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HOUSE KEEPING NOTES 

Office hours daily between 14th Feb and 2nd March (except Ash Wednesday):  

ZOOM Office hours 4-5.30pm; EVERY Mon, Wed & Fri 4-5.30pm  

Zoom link: https://luc.zoom.us/j/4722150747 
IN PERSON OFFICE HOURS, ROOM 518, CTRE: 4-5.30pm EVERY Tuesday and 

Thursday.  

 
The notes are designed to expand your learning and supplement the materials in 
the lectures. All exam questions will be drawn from course objectives. One or 
more objectives may be tested in an exam question.  
 
Example questions drawn from lectures and from Vanders are included in SAKAI 
file: FHB 2023 Resources/Renal Block and in extra materials for Lectures 3, 6, 9 
and acid base 3. 
2022 LECTURES LINK 

 

 

ACID-BASE BALANCE 

Lecture 2  

 

Reading: Berne & Levy Physiology, Koeppen & Stanton, © 2018 Elsevier, pp. 670-684. 

 
(Note: Unless stated otherwise the tables and illustrations are derived from Berne & Levy Physiology, 

Koeppen & Stanton, © 2018 Elsevier) 

 

OBJECTIVE 1: Describe how dietary balance of acid and base is achieved by NEAP 

and RNAE 

Diet constituents are either acidic or alkaline 

The major component of diet consists of carbohydrate and fat. 

 

Cellular metabolic processes produce both acids and alkali 

Under normal conditions carbohydrates and fat are metabolized to CO2 and H2O. 

 -15-20 moles of CO2 are generated daily from these processes. 

-Normally this CO2 is eliminated by the lungs.  

Therefore, metabolically generated CO2 has no impact on acid/base balance. 

 

Handling of Nonvolatile (Fixed) Acids  

LEARNING OBJECTIVES 

 

1. Describe how dietary balance of acid and base is achieved by NEAP and RNAE 

2: Describe the resorption of filtered HCO3
- by the nephron. 

3. Describe the mechanisms for H+ transport in the nephron, and recognize how these 

mechanisms are regulated.  

4: Describe the generation of new HCO3
- titratable acid excretion and synthesis and 

excretion of NH4
+.  

5. Describe the regulation of acid and base 

https://luc.zoom.us/j/4722150747
https://stritch.luc.edu/lumen/session_detail.cfm?cy=A0DE58D53D8FA2711D45B14A61A6C8B4-NVENC1&course=103&academic_level=1&checkref=C4CA4238A0B923820DCC509A6F75849B&requesttimeout=60000
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Note: A portion of the nonvolatile acid load is offset by production of HCO3
- through 

metabolism of aspartate and glutamate.  

Additionally, the metabolism of citrate will lead to formation of HCO3
- further offsetting 

the nonvolatile acid load. 

 Ingestion of a meat-rich diet will exceed HCO3
- production where a vegetarian 

diet produces less nonvolatile acids 

 

Ingested foods contain both acid and alkali.  

E.g. Phosphate (H2PO4
-), which increases acid load. 

 

 During digestion, some HCO3
- is lost in feces. 

In a meat-rich diet, combined metabolic and fecal HCO3
- loss result in the 

addition of ~ 0.7-1.0 mEq/kg body weight of non-volatile acid to the body 

each day. (50-100 mEq/day for most adults) 

 

This acid is referred to as net endogenous acid production (NEAP)  

  

 Nonvolatile acids do not circulate through the body but are immediately 

neutralized by the HCO3
- in the ECF 

 

H2SO4 + 2NaHCO3 ↔ Na2SO4 + CO2 + 2H2O 

 

HCl + NaHCO3 ↔ NaCl + CO2 + H2O 

 

 This neutralization process generates Na salts from the strong acids and removes 

HCO3
- from the ECF.  

 

HCO3
- minimizes the effect of strong acids on the pH of the ECF. 

Importantly, if HCO3
- is not replenished, the nonvolatile acids (~70 mEq/day) 

would rapidly deplete the ECF of HCO3
- (~5days) 
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Acid-base balance must be maintained, and the kidneys must replenish the lost 

HCO3
-. This is termed renal net acid excretion (RNAE). 

 

In pathological states of altered metabolism, new fixed acids can be found in the 

plasma like beta-hydroxybutyric acid, acetoacetic acid and lactic acid.  

If these fixed acids are not removed from the body, a state of metabolic acidosis can 

result. 

Under steady state conditions the NEAP must equal RNAE in order to maintain acid –

base balance 

 

NEAP varies for an individual as well as from a day to day basis and is not regulated. 

The kidneys regulate RNAE to match NEAP and replenish HCO3
– (new HCO3

–) lost by 

nonvolatile acid neutralization. 

 

The kidneys must prevent the loss of HCO3
– in the urine. This is an important property 

since the filtered load of HCO3
– is approx. 4320mEq/day (24mEq/L x 180L/day) 

compared to only 50 – 100 mEq/day to balance NEAP. 

 

Both reabsorption of HCO3
- and excretion of acid are accomplished via H+ secretion by 

the nephrons. In a single day the nephrons must secrete ~4390 mEq of H+ into the tubular 

fluid. 

 -Most of the secreted H+ serves to reabsorb the filtered load of HCO3
-.  

Only 50 -100 mEq (amount equivalent to NEAP) is excreted in the urine and as a 

result, the urine is usually acidic.  

 

 -The kidneys cannot excrete urine more acidic than pH=4.0-4.5.  

 

 -At pH 4.0 only 0.1 mEq/L of H+ can be excreted and in order to excrete great 

amounts, the kidneys excrete H+ with urinary buffers such as phosphate and 

creatinine. Urinary buffers are collectively called titratable acid. 

 

 -H+ excretion as a titratable acid is insufficient to balance NEAP and an 

additional mechanism is used in which acid base balance is achieved through the 

synthesis of ammonium (NH4
+). (Discussed later) Each NH4

+ excreted results in 

the return of one HCO3
- 

 

The kidneys contribute to acid-base homeostasis by resorbing the filtered load of 

HCO3
- and excreting acid equivalent to NEAP 

 

RNAE = (UNH4+ x V) = (UTA x V) – (UHCO3- x V) 

Quantitatively, TA accounts for ~1/3 and NH4
+ ~2/3 of RNAE 

 

OBJECTIVE 2: Renal Reabsorption of Bicarbonate Ions 

The vast majority of filtered HCO3
- is resorbed within the proximal tubule. Normally the 

entire filtered load of HCO3
- is reabsorbed and little if any HCO3

- is found in the urine. 

 

Normal bicarbonate ion concentrations in the arterial plasma are near 24 mEq/L.  At the 

renal level, one fifth of the plasma is filtered at the glomerulus into Bowman’s capsule 
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continuous with the proximal tubule (filtered fraction), losing this buffer base to the 

urinary space. 

 

The proximal tubule resorbs the greatest portion (about 80%) of filtered HCO3
-. (Fig. 2) 

  

H+ secretion across the apical membrane of the cell occurs via the Na+/H+ antiporter and 

an H+-ATPase (V-ATPase). (Fig. 3) 

 

The Na+/H+ antiporter (NHE3) is the primary pathway (accounting for 2/3’s of 

HCO3
- resorption. This antiporter uses the lumen-to-cell Na+ concentration gradient to 

drive the process. 
 

 

 

 

Fig 2. Segmental 

reabsorption of HCO3−. 
The fraction of the filtered 

load of HCO3
− reabsorbed 

by the various segments of 

the nephron is shown. 

Normally the entire 

filtered load of HCO3
− is 

reabsorbed and little or no 

HCO3
− appears in the 

urine. CCD, cortical 

collecting duct; DT, distal 

tubule; IMCD, inner 

medullary collecting duct; 

PT, proximal tubule; TAL, 

thick ascending limb. 

 

 

The proximal tubule is 

rich in the enzyme 

carbonic anhydrase (CA-H) which facilitates the carbon dioxide hydration reaction 

(in both directions).   
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As protons are secreted into the tubular space, they react with the filtered 

bicarbonate ions forming carbon 

dioxide and water within the 

lumen.  The carbon dioxide then 

diffuses into the proximal tubule 

cell where it is rehydrated to a 

proton and new bicarbonate ion.  

The proton is re-secreted into the 

lumen to get another filtered 

bicarbonate ion.  

 

 

 
Fig. 3.  Cellular mechanism for 

reabsorption of filtered HCO3
− by 

cells of the proximal tubule. Only the 

primary H+ and HCO3
− transporters are 

shown. ATP, adenosine triphosphate; 

CA, carbonic anhydrase. 

 

 

 

 

 

The newly formed bicarbonate exits the cell across the basolateral membrane and returns 

to the peritubular blood.  

The majority of HCO3
- movement out of the cell is facilitated by a symporter that couples 

Na+ efflux with HCO3
- (NBC1, sodium bicarbonate symporter). 

 

Bicarbonate ion reabsorption is 80% complete in the proximal tubule. 

 

The mechanisms for HCO3
- reabsorption by the thick ascending limb (TAL) and the loop 

of Henle is similar to that of the proximal tubule. H+ secretion is via a Na+/H+ antiporter 

(NHE3) and H+/ATPase. HCO3
- secretion utilizes the NBC1 symporter as well as a Cl-

/HCO3
- antiporter (AE-2, anion exchanger) 

 

The distal tubule and collecting duct reabsorb the low concentration of remaining HCO3
- 

via intercalated cells. (Fig 4) By the end of the collecting duct, bicarbonate ion 

reabsorption is 100% complete.  Thus, in healthy individuals, there are no 

bicarbonate ions in the urine, but rather all filtered bicarbonate is recovered and 

used to buffer the plasma space. 
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Fig 4. Cellular mechanisms for reabsorption 

and secretion of HCO3− by intercalated cells 

of the distal tubule and collecting duct. Only the 

primary H+ and HCO3− transporters are shown. 

ATP, adenosine triphosphate; CA, carbonic 

anhydrase. 

 

 

 

OBJECTIVE 3: Describe the mechanisms for H+ transport in, and recognize how 

these mechanisms are regulated. 

 

There is no net secretion of protons in the proximal tubule, for the same protons are used 

and reused to reabsorb the filtered bicarbonate ions.  Net secretion of protons occurs in 

the distal tubule and collecting duct after most of the bicarbonate ions have been 

reabsorbed.   

 

In the distal tubule, one type of intercalated cell type secretes H+ and these are called the 

“A-” or α-intercalated cells. H+ and HCO3
- are formed by the hydration of CO2 via 

carbonic anhydrase (CA-II). 

 

H+ is secreted into the tubular fluid by two processes.  

1) Using the apical membrane delineated V-type H+-ATPase 

2) A reaction where the secretion of H+ is coupled with reabsorption of K+ through 

the H+K+-ATPase (HKA). HCO3- exits the cell via the Cl-/HCO3
- antiporter (AE-

1). 
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These proton pumps are so strong and the renal tight junctions are so proton 

impermeable that the proton concentration gradient generated can be 1000-

fold that of plasma.  Thus the urinary pH can range from 7.4 to 4.4 in humans 

(Fig. 5). 

   

 
Fig. 5.  General 

scheme for excretion 

of H+ with non-

HCO3
− urinary 

buffers (titratable 

acid). The primary 

urinary buffer is 

phosphate (HPO4
2−). 

A H+-secreting 

intercalated cell is 

shown. For simplicity, 

only the H+-ATPase is 

depicted. H+ secretion 

by the H+,K+-ATPase 

also titrates luminal 

buffers. ATP, 

adenosine 

triphosphate; CA, 

carbonic anhydrase. 

  

 

 

 

 

 

 

 

Three Forms of Protons in the Urine 
There is no net secretion of protons in the proximal tubule because the same protons 

are used and reused to reabsorb the filtered bicarbonate ions.  Instead, net proton 

secretion occurs in the distal tubule and collecting duct after most of the bicarbonate ions 

have been reclaimed. 

 

Buffers in tubular fluid allow extra protons to be excreted in the urine.  As protons are 

actively secreted into the lumen, they react with urinary buffers.  

 

The three forms of protons in the urine are: 

1) Free protons which govern the urinary pH 

2) Titratable acids like dihydrogen phosphate or creatinine 

3) Diffusion trapped ions like NH4
+. 

 

Free protons in the urine derive from strong acids such as sulfuric acid (pK = 1.9).  The 

proton concentration can be easily computed from the urinary pH.  Vegetarians notably 

have urinary pH values that are alkaline. This is due to the fact the plant proteins lack 

sulfur making it near impossible for these subjects to manufacture sulfuric acid. 
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 [H+] = 10(–pH)   

 

 For pH 7.40  [H+] = 40 × 10–9 mol/L (neutral) 

 For pH 6.40  [H+] = 40 × 10–8 mol/L 

 For pH 5.40  [H+] = 40 × 10–7 mol/L 

 For pH 4.40  [H+] = 40 × 10–6 mol/L (strongly acidic) 

 

All acids (weak with high pKs or strong with low pKs) are titratable acids.  But since 

urinary pH is bounded over the range 7.4 to 4.4, only those weak acids with pKs within 

this range are classified as titratable acids (Fig. 6). 

 

  
 
Fig. 6.  Comparison of effectiveness of phosphate (A) and creatinine (B) as urinary buffers.  The pK 

of the phosphate buffer is 6.8; the pK of the creatinine buffer is 5.0.  The shaded areas show the total 

amount of H+ that is secreted into tubular fluid between the glomerular filtrate (pH 7.4) and the final urine 

(pH 4.4). 

Physiology Fifth Edition. Costanzo, © 2014, Elsevier, p. 313, Fig. 7-7.  
 

Note that phosphate is a major urinary buffer (see the notes from Lecture 1 acid base). 

Unlike the plasma, the local phosphate concentration is higher in the kidney medulla 

due to the counter current.  
 

OBJECTIVE 4: Describe the generation of new HCO3- and synthesis and excretion 

of NH4
+  

When H+ is secreted it combines with non HCO3
- buffers (primarily Pi) and is excreted as 

titratable acid. Since the H+ was produced intracellularly from the hydration of CO2, a 

HCO3
- was produced. The HCO3

- is returned to the ECF as new HCO3
-.  

 

NH4
+ (ammonium) is made by the kidneys and its synthesis followed by excretion adds 

HCO3
- to the ECF. 

 

NH4
+ is produced via metabolism of glutamine.  If it is not excreted into the urine and 

enters the circulation it will be converted to urea in the liver.  

Note: Conversion of NH4
+ to urea in the liver generates H+, which is buffered by HCO3

-.  

Thus urea from renal generated NH4
+ consumes HCO3

- and negates the formation of HCO3
- 

via excretion of NH4
+. 
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NH4
+ excretion by the kidneys is rather complex. (See Fig 7) 

 

In pathological situations, if too much acid is being retained (lost), the acidosis (alkalosis) 

can be compensated by retaining (excreting) excess base.  Conversely, if too much 

base is being retained (lost), the alkalosis (acidosis) can be compensated by retaining 

(excreting) excess acid. 

Fig. 7. Production, transport, and excretion of NH4
+ by the nephron. Glutamine is metabolized to NH4

+ 

and HCO3
− in the proximal tubule. The NH4

+ is secreted into the lumen, and the HCO3
− enters the blood. 

The secreted NH4
+ is reabsorbed in Henle’s loop, primarily by the thick ascending limb, and accumulates in 

the medullary interstitium. NH3 is secreted by the collecting duct via rhesus glycoproteins, and H+ secretion 

traps NH4
+ in the lumen. For each molecule of NH4

+ excreted in the urine, a molecule of “new” HCO3
− is 

added back to the ECF. CA, carbonic anhydrase. 

 

Glutamine generates two NH4
+ through a process known as ammoniagenesis. 

 

NH4
+ exits the cell across the apical membrane and enters the tubular fluid.  

This mechanism uses the Na+/H+ antiporter with NH4
+ substituted for H+. Some NH3 can 

directly diffuse into the tubular fluid and it will be protonated to NH4
+ 

 

A significant amount of NH4
+ secreted by the proximal tubule is reabsorbed in the loop of 

Henle, in particular the TAL. This occurs when NH4
+ substitutes itself for K+ on the 

Na+/K+/Cl symporter. 

 

The NH4
+ that is reabsorbed by the TAL accumulates in the medullary interstitium and 

secreted into the collecting duct. 

 

Collecting duct cells express two membrane transporters know as Rhesus (Rh) 

glycoproteins. (RhBG and RhCG). 
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RhBG is in the basolateral membrane and RhCG is present in the apical and basolateral 

membrane in intercalated cells. 

 

NH3 is transported across the collecting duct (nonionic diffusion) and then protonated to 

NH4
+. 

 

Because the apical membrane has a low permeability to NH4
+, it trapped in the tubular 

lumen (diffusional trapping). 

 

One new HCO3
- is returned to the circulation for each NH4

+ excreted in the urine. 

 

The primary factor which regulates H+ secretion by the nephron is a change in the 

systemic acid-base balance. Acidosis stimulates RNAE, whereas RNAE is 

reduced during alkalosis. 

 

The kidneys response to acid-base dynamics involves immediate changes in 

transporter activity or numbers in the membrane and long-term alterations in 

expression levels.  

 

Consider a situation of metabolic acidosis: 

-H+ secretion is stimulated by multiple mechanisms depending upon the particular 

nephron segment.  

 

-The decrease in pH will create a more favorable cell to tubular fluid proton 

gradient, making secretion of H+ through the apical membrane more energetically 

favorable. 

 

-The decrease pH may result in allosteric changes in transport proteins and altered 

kinetics 

 

-Transporter density may increase via shuttling of intracellular vesicles to the 

membrane 

 

-Under long term acidosis the levels of transporters increases via enhanced 

transcriptional and/or translational activity. 

 

Objective 5: Describe the regulation of acid and base 

 

Many of the changes in cellular H+ transport are regulated by hormone and other factors. 

These include:  

 

Endothelin (ET1) produced in the proximal tubule cells. 

ET1 stimulates the insertion of the Na+/H+ antiporter and the Na+/HCO3- 

symporter into the apical and basolateral membranes respectively. 

 

Cortisol from the adrenal cortex 

Cortisol stimulates an increase in abundance of the antiporter and symporter 

in the proximal tubule. 
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Angiotensin II, produced in the proximal tubule in response to acidosis. 

 Ang II stimulates H+ secretion and bicarbonate reabsorption by the proximal 

tubules. Both cortisol and Ang II also stimulate the production and secretion 

of NH4
+ by the proximal tubule.  

 

Parathyroid hormone (PTH)  

PTH inhibits phosphate reabsorption by the proximal tubule and thus the Pi can 

serve as a urinary buffer increasing the capacity to excrete acid (titratable) 

 

See also Table below 

 

  
 

Factors Regulating H+ Secretion (NHCO3- Reabsorption) by the Nephron from Renal Physiology, 4th 

Edition Koeppen & Stanton, © 2007 Elsevier, p. 135,Table 8.1 

 


