ammonium
excretion, the difference of the partial pressure of carbon dioxide in blood and urine
(pCO, U/P), by the use of urine acidification stimulation tests. It is important to take
into account the age of the patient to make an accurate interpretation of the blood
gas results. The diagnosis of systemic metabolic acidosis in children should be done
by using as a reference the normal laboratory values according to the child’s age.
The use of normal adult values as a reference for children ought to be avoided. The
details of the diagnostic tools for diagnosing RTA are discussed in other publica-
tions [61, 62], as well as herein in Chap. 7.

Treatment of DRTA needs a multidisciplinary approach, including the manage-
ment of the etiology, such as the suspension of nephrotoxic drugs, or the treatment
of the immune disease that causes the secondary RTA.

In the case of primary or hereditary DRTA, there is no specific treatment, thus,
the management of the complications of acid-base and electrolyte imbalance should
be carried out accordingly. Special attention should be paid to the management and
treatment of failure to thrive, avoiding at the same time the development of nephro-
calcinosis and nephrolithiasis. This will prevent damage to the renal parenchyma
and further progression to end-stage kidney disease (ESKD).

Therefore, the therapeutic objective is to correct hypokalemia, hypocitraturia,
hypercalciuria, and hypophosphatemia, a priority measure to improve growth,
avoiding the development of nephrocalcinosis [63].

Firstly, it is of utmost importance to correct the potassium deficiency at an early
stage of treatment, when severe hypokalemia is present and, proceed to correct the
acidosis afterward, since the administration of alkalinizing solutions facilitates K*
ions shifting into the ICF, worsening the hypokalemia [62].

Once the hypokalemia has been corrected, a dose of alkaline solutions contain-
ing bicarbonate is recommended, 1-3 mEq/kg/day, requiring dose adjustments until
the hypercalciuria and hypocitraturia decrease back to normal. The total dose is
divided into three or four daily doses; the administration of a higher nightly dose is
recommended.

Citrate is useful in the presence of combined hypocitraturia and hypercalciuria.
Potassium citrate is preferred over sodium citrate since the latter favors
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hypercalciuria. Citrate is converted to bicarbonate in the liver after entering the
Krebs cycle. Urine alkalinization reduces citrate reabsorption, increasing citrates
distal load, and favors the solubility of cystine, calcium oxalate, and uric acid. This
helps to reduce the risk of nephrolithiasis and nephrocalcinosis. However, care
should be taken not to alkalinize the urinary pH excessively, because it can favor the
precipitation of calcium phosphates [63]. The chemical composition of different
alkalizing solutions available in the market.

The prognosis is favorable when the diagnosis is made early and the therapeutic
measures are instituted expeditiously. Electrolyte and acid-base metabolism distur-
bances, as well as failure to thrive, are corrected with the alkalizing treatment.
Furthermore, nephrocalcinosis and nephrolithiasis are avoided or minimized with
appropriate and early treatment.
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Chapter 10

Hyperkalemic Renal Tubular Acidosis
(RTA Type 1IV)

Jesis Lagunas-Muiioz and Ricardo Muiioz

Introduction

Four types of renal tubular acidosis (ATR) are defined. RTA Types I, II, and III are
described in the corresponding chapters of this work. Contrary to what happens in
adulthood, Type IV RTA with hyperkalemia is the least frequent type of RTA in
children; laboratory findings show a systemic metabolic acidosis, with increased
blood potassium concentration [K*] and normal anion gap.

RTA Type IV originates either from a deficit in production or a reduction in aldo-
sterone activity (hypoaldosteronism). Also, it may be due to a lack of renal tubular
response to aldosterone (“pseudo-hypoaldosteronism”). Aldosterone is produced in
the zona glomerulosa of the adrenal cortex; its main function is Na* reabsorption
and increased activity of the Na* reabsorption channels (ENaC) upon the apical
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membrane of the principal cells of the distal tubules, at the “Aldosterone Sensitive
Zone”, as well as K* secretion at the principal cells of the distal nephron (connecting
and collecting tubules).

Type IV RTA is a distal nephron alteration. However, the kidneys do not lose the
ability to acidify the urine, so the urine pH can be reduced to <5.5, because the
H*ATPase transporter protein, located in the a-intercalated cells of the collecting
tubule, is intact and displays a normal function [1].

Physiological Mechanisms and Renal Pathophysiology in RTA
with Hyperkalemia

The mechanisms of systemic and renal physiology, as well as the pathology of K*
metabolism, are described in more detail in Chaps. 2 and 3 of this publication.

In this chapter, the information is aimed at describing some of the physiological
mechanisms and the clinical manifestations specifically present in the pediatric age
group, compared to the adult population. Also, the main clinical entities that may be
associated with a hyperkalemic Type IV RTA in children will be described herein.

As described in the previous chapters, the greatest amount of bicarbonate and
potassium filtered in the glomeruli are reabsorbed at the proximal tubules. The same
is true for K* and H*, but the highest secretion of these ions occurs at the distal level
of the nephron, where H* ions are exchanged for bicarbonate during this process.

The finest regulation of fluids and electrolytes, as well as of acid-base metabo-
lism, takes place in the distal nephron, where the principal cells and the o- and
B-intercalated cells perform these functions. The a- and p-intercalated cells are
located in the connecting and collecting tubules; they comprise ~30% of the cells in
the distal nephron. The apical membrane of these cells is the site of the H*-adenosine-
triphosphatase pump (H*ATPase), also called H*ATPase vacuolar (VH*ATPase), is
expressed. This H* ion transporter protein is responsible for H* secretion and, con-
sequently, the acidification of the urine. Secondarily to this process, new bicarbon-
ate is formed (Fig. 10.1).

H*ATPase, an electrogenic pump, transports protons (H* ions) from the cyto-
plasm to the tubular lumen through the apical membrane.

Once protons are excreted into the tubular lumen, excretion in the final urine is
carried out by different physiological mechanisms. One consists of the excretion of
free H*, which is only a small amount of the total H* ions excreted. Nonetheless,
excretion of free H* is important, since it determines the urinary pH, a marker used
to determine the renal capacity to acidify the urine.

The main bulk of H* is excreted in the collecting tubule as NH;/NH,* (ammonia/
ammonium) buffer solution, plus weak phosphoric acids (HPO,~H,PO,~) and sul-
furic (HSO,7/H,S0,"), whose combined renal excretion is called titratable acidity.

K* secretion is carried out mainly by the proton/potassium pump H*K*ATPase,
which exchanges K* for H* in the apical membrane of the a-intercalated cells of the
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Fig. 10.1 Diagram of the functions of the principal and a-intercalated cell in the cortical collect-
ing tubule. The principal cell reabsorbs Na* from the tubular lumen in the apical membrane through
sodium channels (ENaC) and from the interstitium through the basolateral membrane by
Na*K*ATPase in exchange for K*, which is secreted into the tubular lumen through the apical K*
channels: ROMK and others. A transtubular electronegative gradient is generated, which facilitates
Na* reabsorption and K* secretion in a continuous cycle. The highest H* excretion is carried out in
the a-intercalated cells via the transporter molecules H*ATPase and H*K*ATPase, for its final
excretion as NH,* and titratable acidity. As a consequence of H* excretion, new HCOj;- is formed
from intracellular CO, and H,O, in the presence of carbonic anhydrase II (ac). The bicarbonate is
reabsorbed through the basolateral membrane by the exchanger AE1, in exchange for Cl~. The
KCI-KCC4 cotransporter is expressed in the basolateral membrane, maintaining low levels of
chloride in the intracellular space

so-called “distal nephron sensitive to aldosterone” (DNSA), whose effectiveness is
increased by the Na*K+*ATPase in the basolateral membrane. This protein exchanger
extracts Na* from the cytosol to the interstitium in exchange for K*. In turn, the
accumulated intracellular K* is excreted from the cell into the tubular lumen by
H*K*ATPase, closing the cycle. The negative transepithelial voltage acquired by
this mechanism increases, improving the never-ending cycle of Na* tubular reab-
sorption [2—4].

The principal cells make up the remaining ~70% of the functional cells in the
distal nephron. In the luminal (apical) membrane of the principal cells are located
the epithelial sodium channels (ENaC), as well as the amiloride-sensitive Na*/CI*
(NCC) channels (Fig. 10.1). Besides, these channels can be blocked by other drugs,
such as triamterene, pentamidine, and trimethoprim [4-7]. The Na*/K*ATPase
transporter protein is located in the basolateral membrane of the principal cell. It is
an energy-dependent primary active transport system. Its function consists of the
reabsorption of 3 Na* molecules in exchange for 2 K* molecules, the latter coming
from the interstitium (peritubular fluid). Na*/K*ATPase regulates Na*CI~ reabsorp-
tion in the renal tubules. The intracellular/extracellular transepithelial potential dif-
ference (—60 mV intracellular), originated from the high concentration of
intracellular potassium [K*], and the reabsorption of Na*, favors continuous reab-
sorption of Na* from the lumen into the cytoplasm, and to the extracellular fluid
(ECF) [7-9]. The use of cyclosporine interferes with the sodium gradient in the
collecting duct cells and blocks Na*K*ATPase, as well as the K* channels described
next [10].
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Table 10.1 Factors that
determine the renal
tubular excretion of
potassium [14]

Trans-tubular K* gradient (principal cell, apical
membrane):

GTTK
Aldosterone bioactivity

K* channels permeability

Distal tubular urine flow
Na* distal tubular load
Degree of electronegativity of the renal tubular lumen

generated by Na* reabsorption in the ENaC and Na*
ClI channels

Composition and concentration of urinary anions

The apical membranes of the principal cells of the connecting and collecting
tubules are located in the external renal medulla, where they express the rectifying
potassium channels, ROMK (“renal outer medullary small conductance K* chan-
nels”), whose function is the secretion of potassium from the cytosol into the tubular
lumen [6]. A similar function is played by other channels that regulate K* secretion,
such as the K*Cl~ cotransporter (KCC), located in the basolateral membrane and the
BK channels, also called maxi K*, among others, described in recent years and are
relevant in the excretion and renal handling of K* [11-13].

Principal cells also contribute, though indirectly, to the secretion of H*, as a
result of sodium transport via ENaC, which generates the electronegative gradient
that favors the secretion of H* and K* through the transporter proteins H*ATPase
and H'K* ATPase, located in the apical membrane of the a-intercalated cells. The
reduction of the transepithelial voltage reduces the secretion of both ions.

The reabsorption of Na*, and the secretion and excretion of K* are finely regu-
lated by aldosterone and other important factors, mentioned in Table 10.1.

Aldosterone is a hormone with multiple functions, produced mainly in the zona
glomerulosa of the adrenal cortex in reciprocal regulation of the renin-angiotensin-
aldosterone system (RAAS), preferentially with angiotensin II (Ag II). It partici-
pates in specific functions of the cardiovascular system (arteriolar and endothelial),
and at the renal tubular level in Na* reabsorption and K* and H* excretion. Thus,
aldosterone is a determining factor in maintaining the volume and composition of
body fluids and blood pressure. Also, aldosterone participates in the regulation of
acid-base metabolism in different ways [15].

Aldosterone has a moderate activity on Na*K*ATPase at a systemic level. The
main target organ of the hormone is the principal cells of the distal nephron (NDSA)
that comprises the final part of the distal convoluted tubule, connecting tubule, and
cortical collecting tubule.

Aldosterone binds to its mineralocorticoid receptor (MR) that transfer aldoste-
rone to the cell nucleus, where it activates the transcription of several genes, includ-
ing the gene encoding the glucocorticoid regulatory kinase 1 (SGKI1), which
stimulates the production of ENaC, Na*K*ATPase, and the apical rectifying chan-
nels ROMK [16]. This increases the renal tubular reabsorption of Na*, thus the
depolarization of the apical membrane creating a negative luminal transepithelial
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electrical potential, which in turn favors the secretion of K* by the principal cells.
Likewise, in an independent mechanism of Na* reabsorption and K* secretion, aldo-
sterone stimulates the secretion of H* in the a-intercalated cells, facilitating urinary
acidification by increasing H* ATPase at the apical membrane of the collecting
tubule [17-23].

The a-subunit of the Na*/K*ATPase is the physiologically active part of this pro-
tein, and confers the highest activity to the Na*K*ATPase molecule [24]. Its produc-
tion is reduced in newborn infants of different mammalian species, compared to that
in adults of the same species. This has been demonstrated in tissues of various
organs and different segments of the nephron [24].

At the systemic level, the largest amount of total Na* is distributed within the
ECF, while K*is mostly restricted to the ICF (intracellular fluid) by the Na*K*ATPase
antiporter, keeping sodium out and potassium inside the cell, a mechanism favored
by the presence of insulin and catecholamines and, to a lesser extent by aldosterone,
glucagon, growth hormone, thyroid hormone, and physical exercise, which facili-
tate the entry of K* into the cell, thus preventing the accumulation of this ion in the
ECEF, at a time when a significant increase of K* ensues [25].

The volume of the body fluids depends on the total amount of electrolytes
retained in each space, which, in turn, retains a proportional amount of water. Since
sodium is the most abundant electrolyte in the ECF, the volume is determined by the
amount of total Na* and water retained in such fluid space. Water is retained in the
ECF in a proportion of 1000 ml H,O/154 mEq of Na*.

On the other hand, the amount of total K* determines the volume of the ICF. This
is in terms of the regulation of the volume of the body fluid compartments, which is
done by regulating the volume of each cell in the body. Thus, the total amount of
Na* and K* regulates the volume, not the osmolality of the body fluids.

On the other hand, the total amount of H,O regulates the osmolality of the fluid
spaces. Therefore, a bigger amount of H,O renders a more diluted solution, meaning
the solutes (electrolytes and other water-soluble particles) become less concentrated
in such a solution (hypoosmolality). On the contrary, the less amount of water, the
more concentrated the solution is, and the solutes are more concentrated
(hyperosmolality).

Based on the above physiological concepts, there are important differences
between the osmolality and electrolyte values found in children, compared to adults.

In adults, total body water (TBW) is the equivalent of = 55-60% of the body
weight, while the ECF and ICF volume compartments are about the same size.

In the pediatric age, on the other hand, the TBW is 60-65% of the body weight
(according to the age); about 80% in the newborn and 80-90% in the premature
(according to the degree of prematurity). The reason for the increase in the amount
of total body water in children occurs at the expense of the physiological increased
size of the ECF during the pediatric-age period [26].

The concentration of Na* in the ECF measured in blood [Na*]s is 135-145 mmol/l
in the adult, but when measured by ultracentrifuge in the water of the ECEF, it is
154 mmol/l, which provides an osmolality of 285 + 5 mOsm/kg H,O.



130 J. Lagunas-Muiloz and R. Muiioz

The lowest K* concentration [K*] is in the ECF, with blood values of
3.5-5.2 mmol/l, while in the ICF is 140-160 mmol/I.

On the other hand, in the pediatric age group [Na*]p in the ECF is 130-140 mmol/Il
and 7-15 mmol/l in the ICF, which provides an osmolality of 280 + 5 mOsm/kg
H,O. In the child [K*]s is 3.0-6.0 mmol/l, depending on the age. There is an inverse
relationship between gestational age and [K']s; thus, at a lower gestational age
[K*]s is higher [27, 28].

The figures shown herein are just some examples of the physiological differences
between the pediatric age versus adulthood, which is why the interpretation of the
findings of acid-base and electrolyte metabolism based on the normal values in
adults renders completely undesirable and should be avoided.

These physiological differences in the volume of the body fluids between adults
and children have an impact on the renal physiology of electrolytes and acid-base
metabolism at different ages.

Perhaps, the reduction of the activity of the a-subunit of the transporter
Na*K*ATPase exchanger in children may play a role in the marked differences pres-
ent in the ECF volume increase, as compared to the ICF. This concept is compatible
with increased renal sodium losses related to the filtered load, which is manifested
clinically by an increased fractional Na* excretion (FENa). Also, it may explain the
[K*] reduction of the ICF and an increase of [K*] in the ECF, as it has been mea-
sured in muscle tissues of newborn and premature animals.

Thus, it may be feasible that in children, the reduction of the activity of the
a-subunit of Na*K*ATPase is related to the marked differences in the increased
volume of the ECF compared to the ECF, and also with the reduction of [K*] in the
ICF and the increase of [K*] in the ECF, as measured in muscle tissues of newborn
and premature animals. Increased ECF volume should be linked to total Na* body
retention. However, the fractional excretion of the filtered Na* (FENa) is very high
in the premature (5-6%) and the newborn (2-3%), decreasing progressively during
the first years of life, while in the adult it is <1%.

Moreover, there is a physiological increased excretion of glucose, albumin,
citrates, urates, bicarbonate, amino acids, etc., in the newborn period, perhaps
because the tubular reabsorption of these substances is coupled to the tubular han-
dling of sodium, as a consequence of the reduction of Na*K*ATPase in the pediatric
age group [29].

However, in premature babies, newborns, and early in life, the excretion of K* is
reduced, although the concentration of aldosterone runs high. In theory, the reduc-
tion of the Na* K*ATPase activity plays a role in this mechanism [30]. Na*K*ATPase
is almost non-existent in the fetus and its production increase about four-fold or
more at birth. During weaning, it rises again and continues to increase progressively
throughout the pediatric age period [31].

Acid-base regulation and body potassium metabolism are intertwined; altera-
tions in one component modify the other in two ways, at the systemic level and,
specifically in renal tubular reabsorption and excretion of K* and H*. The increase
in [K*]s stimulates urinary potassium excretion and decreases ammonium synthesis,
while K* depletion leads to the opposite effect.
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Human studies and the results of experimental interventions carried out to date
in animals, mainly in rats and dogs, are controversial. Hyperkalemia inhibits the
production of ammonia in the proximal tubules. However, contrary to what happens
in experimental animal studies, in humans with hyperkalemia the final excretion of
NH," is not reduced despite the reduction of ammonium production, perhaps due to
the important role in H* regulation in the distal nephron. The increase in [K*]s is one
of the factors that stimulates aldosterone secretion, which in turn, results in increased
distal renal tubular secretion of K* and H*. Furthermore, the increase in Na* reab-
sorption and K* secretion in the principal cells stimulate ammonium synthesis,
which occurs along the nephron, but mainly in the mitochondria of the brush border
cells of the proximal tubule. Although hyperkalemia reduces the production of
ammonium, aldosterone compensates for this effect with an increase in the distal
tubular load and secretion of NHs/NH,* in a-intercalated cells. Therefore, aldoste-
rone contributes indirectly to the urinary acidification process [32].

Hyperkalemia is the result of a reduction in renal K* excretion in the presence of
aldosterone deficiency. Hyperkalemia alters the reabsorption of NH," in substitution
for K* in the Na*K*2Cl~ cotransporter (NKCC2) in the thick ascending Henle’s
loop. Hypoaldosteronism reduces the reabsorption of Na* and the excretion of K*,
H*, and NH,* mechanisms that participate in the development and persistence of
metabolic acidosis with hyperkalemia, which characterize type IV renal tubular aci-
dosis [33-36].

The close relationship of acid-base and potassium metabolism becomes relevant
during certain pathological scenarios, like during the cation exchange involving
Na*, HCO;™, H*, and K* molecules, subjected to exchange from ECF to ICF and
vice versa, acting as buffer mechanism in the presence of systemic acidosis or alka-
losis [26].

A similar scheme occurs along the nephron, for example, K* molecules occupy
the H* binding sites in different transporter proteins, either in the apical and basolat-
eral membranes of the cells of the brush border in the proximal tubule, loop of
Henle, and in the principal and a-intercalated cells, in cases of increased [K*]s, to
increase K* renal excretion.

Some transporter proteins involved in this physiological process are NHE,
NKCC2, HCO;7/Cl,”H*ATPase, H'K*ATP’ase, as well as the pacemaker channels
HCNI1-HCN3, and the glycoproteins Rhesus: Rhbg, Rhgc, etc. [37-40].

Under physiological conditions, the excess of protons from the intermediate
metabolism are excreted as a buffer solution containing equal amounts of NH;/NH,*
and titratable acidity.

On the other hand, in the presence of systemic metabolic acidosis, the highest
excretion of H* is ammonia. Also, urinary acidification is increased by the physio-
logical levels of various mineralocorticoids.

Usually, during sustained hyperkalemia or systemic acidosis, there is an increase
in NH,4* excretion, whereas chronic hypokalemia or alkalosis stimulates the oppo-
site effect.

Nonetheless, the clinical interpretation of these mechanisms must be individual-
ized in each case. For example, in cases with Type I or II RTA, hypokalemia will
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always be present. The same happens in cases of chronic systemic acidosis who
have extrarenal potassium losses, as occurs in children with severe diarrhea lasting
several days. These patients have metabolic acidosis, due to loss of bicarbonate, but
they do develop hypokalemia as well, secondary to total body K* depletion [41].

In patients with RTA IV, there is a reduction in the excretion of bicarbonate. This
may be the reason why the urine pH can be <5.5, adding that the distal tubular
excretory capacity for NH, * remains intact.

In view that citrate excretion is high in Type IV RTA and Ca?* reabsorption is
reduced, children with this disease are protected from the development of nephro-
calcinosis or nephrolithiasis. These factors mentioned before have a protective
effect and avoid hypercalciuria and, consequently, crystallization and deposition of
calcium oxalate salts [42].

Table 10.1 shows some of the relevant factors participating in renal tubular K*
excretion in the principal and a-intercalated cells of the cortical and medullary con-
nector and collector tubules.

Clinical Alterations Related to the Production and Renal
Tubular Activity of Aldosterone

The development and, in some cases, the persistence of RTA IV are due to the pres-
ence of diverse pathogenic mechanisms, linked to the electrolyte imbalance appear-
ing as a reduction in aldosterone production (hypoaldosteronism), or a lack of
response of the renal tubules to the action of aldosterone, thus hindering Na* reab-
sorption and K* excretion (pseudohypoaldosteronism).

The pathophysiological mechanisms of some frequent clinical entities are
reviewed below. This chapter does not consider all possible entities with hyperkale-
mia, but only those with RTA Type IV, most linked to hypoaldosteronism or pseu-
dohypoaldosteronism. These diseases show hyperchloremic renal tubular acidosis,
with a normal anion gap [Na*] - ([HCO;~] + [CI7]): 12 + 2; failure to thrive and
hyperkalemia.

Table 10.2 shows the etiology of cases of RTA Type IV.

Table 10.2 Etiology of
RTA Type IV

Classification

Aldosterone deficiency

Aldosterone deficiency without kidney alterations
(primary adrenal insufficiency)

Addison’s disease

Bilateral adrenalectomy

Syndrome of congenital adrenal hyperplasia

(21- hydroxylase deficiency)

Isolated hypoaldosteronism

Isolated hypoaldosteronism in critical illnesses

Hereditary deficiency of corticosterone
methyl-oxidase
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Table 10.2 (continued) Hyporeninemia (hypoaldosteronism syndrome)

Diabetes
Gout
Pyelonephritis

Tubulointerstitial nephritis

Nephrosclerosis

Decreased response to aldosterone activity

Pseudo-hypoaldosteronism

Childhood pseudo-hypoaldosteronism

Chronic salt-wasting tubulointerstitial nephritis

Obstructive uropathy
Drugs

Spironolactone

Heparin

Amiloride

Eplerenone

Prostaglandin inhibitors

Triamterene

Captopril

Cyclosporine
Decreased response to aldosterone with selective
deficiency
Selective tubular dysfunction with hypertension
associated with renin dysfunction

Chronic tubulointerstitial nephritis with chronic
kidney disease

Obstructive uropathy

Renal transplantation

Systemic lupus erythematosus

Acute glomerulonephritis

Renal amyloidosis

Non-classified type IV RTA

Distal tubular dysfunction

Renal amyloidosis

Lupus nephritis with anti-basement membrane
antibodies

Renal vein thrombosis

Antibiotics: Methicillin, etc.

Factors that contribute or aggravate RTA type IV

KCI supplements

Heparin

Potassium-sparing diuretics

Prostaglandin inhibitors

Captopril

Cyclosporine
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Primary hypoaldosteronism, with a normal glomerular filtration rate, results
from a deficiency in aldosterone production, often due to surgical ablactation or
diseases of the adrenal glands, ending in lack of production of the hormone.

The increase in [K*]s depends on the degree of aldosterone deficiency, leading to
renal sodium losses and potassium retention, in turn, due to a decrease in the pro-
duction of Na*K*ATPase. Acidosis per se increases [K*]gcr, due to the cation
exchange between ICF and ECF in a systemic buffering mechanism, as a response
to the accumulation of H* in the ECF. Hyperkalemia reduces ammonium synthesis
and reduces the renal tubular reabsorption of HCO;~, a mechanism that contributes
to the worsening of acidosis [43, 44].

Primary hypoaldosteronism is a deficiency in aldosterone activity or synthesis,
clinically manifesting as RTA Type I'V. An etiology in children may be adrenal apla-
sia or hypoplasia with adrenal insufficiency (Addison’s disease). In older children,
autoimmune dysplasia, hemorrhage, or infections like (mycosis, tuberculosis, etc.)
of the adrenal glands, as well as amyloidosis and lupus erythematosus may lead to
adrenal insufficiency [44].

Certain rare inherited disorders, such as the deficiency of the enzyme
21-a-hydroxylase of the cholesterol-mineralocorticoid cascade (inherited as an
autosomal recessive pattern) cause congenital adrenal hyperplasia syndrome or
adrenogenital syndrome, disorders that could be detected during the neonatal period
[45, 46].

The clinical manifestations of this syndrome are heterogenous, but mostly pre-
dominate ambiguous genitalia with virilization, frequently with Type IV RTA,
hyperkalemia, metabolic acidosis, and renal tubular salt wasting. The latter is
accompanied by frequent episodes of dehydration [47].

Congenital adrenal hyperplasia is a group of alterations in the steroid biosynthe-
sis from cholesterol, ending in the manufacture of glucocorticoids, mineralocorti-
coids, and sex hormones. The most frequent alteration is the deficiency of the
enzyme 21 o-hydroxylase, which is located in the CYP21 gene and prevents the
conversion of 17-hydroxyprogesterone to 11-deoxycortisol, thus avoiding the pro-
duction of the adrenocorticotropin- hormone (ACTH). This hormone generates an
accumulation of the precursors of cortisol and androgens, ending up in virilization
in utero [48].

In addition to the enzyme 21 a-hydroxylase, other enzymes may be altered, with
diverse clinical manifestations, such as the enzyme 11-fB-hydroxylase or the
3-p-hydroxysteroid dehydrogenase [44, 49].

Besides metabolic acidosis, hyperkalemia, and ambiguous genitalia, seen with
the deficiency of the enzyme 21 a-hydroxylase, frequent periods of dehydration and
hyponatremia may occur. Whereas, in the deficiency of the 11-p-hydroxylase
enzyme, there is an accumulation of deoxycorticosterone (DOC). This hormone
leads to renal tubular salt retention and secondary arterial hypertension.

Patients with mild chronic renal failure may develop Type IV RTA, frequently
showing hyperreninemic hypoaldosteronism syndrome, with hyperchloremic meta-
bolic acidosis, reduced plasma aldosterone concentration, and low renin plasma
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activity, mild reduction of the GFR (not consistent with the degree of hyperkale-
mia), and without depletion of the circulating volume [50].

Hyperreninemic hypoaldosteronism syndrome is common in patients with dia-
betes mellitus, kidney diseases associated with tubulointerstitial nephritis, mild
chronic renal failure, obstructive uropathy, post-renal transplantation, amyloidosis,
and monoclonal gammopathies, among others [51, 52].

Some conditions, such as diabetes mellitus, chronic kidney failure, obstructive
uropathy, lupus erythematosus, and other conditions involving tubulointerstitial
nephritis, occasionally have a lack of tubular renal response to physiological or
elevated levels of aldosterone (acquired pseudo-hypoaldosteronism), accompanied
by renal salt loss, moderate hyperchloremic metabolic acidosis, hyperkalemia,
hyponatremia, and recurrent episodes of dehydration. Patients taking K*-sparing
diuretics, such as spironolactone, triamterene, amiloride, eplerenone, and medica-
tions such as heparin, prostaglandin inhibitors, captopril, and, cyclosporine, may
show the same symptoms [53].

In cases of pseudohypoaldosteronism, the adrenal glands synthesize and secrete
aldosterone normally, but the kidneys are not able to respond, due to dissimilar
etiologies.

There is recent information about cases with pseudohypoaldosteronism in which
new genetic mutations have been described, providing clues about the etiology of
these clinical entities, as it happens with Type I pseudo-hypoaldosteronism (PHAI).
This disease has two hereditary patterns; one is the autosomal recessive form, with
mutations of the epithelial sodium channels, ENaC (SCNNI1A, SCNNIB,
SCNN1G).

However, most cases are attributed to the mineralocorticoid receptor (MR) muta-
tions, with an autosomal dominant inheritance pattern (NR3C2).

The autosomal recessive phenotype has a more severe clinical presentation than
the autosomal dominant phenotype and does not evolve toward spontaneous
improvement in the adolescent stage, as frequently occurs with the autosomal domi-
nant phenotype cases. Patients with the PHAI mutation show metabolic acidosis,
hyperkalemia, increased aldosterone concentration, and a lack of renal tubular
response to aldosterone, with renal tubular sodium loss [54, 55].

Type II pseudohypoaldosteronism (PHAII) is transmitted as an autosomal domi-
nant pattern; the clinical presentation is arterial hypertension, normal peripheral
renin activity, normal or elevated plasma aldosterone levels, hyperkalemia, and
metabolic acidosis, with normal glomerular filtration rate [56].

The patients with this entity have no renal tubular response to aldosterone activ-
ity, due to mutations genetically transmitted as a dominant pattern, located in the
lysine-free genes WNK1 and WNK4, encoded in the chromosomes 12 and 17
respectively, or in the KLHL3 gene, the latter as an autosomal recessive transmis-
sion trait. The term has its origin in the English language (WNK: “with no lysine
kinases”). The WNK1 (PHIIC) and WNK4 (PHAIIB) genes regulate the Na* CI~
cotransporter proteins (NCC), as well as the potassium channel (ROMK), the latter
with the capability to exchange K* for hydrogen (NH,*), in the distal renal tubule.
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These genetic mutations cause an increase in Na*Cl~ (NCC) reabsorption in the
NDSA. By reducing the degree of electronegativity in the lumen of the collecting
tubule, various physiological mechanisms are triggered, such as the secretion of
potassium and retention of protons (NH,*) are reduced; the distal chloride flow is
increased (Cl~~short-circuit), a Type IV RTA develops with sodium-dependent arte-
rial hypertension, hyperkalemia, mild hyperchloremic metabolic acidosis, with
reduced plasma renin activity and reduced aldosterone concentration.

Some patients who develop hypercalciuria may have dental alterations, in addi-
tion to mental retardation, muscle weakness, and sodium retention with circulatory
volume expansion, and secondarily, arterial hypertension, usually severe.Patients
with WNK mutations respond rapidly to the administration of thiazide diuretics.
Synonyms to the WNK mutations are high blood pressure with familial hyperkale-
mia or Gordon disease, and chloride short circuit syndrome (chloride shunt) [57-60].

Differential Diagnosis of Hypoaldosteronism
and Pseudo-Hypoaldosteronism

Frame with an algorithm is shown below to describe clinical and laboratory signs
and symptoms useful for the differential diagnosis.

Different laboratory techniques may help to diagnose the etiology of the hyper-
chloremic metabolic acidosis with normal anion gap and hyperkalemia, such as
fractional excretion of the filtered potassium (FEK"), urine Na*/K* ratio; aldoste-
rone concentration in blood and urine, etc. However, the interpretation of the results
is difficult, which limits the use of these techniques (Fig. 10.2). Measurement of
[K*] in blood and urine is not useful in the differential diagnosis of hyperkalemia,
since the electrolyte concentrations in the urine vary with the amount of H,O,
increasing or reducing the urinary osmolality.

A technique in current use is the determination of the renal transtubular potas-
sium gradient, according to the following formula:

GTTK =[ K" Ju/[K" ]sxOsm, /Osm,

where:

GTTK = renal trans-tubular potassium gradient.

[K*Ju: urinary potassium concentration.

[K*];: concentration of potassium in the blood.

Osmy: blood osmolality.

Osm,: urinary osmolality.

There has been a discrepancy in the results on the GTTK values performed in the
clinical case series in patients with hypokalemia and hyperkalemia.

Generally speaking, it is considered that a GTTK value <2 in patients with hypo-
kalemia indicates that there are renal losses of K*. On the other hand, in cases with
hyperkalemia, a GTTK >8 indicates normal bioactivity of aldosterone, and the
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Hyperchloremic, metabolic
acidosis, hyperkalemia

urine pH* < 5.5 urine pH* > 5.5
Determine plasma Voltage dependent
aldosterone levels distal hyperkalemic RTA
Low levels Normal or low levels
Determine plasma cortisol Aldosterone resistance or
deficiency
Low levels Normal

Selective aldosterone
Adrenal Inssuficiency deficiency

Fig. 10.2 Alghortim for the differential diagnosis of hypoaldosteronism and pseudo-hypoaldosteronism

collecting tubule is having an adequate response to mineralocorticoids. On the other
hand, a value of GTTK <6, in the presence of hyperkalemia, indicates a deficiency
or resistance to aldosterone.

Since the distal Na* load is an important factor in renal K* excretion, the [Na'],
must be >10 mmol/l, and the urine osmolality must be higher than the blood osmo-
lality: (Osm,) > (Osm ), because the presence of the antidiuretic hormone (ADH)
is important for the secretion of K* in the collecting tubule [61-63].

Furthermore, the measurement of GTTK in patients with hyperkalemia facili-
tates the differential diagnosis between aldosterone deficiency and renal resistance
to its activity when an increase in GTTK is observed after the administration of
mineralocorticoids. A physiological dose of mineralocorticoids in patients with
adrenal insufficiency showed an increase in GTTK >6, about 2 to 6 hours after the
administration [64].

At pediatric age, GTTK values <4.1 in children and >4.9 in preschool children
indicate reduced aldosterone bioactivity. These values were found at the third per-
centile in a clinical study that included 473 children with a normal [K*] for age.
Thirteen children with a diagnosis of hypoaldosteronism or pseudo-
hypoaldosteronism had GTTK values between 1.6 and 4.1 [65].
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In summary, the GTTK result of 6 in adults with hyperkalemia indicates low
renal potassium excretion, which corresponds to a GTTK of 4 in older children and
5 in preschoolers [64, 65].

Management and Treatment of ATR IV

Treatment begins with attention to hyperkalemia according to its severity and with
the information obtained from the clinical history and the laboratory results.

The reduction of [K*]; is based on the use of loop diuretics, such as furosemide
and bumetanide; inhaled pB-adrenergic agonists (salbutamol), intravenous polarizing
solutions, calcium gluconate (cardio-protective), sodium bicarbonate, and cation
exchange resins. Furosemide, in addition to inhibiting tubular reabsorption of K*,
facilitates the correction of acidosis by increasing the sodium distal load to the distal
convoluted and collector tubules, and consequently, increases the excretion of NH,*.

In severe cases, the use of fludrocortisone is recommended, which activates the
mineralocorticoid receptors (MR) and increases the activity of the ENaC channels
in the connecting and collecting tubules, improving epithelial Na* reabsorption, as
well as the K* and H* secretion [66, 67].

In cases with hypoaldosteronism secondary to adrenal insufficiency, treatment
consists of the supplementary administration of mineralocorticoids, which correct
electrolytic disorders and acid-base metabolism.

In cases of pseudo-hypoaldosteronism, the administration of sodium chloride is
sufficient; however, the administration of sodium bicarbonate is required in some
cases [68]. Patients with PHA II secondary to WNK mutations respond to thiazide
administration [69].

It is recommended to be cautious when treating a diabetic patient with polarizing
solutions due to the risk of hyperglycemia and keep a balance of blood glucose
levels and insulin administration. Caution is also advised with the administration of
sodium bicarbonate, due to the potential development of hypervolemia and hyper-
natremia [70].

Also, the potassium intake in the diet must be reduced. Early furosemide admin-
istration is frequently required to enhance potassium excretion. Also, treatment with
fludrocortisone may be considered to increase renal potassium excretion, thus
reducing total body potassium [71, 72]. Fludrocortisone simulates the activity of
aldosterone by increasing the activity of the ENaC (sodium channels) in the luminal
membrane and Na*K*ATPase in the basolateral membrane of the principal cells,
therefore increasing the reabsorption of Na* in exchange for H* secretion. This
effect is enhanced since fludrocortisone activates H*ATP’ase, which favors the
secretion of hydrogen as NH," and titratable acidity [31, 73].
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Prognosis

The prognosis depends on the etiology, the severity of the case, adherence to treat-
ment, and other factors.

Pseudo-hypoaldosteronism is limited to the age of 4-5 years, subsiding sponta-
neously. Primary adrenal injuries require permanent supplementation.

The toxicity caused by medications disappears after drug withdrawal.

Hyporeninemic hypoaldosteronism caused by tubulointerstitial nephritis may
occur in adult patients with diabetes mellitus and hyperuricemia, so the prognosis is
associated with the severity of chronic kidney disease [73].
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Chapter 11 m
Renal Tubular Acidosis I
Due to Miscellaneous Etiology

Mario Matos-Martinez and Ricardo Muiioz

Introduction

Primary or hereditary renal tubular acidosis (RTA) is a syndrome with a heteroge-
neous etiology and clinical presentation, mainly characterized by hyperchloremic
metabolic acidosis with a normal anion gap, and hypokalemia or hyperkalemia. In
some cases, nephrocalcinosis, failure to thrive, and occasionally, deafness are
observed. This is due to a renal tubular inability to maintain normal HCO;~ concen-
tration, either due to an inability to reclaim or recover the filtered bicarbonate in the
proximal tubule or to an impediment to generating new bicarbonate through net acid
renal excretion (NARE) at the distal collecting tubule. In both situations, there is an
inadequate renal capacity to acidify the urine to a pH of 6.5.

Recently, some chromosome mutations have been detected in the genes that reg-
ulate transporter, cotransporter, and exchange proteins, as well as of the enzymes
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that catalyze biochemical reactions to form bicarbonate, mainly carbonic anhydrase
type II (CA 1I), although various carbonic anhydrases participate in this pro-
cess [1-3].

The primary etiology is due to genetic mutations of the transmembrane mecha-
nisms for the transportation of different electrolyte molecules involved in different
types of RTA, described in detail in Chap. 4 and other corresponding chapters of this
publication.

Some children develop RTA secondary to systemic diseases of diverse etiology,
such as some immune entities (Sjogren’s syndrome, lupus nephropathy, etc.), that
are mentioned in the corresponding chapters; or secondary to the use of drugs; renal
immaturity of the preterm newborn; chronic malnutrition, and hereditary diseases
(Fanconi’s syndrome).

Correction or clinical improvement of the alteration is achieved in some cases,
once the offending agent is removed. In this chapter, the mechanisms of some of
these etiologies will be reviewed.

It is relevant to mention that these cases present with the typical symptoms and
laboratory results of primary RTA. However, the clinical manifestations disappear
when the causal factor is removed, which is why they have been called “transient”
RTA. In our consideration, however, these patients can not strictly be diagnosed as
having true RTA, since they keep intact the mechanisms for urinary acidification.

RTA Secondary to Nephrotoxic Drugs Acting in the Distal
Tubule (DRTA)

As mentioned above, some medications may interfere with the normal mechanisms
aimed to maintain the normal concentration of HCO;™ in the body fluids, either by
the proximal recovery of bicarbonate or by the distal secretion of hydrogen.

RTA induced by drugs or chemicals has been described since the end of the last
century. These substances can affect the carrier proteins that transport, co-transport,
or exchange protons and other molecules through the renal tubular cells. This vari-
ety of RTA may appear at any age, although children who happen to be more sus-
ceptible to some drug’s nephrotoxicity are more prone to develop RTA.

The first described clinical observations were in cases that had been treated with
certain drugs, such as amphotericin B, vitamin D, lithium salts, methicillin, foscar-
net, and amiloride. The later drug works indirectly, by imitating a urinary tract
obstruction or by altering the voltage-dependent mechanisms of urinary acidifica-
tion [4, 5].

The mechanism by which these drugs develop distal RTA may be explained by
alterations in the secretion of hydrogen (H*) ions, or by altering the activity of the
Na*/H* and H*ATPase transport molecules [6]. A distal RTA (Type I) develops due
to the nephrotoxicity site of the mentioned drugs,
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Fig. 11.1 Nephrotoxicity mechanism of amphotericin B in the a-intercalated cells of the collect-
ing and connecting tubules. Amphotericin nephrotoxicity may be the cause of porosity formation
in the cell membrane, leading to a back-flow of H* ions in a retrograde transfer from the tubular
lumen to the cytoplasm. This phenomenon inhibits the excretion of H* and reabsorption of HCO5~
(“new bicarbonate”), leading to the development of RTA

Amphotericin B nephrotoxicity comes up at the a-intercalated cells of the col-
lecting tubules, where it produces porosities in the cell membranes and, a back-flow
of hydrogen (H*) ions into the cytosol, thereby inhibiting H* secretion [7]. See
Fig. 11.1.

Lithium salts are commonly used to treat some psychiatric disorders, such as
compulsive depressive bipolar disease. The mechanism that alters the tubular func-
tion to secrete H* ions correlates with the development of tubulointerstitial nephritis
and hypercalcemia [8].

RTA Secondary to Nephrotoxic Drugs Acting in the Proximal
Tubule (PRTA)

The use of nephrotoxic drugs is a frequent cause of Type II RTA, due to the great
number of commonly used medications that can inhibit the renal tubular mecha-
nisms in charge of recovering the filtered HCO;™, like antibiotics, some diuretics,
chemotherapy, and other oncology treatments, immunologic diseases, as well as for
the control of epilepsy.

Acetazolamide and other inhibitors of carbonic anhydrase may be a frequent
cause of RTA. Type IV carbonic anhydrase (luminal) is necessary for proximal
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tubular reabsorption of bicarbonate, by promoting the conversion of H,CO; (car-
bonic acid) into H,O and COs; (equilibrium reaction), and consequently, be reab-
sorbed into the cytoplasm. The equilibrium reaction will be reversed in the cytosol
of the proximal tubular cell (in the presence of carbonic anhydrase Type II (intracel-
lular CA 1II)), to complete the reabsorption of the filtered bicarbonate in the basolat-
eral membrane. Acetazolamide is used as a diuretic in the treatment of glaucoma,
hydrocephalus, and other pathologies, and frequently causes RTA.

Another drug that produces PRTA by inhibiting AC IV is topiramate, which is
used in the management of seizures, as well as prophylactic therapy for migraine [9].

Ifosfamide and cyclophosphamide commonly used in patients with malignancies
are alkylating agents of the oxazaphosphorines type that can induce nephrotoxicity,
mostly in children. In addition to PRTA, these patients may develop a full Fanconi"s
syndrome, with glycosuria, aminoaciduria, hyperphosphaturia, hypercalciuria,
citraturia, and bicarbonate urine losses, thus, preventing recovery of the fil-
tered HCO;™.

Ifosfamide exerts its nephrotoxicity through its metabolites, as it is oxidized by
cytochrome P3AS (CYP3AS) and cytochrome P 2B6 (CYP2B6), which are abun-
dant in kidney tissues. The resulting metabolite is chloride-acetaldehyde(CAA)
which causes a dysfunction of the mitochondrial oxidation and phosphorylation in
the proximal tubular cell, inhibiting the production of cellular energy and other
alterations of the cellular function through complex I (NADH: ubiquinone oxidore-
ductase) of the mitochondrial respiratory chain [10].

Platinum salts, such as cisplatin, oxaliplatin, and carboxylplatin, induce PRTA
by a direct toxic effect on amino acid transporters and, similar to aminoglycosides,
inhibit cellular ATP production, usually after prolonged use [11].

Other drugs that may induce nephrotoxicity and PRTA are tetracyclines, strepto-
zocin, azacitidine, mercaptopurine, valproic acid, and ranitidine. Aminoglycosides
(gentamicin) enter the proximal cell through the megalin and cubulin system, while
tetracyclines do so by the organic anion transporter system. Once inside the cyto-
plasm, they bind and damage the mitochondrial ribosomes, and interfere with the
production of ATP necessary for normal cellular functions [9].

RTA Secondary to Nephrotoxic Drugs Acting in the “Distal
Aldosterone-sensitive Nephron” (ASDN)

RTA secondary to the use of drugs that inhibit the aldosterone activity in the “aldo-
sterone sensitive zone” (in the connecting and cortical collecting distal nephron)
develops RTA Type IV.

Alterations of the “aldosterone sensitive distal nephron” (ASDN) zone affect the
function of the mineralocorticoid activity of aldosterone at the principal cells in this
area. The clinical presentation of type IV RTA is systemic metabolic acidosis, low
[CI7] levels, hyperkalemia, normal anion gap, and normal glomerular filtration rate.
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Contrary to what happens in other types of RTA (proximal and distal types), which
develop hypokalemia, patients with RTA type IV develop hyperkalemia instead.

Type IV RTA may be due to a reduction in aldosterone production in the zona
glomerulosa of the adrenal cortex (hypoaldosteronism), or by a defect in aldoste-
rone activity (pseudohypoaldosteronism), caused by the inhibition of the specific
distal tubular cell mineralocorticoid receptor (MR). A variety of medications may
cause hypoaldosteronism and hyperkalemia through diverse mechanisms.

Nonsteroidal anti-inflammatory drugs (NSAIDs), B-receptor antagonists, cyclo-
sporin A, tacrolimus, and aliskiren inhibit renin secretion of the Polkissen cells of
the juxtaglomerular apparatus and, as a consequence, the conversion of angioten-
sinogen to angiotensin I.

Another mechanism is the inhibition of some of the biochemical steps of the
renin-angiotensin-aldosterone system (RAAS). These mechanisms include drugs
that inhibit the enzyme convertase, which physiologically converts angiotensin I to
angiotensin II, called ACE inhibitors such as captopril, lisinopril, and enalapril, as
well as blockers of the angiotensin II type I receptors (AIl R blockers), losartan type.

A third mechanism includes medications that alter the aldosterone metabolism,
such as ketoconazole and heparin.

The fourth mechanism includes drugs that directly block the action of aldoste-
rone, like spironolactone and eplerenone. Once aldosterone is blocked, H* and K*
secretion becomes averted, causing metabolic acidosis with hyperkalemia.

Other drugs are responsible for the development of type IV RTA without inter-
ference with the RAAS, such as trimethoprim with sulfamethoxazole and pentami-
dine, which interfere with the reabsorption of Na*, closing the sodium channels,
therefore, inhibiting indirectly the secretion of K* and H* [12].

RTA Type IV in the Full-term Baby
and the Premature Newborn

Childhood is an evolutionary transitional period coming from the species that pre-
ceded the human being, throughout childhood and adolescence, until the achieve-
ment of adult life. The anatomical and physiological changes that take place during
this period, mainly during fetal life and the neonatal period, have a high impact on
the function of different organs. The comparison (in absolute terms) of the renal
physiology of the adult with that of children, is thus, inappropriate, arising a false
consideration that the renal function of the child is immature, when in fact, is a
normal physiological function.

The renal functional changes occurring during this period are in agreement with
the body needs of the individual, according to age (see Chap. 2). As an example,
misinterpretation of the laboratory results of children’s blood gases based on the
normal adult values is one of the main factors leading to a false diagnosis of RTA in
children [20].
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The systematic study of renal function in full-term newborns and preterm infants
began more than 70 years ago. During pregnancy, the placenta regulates the homeo-
stasis of the fetus, including electrolyte and acid-base balance, in the context of the
increased acid load, generated by the metabolism of intrauterine fetal con-
stant growth.

The fetal kidney produces most of the amniotic fluid and this, in turn, favors
intrauterine lung development and protects the fetus during the increased fetal
development [13].

During human embryogenesis, the pronephros appears around the first 3 weeks
of gestation and disappears by apoptosis around the fifth week. From then, up to the
twelfth week of gestational age, the mesonephros develops and starts to function in
a rudimentary way. The mesonephros is a primitive renal system, from which the
metanephros or mature kidney develops.

The renal mass grows exponentially from there on and, it may be visualized in
the histological studies of the renal tissue toward the eighteenth gestational week.
Nephrogenesis accelerates during the second half of pregnancy and becomes com-
pleted at about the 37th week of gestational age [13, 14].

The fetal renal plasma flow increases from 20 ml/min to 60 ml/min from weeks
25 to 40 of gestation. The glomerular filtration rate (GFR) increases in parallel with
the growing renal mass as fetal age advances.

At the time of clamping the umbilical cord, important transitional hemodynamic
changes occur in the organism, during which the placental organic regulation is
transferred to the kidneys.

In the premature newborn this process is more complicated. The hemodynamic
changes, including renal blood flow, glomerular filtration rate, as well as of most of
the other renal tubular functions are performed with greater difficulty and at a slower
speed, compared to the full-term baby [15].

During the neonatal period, there is an increase in the organic acid load due to
increased protein metabolism, provided by milk feedings. This, together with bone
and body mass growth, leads to a significant increase in hydrogen ion production,
from amino acid metabolism.

The premature baby takes longer to make the necessary physiological adjust-
ments to buffer and excrete the acid load [17]. The average concentration of blood
bicarbonate [HCO; ]p is lower in the term newborn than the adult and older chil-
dren. This is a normal physiological condition that should be considered to avoid a
false diagnosis of systemic metabolic acidosis, and RTA in the newborn baby.

The average HCO;™ concentration in the full-term newborn is 19.5 mmol/l, with
a normal range of 14.5 to 24.5 mmol/I [18]. This physiological phenomenon is due
to a reduction of the proximal tubular threshold of HCO;~ which is normally reduced
during childhood, mostly in the newborn.

There is no convincing scientific explanation for this phenomenon. Perhaps,
among other causes, the threshold of reabsorption of HCO;™ is reduced since it is
coupled to the proximal tubular reabsorption of Na*. In turn, Na+ reabsorption in
this nephron area depends upon the production of Na*K*ATPase, known to be mark-
edly reduced throughout childhood, mainly during the newborn period. Therefore,
increased natriuresis and bicarbonate excretion is observed [19]. The lower
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threshold of sodium bicarbonate reabsorption results in a reduction in the [HCO; ]p,
ensuing in a steady state of physiological metabolic acidosis. This normal clinical
scenario should not be confused with a false diagnosis of systemic metabolic acido-
sis and renal tubular acidosis during childhood [20].

The physiological reduction of the bicarbonate reabsorption threshold in the
newborn is partially compensated by a normal or increased capacity for distal excre-
tion of H*. In absolute and quantitative terms, distal H* excretion is lower in the
newborn than in older children or adults. However, considering the body weight (in
kilograms), the newborn’s kidneys can excrete 50 to 100% more acids than the
adult; a clinical observation determined in full-term and preterm neonates [21].
Acidification tests carried out in premature infants during the first 6 weeks of life
showed a gradual increase in maximum H* excretion, which occurred simultane-
ously with an average increase in [HCO;™]p from12 mEq/l, to 18—-19 mEq/I at the
end of the study [21].

RTA Secondary to Severe Caloric-Protein Malnutrition

Pioneering studies of kidney function in malnourished patients at different ages
showed that net renal acid excretion was reduced; a phenomenon thought to be due
to caloric-protein malnutrition and its negative impact on renal physiology [22].
Subsequently, it was observed that malnourished children, as well as adults, main-
tain blood pH and [HCO;~] within normal limits, even when extra-renal fluid and
electrolyte losses occur, as happened in babies with gastroenteritis or, after an exog-
enous acid load.

Diverse explanations, some contradictory, try to explain this phenomenon. It was
inferred that the renal excretion of H* is actually due to a decrease in acid produc-
tion secondary to malnutrition. However, malnourished children conserve their uri-
nary acidification capacity [23, 24].

Another study found that acid excretion in these patients is slightly reduced, pos-
sibly secondary to factors that accompany their poor nutritional status, such as
hypokalemia [25, 26]. Furthermore, hypophosphatemia reduces the leakage of
HPO,* as well as titrable urinary acidity, which disappears after phosphate admin-
istration [24]. These findings were corroborated in 8 children with severe caloric-
protein malnutrition, in whom a normal, albeit slow, ability to excrete H* was found,
compared to the control group, after an ammonium chloride (NH,* + CI7) load [27].
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