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Chapter 2
Renal Regulation of Acid-Base Metabolism

Ricardo Muñoz

 Introduction

As mentioned in the previous chapter, the lungs perform the task of removing 
organic volatile acids in the form of pCO2, 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 HCO3

− and the peritubular pCO2, 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 NaHCO3 molecules 
as such. Therefore, this molecule dissociates as Na+ and HCO3

− 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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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 HCO3

− molecules that remained free in the tubular lumen 
to form carbonic acid (H2CO3). 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 IV), in the apical membrane of the brush bor-
der cells.

Carbonic acid dissociates in carbon dioxide (CO2) and H2O; both molecules pen-
etrate the cell through the apical membrane favored by the action of H2O 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 
CO2 through the apical membrane, as well as water molecules, into the cytoplasm [9].
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Fig. 2.1 Proximal tubule: Excretion of H+ and reabsorption of Na+HCO3- initiates in the brush 
border cells of the proximal tubule. The Na+HCO3 molecule splits in the tubular lumen, allowing 
the Na+ molecule to be exchanged for H+ through the apical membrane, by the exchanger protein 
NHE3. Acetazolamide inhibits whereas angiotensin II (AG II) accelerates the expression of NHE3. 
The H+ excreted in the tubular lumen binds to the HCO3- molecule which remained from the 
sodium bicarbonate filtered previously in the glomerulus. The equilibrium reaction takes place in 
the tubular lumen, rendering carbonic acid (H2CO3) and CO2 + H2O in the presence of the enzyme 
carbonic anhydrase IV (AC IV). CO2 and H2O 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++ HCO3

−. H+ is again excreted to the tubular lumen, while HCO3
− is reabsorbed by the 

basolateral membrane, after binding Na +, favored by the NBCe1 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 NBCe1 cotransporter lead 
to the development of Type II primary proximal renal tubular acidosis
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The reabsorption of H2O molecules is catalyzed by the presence of various aqua-
porins, throughout the nephron. Once the H2O and CO2 molecules enter the cyto-
plasm, the equilibrium reaction is reversed, leading to the intracellular production of 
H+ + HCO3

−. Isoforms of carbonic anhydrase II 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 O AC H CO H HCO2 2 2 3 3+ ( ) ↔ ↔ ++ −

 

This way, CO2 is produced during the cellular metabolism, to be transported by the 
bloodstream and excreted by the lungs in the form of pCO2. 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 CO2 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 pCO2 (respiratory acidosis). The increased produc-
tion of CO2 makes the equilibrium reaction run to the right, leading to the formation 
of HCO3

− 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 CO2 and H2O molecules enter the cytoplasm of the renal tubular cell 
through the apical membrane, the equilibrium reaction is reversed; the intracellular 
H2O 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 CO2 to form bicarbonate. Once the Na+HCO3

− 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+ 3HCO3

− (NBCe1), 
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 
α-intercalated cells [12]. Alterations or mutations of the NHE3, NBCe1, 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+ HCO3

− 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 NaHCO3
− 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 (NH3) and ammonium (NH4

+) 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 NH3 + H+ → NH4

+ 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 NH3. Ammonia formation originates from the amino acid glutamine 
metabolism. After several biochemical modifications, ammonia becomes trans-
formed into α-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]. NH3 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, NH4

+ excretion. The increased NHE3 
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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 NH3, 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 NH4

+, 
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 (NBCe1) cotransporter, contributing further to the regu-
lation of the acid-base metabolic process. NBCe1 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 NH3 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. 2.2 Proximal tubule: Synthesis and secretion of ammonia. NH3 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, KCNQ1, and KCNE1, going from the 
cytosol into the tubular fluid, where it binds to H+ to form NH4

+. The bicarbonate formed in the 
cytoplasm during the equilibrium reaction is reabsorbed coupled to a Na+ molecule, by the sodium/
bicarbonate co-transporter, NBCe1 located in the basolateral membrane. This is the same site of 
exchange of K+ for NH4

+, which enters the cytosol from the peritubular fluid
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luminal fluid to the collecting tubules. In addition to proximal hydrogen excretion, 
HCNs favor the ammonia genesis process.

HCN2 is expressed in the basolateral membrane of the α-intercalated cells of the 
collecting tubules, captures NH4

+ which is transported to the cytosol; from there on 
to the tubular lumen for its final excretion. Furthermore, pacemaker channels are 
present in the α-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 
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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, 
HCN1 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 NH4

+, which descends via the proximal convoluted tubule into Henle’s descending 
loop. In the basolateral membrane, NH4

+ occupies the K+ site of the Na+K+ATPase trans-
porter protein
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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). Cl− mol-
ecules which enter the cytoplasm, leave the cell through the basolateral membrane 
by the K+/Cl− 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 Cl− are reabsorbed from the tubular lumen, by the 
Na+K+ 2Cl− 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+ HCO3

− cotransporters, NBCe1 and NBCn1, as well 
as by exchange with Cl- 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 luminal fluid recirculation of K+ maintains 
the reabsorption cycle of Na+, K+, and Cl− 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 HCO3

− molecules, which in turn become reabsorbed 
into the systemic circulation by the action of the Na+/HCO3

− 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 (NH3) 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. NH3 accumulates and is recycled in the medullary 
interstitial fluid, to finally be excreted in the collecting tubule. The purpose of 
increasing the concentration of NH4

+ and NH3 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 (NH3/NH4
+) 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+ 2Cl− 
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 
NKCC2 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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the collecting tubule and excretion of NH4
+ in the final urine. The anti-transporter 

Na+/H+ or Na+/NH4
+ (NHE4) is expressed in the basolateral membrane, the main 

action of which is to extract NH4
+ from the cell to replace H+. This mechanism 

facilitates increasing the concentration of NH4
+ 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 NH4

+ and the extraction of NH3 from the cytosol to the interstitium where 
it accumulates during the countercurrent mechanism. These channels stimulate the 
sodium/bicarbonate exchanger (NBCn1, NBCe1) 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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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 NH3 at the apical membrane predominates. NH3 accumulates and recycles in the med-
ullary peritubular space, to its subsequent absorption and excretion in the collecting tubule. Only a 
minor amount of NH4 + (± 30%), remains in the tubular lumen, to continue its way to the distal 
tubule. In the apical membrane, NH4

+ molecules may compete for the K+ sites at the Na+K+2Cl− 
cotransporter (NKCC2). In the ROMK channels, NH4

+ 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. NH4

+ molecules are exchanged for H+ ions, thereby increasing 
the reabsorption of ammonia in the TALH. HCN3 pacemaker channel facilitates the reabsorption 
of NH4

+ 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
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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 α-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. α-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 pCO2 
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+Cl− 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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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 NH4

+ 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 Cl− molecules; but the molecular transportation takes place in 
the opposite direction, that is, from the α-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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Fig. 2.6 Connecting and collecting tubules, α-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 (HPO4

2 + H+ → H2PO4
−) 

and sulfates to form sulfuric acid (HSO4
2 + H+ → H2SO4

−), or titratable acid, to form ammonium 
(NH3 + H+ → NH4

+). 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, CO2 and 
H2O 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 kAE1, 
which transports Cl− to the cytosol and HCO3

− to the peritubular medullary fluid. Cl− ions are 
reabsorbed by Cl− channels, together with Na+ and K+ by the Na+K+2Cl− cotransporter, or NKCC1, 
in the basolateral membrane. NKCC1 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 
kAE1 are the etiology of primary distal ATR, type I
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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 
HCO3- produced in the α-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 β-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 α-intercalated cells to excrete 
H+ ions, can also transfer its function to β-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+ATP’ase, excrete intracellular H+ into the 
tubular lumen, where hydrogen ions bind to phosphate to form phosphoric acid 
(HPO4

−2/H2PO4
−) and sulfates to form sulfuric acid (HSO4

−2/H2SO4
−), which are 

excreted as urinary buffers in the form of titratable acid [19]. Also, hydrogen ions 
bind ammonia (NH3) to form ammonium (NH4

+). 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 α-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 NH3 from the med-
ullary interstitium, introducing it into the cytosol of the α-intercalated cells, to its 
final urinary excretion as NH4

+. 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 
α-intercalated cell of the collecting tubule, completing the recycling process of 
NH3/NH4

+, 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 α-intercalated cells of the collecting tubule. 
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At this site, NH4
+ 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 

α-intercalated cells are devoided of extracellular carbonic anhydrase IV (AC IV) 
[47]. Nonetheless, intracellular α-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 α-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, HCO3

− gets reab-
sorbed from the cytosol into the peritubular fluid through the basolateral membrane, 
in the presence of the kAE1 anion exchanger, which exchanges HCO3

− for 
Cl− [49].

NH4
+ is exchanged for Na+ or K+ molecules at the K+ sites of the Na+K+ATPase 

and NKCC1 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].

α-INTERCALATED CELL
TUBULAR LUMEN

Apical
H+ATPase

H+/NH3

NH3/CO2

NH3+ H+

H+K+ATPase

K+Channels

H+ + NH3 /CO2

H+ + NH3 /CO2

H2CO3

↑

AC II
CO2 + H2O

AQP’s

NH3

NH4
+

pH 6.5 (4.0)

Basolateral

PERITUBULAR
FLUID

H+

Cl-

Cl-

HCO3
-

Na+K+/NH4
+ 2Cl-

NH3
 + H+ ↔ NH4

+

Na+K+ATPase

kAE1

K+

K+

Rhcg

Rhcg

Rhcg

Rhcg

HCN2 NH4
+

CO2 / NH3

NH4
+

Fig. 2.7 Connecting and collecting tubules, α.intercalated cell: Ammonium excretion. In the pres-
ence of systemic acidosis, the highest excretion of H+, up to 80%, occurs as ammonia, in the 
α-intercalated cell of the collecting tubules. In the apical membrane, the ammonia (NH3) mole-
cules compete for the H+ sites at the H+ATPase transporter, and mainly for the K+ sites at the H+K+ 
ATPase transporter. NH3 is excreted in the tubular lumen, where it binds to H+ to form NH4

+. The 
Rhesus glycoproteins (Rh) are expressed in the α-intercalated cell as the subunits Rhbg and Rhcg, 
which are gas transport proteins, including carbon dioxide, ammonia, and nitric oxide in various 
organs, including the kidney. Rhcg glycoprotein, which participates in NH3 excretion, is expressed 
in the apical membrane. In the basolateral membrane, both Rh glycoproteins facilitate the capture 
of NH4

+ molecules from the peritubular fluid, into the cytosol of the α-intercalated cell. Furthermore, 
NH4

+ 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 α-intercalated cell and, in the principal cells of the collecting tubules. The 
HCN2 isoform captures NH4

+ from the peritubular fluid and releases it into the cytosol, to be 
excreted through the apical membrane into the final urine
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Hyperpolarization-activated cation channels and cyclic nucleotides (HCN) are 
also expressed in the α-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+/HCO3

− (NBCn1) cotransporter, thus, participating in the regulation of acid- 
base metabolism. HCN2 is expressed in the α-intercalated cells of the collecting 
tubule, whose function is to capture NH4

+ 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 CO2, 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 H2O 
and CO2 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 H2O, and subsequently, transport of CO2 was known. This 
information led to an important change in the understanding of acid-base metabo-
lism, since cellular transport of CO2 and H2O 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 CO2 and NH3 [56–58].

Rhesus glycoproteins (Rhgc, Rhbg) capture and transport CO2 and NH4 from the 
peritubular fluid (hypertonic, with a high concentration of ammonia) to the cytosol. 
This mechanism ensues at the basolateral membrane of the α-intercalated cells of 
the collecting tubule. On the other hand, Rhgc, but not Rhbg, is expressed at the 
apical membrane, and participates in the α-intercalated cells of the collecting tubule 
excreting NH3 and CO2 [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 (10-4) and 
1/0.00000001 (10-8).

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/l). The logarithmic expression of this value is 3.98 × 10−8, 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 
α-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 β-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 HCO3

_, in the case of systemic metabolic alkalosis.
Once the hydrogen ions that are extracted from the α-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 (NH4

+), 
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 
NBCn1 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, NH4

+, according to the fol-
lowing reaction:

 NH NH H4 3
+ +→ +  

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/NH4

+ transporter molecular pro-
teins expressed throughout the nephron [61].
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