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Chapter 6
Pathophysiologic Approach to Metabolic 
Acidosis

Nitin Relia and Daniel Batlle

 Introduction

Metabolic acidosis is a process whereby (1) an excess nonvolatile acid load is placed 
on the body due to excess acid generation or diminished acid removal by normal 
homeostatic mechanisms; or (2) bicarbonate is lost from the body [1–4]. While 
metabolic acidosis is usually suspected when plasma bicarbonate is reduced, the 
clinician must be aware that metabolic acidosis might be present in a patient with 
normal or even increased plasma bicarbonate if the metabolic acidosis is part of a 
mixed acid–base disorder. In addition, subclinical metabolic acidosis can occur 
when plasma bicarbonate is normal or minimally reduced. This type of metabolic 
acidosis is known as eubicarbonatemic metabolic acidosis [1]. It can be viewed as a 
subclinical form of acidosis that nonetheless has potential morbidity in terms of 
disturbed bone and/or protein metabolism and possibly enhances progression of 
chronic kidney disease (CKD).

 Plasma Chloride and the Plasma Anion Gap

The presence or absence of hyperchloremia is useful in the evaluation of metabolic 
acidosis. When plasma chloride is increased and plasma sodium normal, either a 
chronic respiratory alkalosis or a hyperchloremic metabolic acidosis is present [2]. 
An arterial blood gas is usually needed to distinguish with certainty between a meta-
bolic acidosis and a chronic respiratory alkalosis. The clinical setting coupled with 

N. Relia, M.D. (*) • D. Batlle, M.D.
Division of Nephrology and Hypertension, Northwestern University Feinberg School of 
Medicine, 320 E. Superior, Chicago, IL 60611, USA
e-mail: docnrelia@gmail.com; d-batlle@northwestern.edu

© Springer Science+Business Media New York 2016
D.E. Wesson (ed.), Metabolic Acidosis, DOI 10.1007/978-1-4939-3463-8_6

mailto:docnrelia@gmail.com
mailto:d-batlle@northwestern.edu


54

the use of urinary anion gap (UAG) is often sufficient for the proper diagnosis while 
avoiding the invasive blood gas measurement [3]. Calculation of the plasma anion 
gap and evaluation of urinary acid excretion complete the evaluation of metabolic 
acidosis. The specific types of high and normal anion gap acidosis are discussed in 
detail elsewhere in this book.

The type of metabolic acidosis present can be initially approached by assessing 
whether plasma anion gap (AG) is normal or elevated and helps differentiate hyper-
chloremic metabolic acidosis (normal AG) from high AG metabolic acidosis. 
Although these categories can overlap the classification is nevertheless very useful 
to clinicians [3–5]. In a pure hyperchloremic metabolic acidosis, there is an increase 
in plasma chloride equivalent to the fall in plasma bicarbonate, so that the sum of 
these two anions remains unchanged [1–3, 5]. An increase in plasma chloride pro-
portional to an increase in plasma sodium usually reflects dehydration. In this case 
plasma anion gap does not change appreciably [2, 3].

A clinical setting in which the AG may be misleadingly low is hypoalbuminemic 
states [6–8]. Albumin is negatively charged and makes up a significant portion of 
unmeasured anions [7]. Therefore, hypoalbuminemia will lead to an underestima-
tion of the size of the AG and potentially to a failure to recognize a clinically impor-
tant high AG metabolic acidosis. To circumvent this issue, the effect of serum 
albumin on the plasma AG must be taken into account in the analysis of acid–base 
disturbances. Figge et al. derived a formula for the plasma AG that takes into 
account serum albumin, which is based on a mathematical model that has been veri-
fied by experiments in vitro [6]. This formula is as follows:

 Albumin-corrected AG AG albumin in g dl= + ´ -2 5 4 4. ( . / )  

For each 1-g/dl decrease in serum albumin below 4.4 g/dl, the observed AG under-
estimates the actual concentration of unmeasured anions by about 2.5 mEq/l. This 
estimation has been shown to correlate more or less with other formulas that take 
into account the effect of plasma albumin on the anion gap [3, 7]. An alternative 
would be to simply accept that hypoalbuminemia leads to a low anion gap and to use 
this “baseline” anion gap as the basis for comparison with the observed anion gap in 
an acid–base disorder. For example, if a patient with nephrotic syndrome chronically 
has an albumin of 2.5 g/dl and the anion gap is typically low around 7 mEq/l, then a 
current anion gap of 12, though seemingly normal, would constitute an elevated 
anion gap of 5 units for this patient and should trigger a search for the cause [3].

A low plasma AG is seen in certain IgG myelomas in which the cationic nature 
of the paraprotein causes a rise in chloride anions in order to balance the protein’s 
cationic charge [8]. In contrast, the plasma anion gap is normal or even increased in 
multiple myeloma associated with IgA and IgG paraproteins [8]. IgG paraproteins 
have isoelectric points that are higher than physiologic pH and are positively 
charged. The converse takes place with IgA paraproteins, which have isoelectric 
points below physiologic pH. They behave like anions and when present in large 
concentrations, the anion gap should increase. In IgA myeloma, however, the AG is 
usually normal as a result of co-existing hypoalbuminemia, which may reduce an 
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otherwise elevated AG to a normal level. Thus, the interpretation of the plasma AG 
requires a careful review of all the possible variables that may affect it [3].

An additional limitation with the use of plasma AG occurs in the detection of 
mixed metabolic acid–base disturbances [9]. The relationship between the increase 
in the anion gap above normal (ΔAG) and the decrease in serum bicarbonate con-
centration below normal (ΔHCO3

−) helps uncover the presence of a mixed acid–
base disorders (typically a high AG metabolic acidosis accompanied by either a 
metabolic alkalosis or a normal AG metabolic acidosis).

Deviations from the presumed 1:1 ratio in this relationship (ΔAG/ΔHCO3
−) that 

is present in a high AG metabolic acidosis have been used to diagnose these com-
plex acid–base disturbances [6, 9]. When the ΔHCO3

− (using a mean normal value 
for bicarbonate of 24 mEq/l) exceeds the ΔAG, a normal AG metabolic acidosis 
co-exists. Conversely, when the ΔAG exceeds the ΔHCO3

−, a metabolic alkalosis is 
present in addition to the high AG metabolic acidosis. Several studies, however, 
have indicated that there is variability in this ratio, such that a deviation from a 1:1 
ratio may not necessarily indicate the presence of a co-existing normal AG acidosis 
or metabolic alkalosis. This is due to the fact that this 1:1 ratio may be transient and/
or dependent on the type of metabolic acidosis present [6, 8, 10–12]. Studies involv-
ing ketoacidosis or lactic acidosis, as well as rarer causes of organic acid accumula-
tion such as toluene poisoning, showed that ratios either greater than 1 or less than 
0.8 (the latter being less common) were observed in the absence of an apparent co- 
existing metabolic alkalosis or normal AG acidosis [8, 10, 13–18]. This underscores 
the importance of considering patient history, physical examination, or other labora-
tory data in accurately defining an acid–base disorder. Nonetheless, the plasma AG, 
with all the previously mentioned caveats, provides a convenient “starting point” in 
the evaluation of metabolic acidosis and helps to monitor over time the presumed 
changes in unmeasured anions responsible for the anion gap such as lactate during 
therapy for metabolic acidosis in the acute setting.

 Acid Excretion by the Kidney in Metabolic Acidosis

Two major components of acid excretion are stimulated as part of the homeostatic 
response to chronic metabolic acidosis: excretion of acids collectively referred to as 
“titratable acids” and excretion of ammonium. Excretion of both leads to the forma-
tion of “new” bicarbonate [3]. In addition, bicarbonate is also formed from the metab-
olism of retained organic anions such as citrate which represents potential alkali [19].

 Titratable Acids

Metabolic acidosis typically increases acid excretion which prevents further and 
sustained acidosis and contributes to recovery from this acid–base disorder. 
Titratable acids are urine solutes that buffer secreted protons (H+), enabling H+ 
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excretion without substantial decreases in urine pH (or equivalently, increases in 
urine free H+ concentration) [20]. Multiple solutes such as phosphoric acid, sulfuric 
acid, and creatinine contribute to what is collectively referred to as titratable acid 
excretion. Phosphate is the predominant component, typically accounting for more 
than 50 % of total titratable acid [20, 21]. At a typical serum pH of 7.4, approxi-
mately 80 % of filtered phosphate is HPO4

2− and 20 % is H2PO4
−.

Titratable acid excretion in the form of phosphate reflects the amount of filtered 
HPO4

2− that buffers H+ secreted in the proximal tubule, loop of Henle, distal tubule, 
and collecting duct. The proximal tubule is the primary site of phosphate reabsorp-
tion and is the nephron location where metabolic acidosis and other acid–base dis-
orders regulate phosphate transport [19]. Acute and chronic metabolic acidosis 
decrease proximal tubule phosphate reabsorption through a variety of mechanisms 
including decreased apical plasma membrane Na+-dependent phosphate transport 
[22, 23]. Metabolic acidosis decreases luminal pH as a result of decreased filtered 
bicarbonate load and increased H+ secretion. Luminal acidification then indepen-
dently inhibits proximal tubule phosphate uptake causing phosphaturia [24, 25]. 
Metabolic acidosis also increases PTH release and PTH inhibits proximal tubule 
phosphate reabsorption, increasing luminal phosphate availability as a titratable 
acid and thereby promoting urine net acid excretion in response to metabolic acido-
sis. The effect of metabolic acidosis on FGF 23, another potent phosphaturic hor-
mone, is unclear. A reduction in plasma FGF 23 levels has been reported during 
chronic metabolic acidosis [26]. This somewhat unexpected finding would lead to 
decrease in phosphate in urine and less titratable acid excretion. Further research in 
this area will help clarify the role of FGF 23 with respect to titratable acid 
excretion.

Acidosis-induced changes in phosphate excretion depend on systemic phos-
phate availability. When dietary phosphate is restricted, basal phosphate excretion 
is greatly reduced and the typical increase in urinary phosphate excretion in 
response to metabolic acidosis is greatly blunted [27]. Changes in extra kidney 
phosphate metabolism could contribute to increased phosphate availability for 
excretion as titratable acid. Metabolic acidosis increases small intestine Na+-
dependent phosphate uptake and this is associated with increased expression of 
both protein and mRNA for the primary small intestinal apical plasma membrane 
phosphate transporter NaPi-IIb [28]. There is also increased phosphate release 
from bone in response to both acute and chronic metabolic acidosis [29]. The net 
effect of these extra kidney effects is to enable changes in urinary phosphate excre-
tion for buffering protons without causing a change in systemic phosphate concen-
tration in response to changes in systemic acid–base status. Nevertheless, the ability 
to enhance net acid excretion by increasing phosphate and thus titratable acidity is 
limited. Importantly, increased NH4

+ excretion provides the major adaptive increase 
in net acid excretion in response to a chronic acid challenge to systemic acid–base 
status.
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 Ammonium (NH4
+)

Ammonia is produced by almost all kidney epithelial cells but the proximal tubule 
is quantitatively the primary site for ammoniagenesis. Glutamine is the primary 
metabolic substrate for ammoniagenesis. An essential initial adaptive response to 
metabolic acidosis is increased extraction and catabolism of plasma glutamine that 
occurs predominately in the proximal convoluted tubule [19]. The resulting increase 
in kidney ammoniagenesis and NH4

+ transport into the urine accomplish the final 
excretion of acid by trapping secreted hydrogen ions with NH3 and forming NH4

+. 
Acute onset of metabolic acidosis produces a rapid and pronounced increase in 
renal catabolism of glutamine [30]. Within 1–3 h, arterial plasma glutamine concen-
tration increases twofold [31] due to increased release of glutamine from muscle 
and liver [32]. Uptake of glutamine through the basolateral membrane of proximal 
tubule cell occurs by reversal of the neutral amino acid exchanger LAT 2 and 
through increased expression of a basolateral glutamine transporter SNAT3. In 
addition, the transport of glutamine into the mitochondria may be acutely activated 
[33]. Acidosis enhances gene expression of enzymes involved in glutamine metabo-
lism and gluconeogenesis that leads to production of ammonium and bicarbonate, 
respectively. Additional responses include acute activation of NHE3 [34]. This pro-
cess facilitates rapid removal of cellular NH4

+ and ensures that the bulk of NH4
+ 

generated from the amide and amine nitrogens of glutamine is excreted in the urine 
[35]. Finally, cellular concentrations of glutamate and α-ketoglutarate are signifi-
cantly decreased within the rat renal cortex [36]. The latter compounds are products 
and inhibitors of the glutaminase and glutamate dehydrogenase reactions, respec-
tively. The acute increase in renal ammoniagenesis results from a rapid activation of 
key transport processes, an increased availability of glutamine, and a decrease in 
product inhibition of the enzymes of ammoniagenesis. Several transport proteins 
mediate medullary NH4

+ reabsorption by the thick ascending loop of Henle [37]. 
The mechanisms that maintain high interstitial NH4

+ concentrations in the medulla 
and papilla, thereby limiting NH4

+ backflux into the systemic circulation, remain 
elusive. A role of sulfatides in kidney NH4

+ handling, urinary acidification, and 
acid–base homeostasis has been recently proposed [38]. In mammals, sulfatides 
accumulate in the kidney with particularly high concentrations in distal nephron 
segments and the renal medulla [39]. The major renal sulfatide in humans and 
rodents is the galactosylceramide(GalCer)-derived SM4s. Sulfatides, most probably 
by their anionic extracellular charge, are required to maintain high interstitial NH4

+ 
concentration in the papilla. This high interstitial NH4

+ concentration is needed for 
urine NH4

+ excretion under basal conditions and during metabolic acidosis [38].
The net effect is that NH4

+ excretion can increase from its basal level of 30–40 
mEq/day to more than 200–300 mEq/day with severe and persistent metabolic aci-
dosis [40–42]. This marked ability to increase in NH4

+ excretion contrasts with the 
more limited ability to increase titratable acid by increasing phosphate excretion 
due to lack of an increase in plasma phosphate levels with attendant increased 
phosphaturia.
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 Citrate

Citrate is an organic anion and serves a dual purpose in the urine. For humans 
ingesting Western diets that are typically acid-producing, urine in their basal state 
has a negligible amount of HCO3

− whereas citrate is the main urine base under these 
basal conditions (~500 mg/day) [19]. In addition to base excretion, the 1:1 
Ca2+:Citrate3− complex has a very high association constant and solubility. These 
properties make citrate the most effective Ca2+ chelator in the urine under basal 
conditions, thereby preventing Ca2+ precipitation with phosphate and oxalate [43, 
44]. Consequently, low urine citrate excretion (hypocitraturia) is a major underlying 
cause of human kidney stones [43].

Urine citrate is in millimolar quantities under basal conditions and regulation of 
its kidney handling is entirely by the proximal tubule (Fig. 6.1). Reabsorption of 
filtered citrate occurs in the proximal tubule apical membrane by NaDC1 
(SLC13A2), an Na1-dependent dicarboxylic acid co-transporter [45]. Although 
citrate is in equilibrium between its divalent and trivalent forms in the proximal 
tubule lumen, its divalent form (citrate2−) is the transported species. Once it is 
absorbed from the proximal tubule lumen, citrate can be metabolized by cytoplas-
mic ATP citrate lyase to oxaloacetate and acetyl-CoA or shuttled into the mitochon-
dria to enter the citric acid cycle [46]. When citrate2−/3− is converted to CO2 and H2O, 
2 or 3 H+ are consumed. Therefore, each milliequivalent of citrate excreted in the 
urine is tantamount to 2 or 3 OH− loss [44].

Fig. 6.1 Scheme for the metabolism of citrate in a proximal tubule cell. The carrier NADC-1 of 
apical membrane reabsorbs the bivalent citrate. In conditions of acidosis the presence of H+ in the 
proximal tubule fluid stimulates the formation of citrate bivalent from trivalent. The divalent citrate 
is reabsorbed and metabolized by citrate lyase or through the tricarboxylic acid cycle in the mito-
chondria of proximal tubular cells. NADC-1 (SLC13A2) = Na-dependent low affinity carrier of 
dicarboxylic acids. NADC-3 (SLC13A3) = Na-dependent high affinity carrier of dicarboxylic 
acids. Modified from Dogliotti et al. Journal of Translational Medicine 2013 11:109. 
doi:10.1186/1479-5876-11-109
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With metabolic acidosis there is an adaptative increase in citrate uptake and 
metabolism within the proximal tubule, reducing urine base excretion. In this way 
citrate retention provides a compensatory mechanism for metabolic acidosis. This 
adaptative increase in citrate reabsorption occurs by multiple mechanisms [19]. 
Acidification of lumen pH titrates citrate3− to citrate2−, the latter being the preferred 
substrate for transport across the proximal tubule as discussed. In addition, low pH 
directly activates NaDC1 to increase transport independent of divalent citrate [47, 
48]. In addition to enhanced citrate transport, increased cellular metabolism also 
drives citrate reabsorption. After cellular uptake, citrate is metabolized through one 
of two pathways: a cytoplasmic pathway involving citrate lyase or a mitochondrial 
pathway involving the citric acid cycle [46] (Fig. 6.1).

During metabolic acidosis, the cytoplasmic citrate lyase and mitochondrial acon-
itase activities also increase [49]. Because both pathways generate HCO3

−, increased 
citrate reabsorption is equivalent to a decreased base excretion that leads to decreased 
urine citrate concentration and pH, the latter being a tubular milieu favoring kidney 
stone formation [19, 50]. Consequently, this adaptive response to mitigate meta-
bolic acidosis comes at the cost of increased risk for kidney stones and helps explain 
the increased stone risk in states characterized by chronic metabolic acidosis such 
as renal tubular acidosis [51, 52].

 Net Acid Excretion

The traditional formula for net acid excretion is as follows:

 
Netacidexcretion

NH Titratableacid HCO
= + -+ -U U U

4 3  

To more comprehensively describe the kidney role in acid–base balance using the 
urine net acid excretion formula, it is necessary to include the portion of daily 
dietary alkali load that is excreted in the form of organic anions which can be 
metabolized to HCO3

−. Thus, urine excretion of organic anions represents loss of 
potential HCO3

− [53]. A formula for net acid excretion that would take this into 
account is as follows:

 
Revisednetacidexcretion

NH Titratedacid HCO Pot
= + - ++ -( ) (U U U U

4 3 eentialHCO3
- )

 

In normal subjects urine pH is approximately 6.0 for the majority of measurements 
performed during a 24-h period [54]. This suggests that the urine contains little 
HCO3

− and therefore U
HCO3

-  can be considered negligible at this urine pH. Rather 
than increasing HCO3

− excretion, dietary alkali is converted initially to HCO3
− in the 

liver and is then titrated through the production of organic acids such as citrate. 
Under normal conditions, approximately 40 % of NAE is in the form of TA and 60 
% is in the form of ammonia; urine HCO3

− is essentially zero and urinary organic 
anions such as citrate represent the main mode of base excretion. During metabolic 
acidosis and with chronic acid loads there is also a decrease in the base excretion 
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such as citrate and other organic anions [55, 56]. It should therefore be noted that a 
low level of citrate excretion may be a clue to the presence of subclinical or eubicar-
bonatemic metabolic acidosis. Since urine HCO3

− is typically low under most basal 
conditions, low urine citrate might better reflect adaptation to subtle metabolic aci-
dosis than urine HCO3

−. Ideally, all components of net acid excretion should be part 
of the evaluation of metabolic acidosis.

 Implications for Alkali Therapy

Traditionally, alkali therapy has been reserved for patients with acute or chronic 
metabolic acidosis. The primary purpose in treating chronic metabolic acidosis 
associated with CKD has been to prevent morbidities related to bone disease, 
improve the nutritional status, and prevent muscle protein breakdown [1–4, 57]. 
These goals are themselves very good reasons to use alkali therapy in the CKD 
population with chronic metabolic acidosis. Data from animal and observational 
studies in patients with non-dialysis dependent CKD also suggest that lower serum 
HCO3

− concentrations are associated with a higher risk of progressive kidney func-
tion loss [58–60]. Additionally, data from non-dialysis CKD patients has shown 
association of higher HCO3

− levels (>22–24 mmol/l) with lower mortality and 
improved kidney and overall survival outcomes [60–62]. The reason for the associa-
tion between metabolic acidosis and more rapid progression of CKD is not clear but 
it seems logical to postulate that the need to excrete the daily dietary acid load in 
CKD promotes an adaptive increase in NH4

+ excreted per nephron. This may be 
associated with activation of the complement system, the renin–angiotensin system, 
and with increased renal production of endothelin-1, all of which may produce 
tubulointerstitial inflammation and chronic kidney damage [63, 64]. Small random-
ized trials have hence been conducted and have shown benefits of alkali therapy on 
slowing CKD progression [61–64]. Dietary acid reduction and alkali-based diets of 
fruits and vegetables also hold promise as a kidney-protective strategy in CKD man-
agement [64].

These recent findings will hopefully foster more research on the potential of 
alkali-based therapies, the optimal dose, and the time of initiation in the manage-
ment of the various stages of CKD [65]. Clearly, proper attention to metabolic aci-
dosis and its recognition even in subclinical stages offer opportunities for therapeutic 
intervention for CKD.

References

 1. Alpern RJ, Sakhaee K. The clinical spectrum of chronic metabolic acidosis: homeostatic 
mechanisms produce significant morbidity. Am J Kidney Dis. 1997;29(2):291–302.

2. Batlle D. Hyperchloremic metabolic acidosis. In: Seldin D, Giebisch G, editors. The regulation
of acid–base balance. New York: Raven; 1989. p. 319–51.

N. Relia and D. Batlle



61

3. Batlle D, Chen S, Haque SK. Physiologic principles in the clinical evaluation of electrolyte,
water, and acid–base disorders. In: Seldin DW, Giebisch G, editors. The kidney: physiology 
and pathophysiology. 5th ed. New York: Raven; 2012.

 4. Kraut JA, Madias NE. Metabolic acidosis: pathophysiology, diagnosis and management. Nat 
Rev Nephrol. 2010;6(5):274–85.

 5. Oh MS, Carroll HJ. The anion gap. N Engl J Med. 1977;297(15):814–7.
 6. Figge J, Rossing TH, Fencl V. The role of serum proteins in acid–base equilibria. J Lab Clin 

Med. 1991;117(6):453–67.
7. Feldman M, Soni N, Dickson B. Influence of hypoalbuminemia or hyperalbuminemia on the

serum anion gap. J Lab Clin Med. 2005;146(6):317–20.
8. De Troyer A, Stolarczyk A, De Beyl DZ, Stryckmans P. Value of anion-gap determination in

multiple myeloma. N Engl J Med. 1977;296(15):858–60.
 9. Narins RG, Emmett M. Simple and mixed acid–base disorders: a practical approach. Medicine 

(Baltimore). 1980;59(3):161–87.
10. Adrogue HJ, Wilson H, Boyd 3rd AE, Suki WN, Eknoyan G. Plasma acid–base patterns in

diabetic ketoacidosis. N Engl J Med. 1982;307(26):1603–10.
11. Orringer CE, Eustace JC, Wunsch CD, Gardner LB. Natural history of lactic acidosis after

grand-mal seizures. A model for the study of an anion-gap acidosis not associated with hyper-
kalemia. N Engl J Med. 1977;297(15):796–9.

 12. Paulson WD. Anion gap-bicarbonate relation in diabetic ketoacidosis. Am J Med. 
1986;81(6):995–1000.

 13. Uribarri J, Oh MS, Carroll HJ. d-Lactic acidosis. A review of clinical presentation, biochemi-
cal features, and pathophysiologic mechanisms. Medicine (Baltimore). 1998;77(2):73–82.

 14. Adrogue HJ, Eknoyan G, Suki WK. Diabetic ketoacidosis: role of the kidney in the acid–base 
homeostasis re-evaluated. Kidney Int. 1984;25(4):591–8.

15. Brivet F, Bernardin M, Cherin P, Chalas J, Galanaud P, Dormont J. Hyperchloremic acidosis
during grand mal seizure lactic acidosis. Intensive Care Med. 1994;20(1):27–31.

 16. Carlisle EJ, Donnelly SM, Vasuvattakul S, Kamel KS, Tobe S, Halperin ML. Glue-sniffing and 
distal renal tubular acidosis: sticking to the facts. J Am Soc Nephrol. 1991;1(8):1019–27.

 17. Oh MS, Carroll HJ, Uribarri J. Mechanism of normochloremic and hyperchloremic acidosis in 
diabetic ketoacidosis. Nephron. 1990;54(1):1–6.

 18. Oster JR, Singer I, Contreras GN, Ahmad HI, Vieira CF. Metabolic acidosis with extreme 
elevation of anion gap: case report and literature review. Am J Med Sci. 1999;317(1):38–49.

 19. Curthoys NP, Moe OW. Proximal tubule function and response to acidosis. Clin J Am Soc 
Nephrol. 2014;9(9):1627–38.

 20. Hamm LL, Simon EE. Roles and mechanisms of urinary buffer excretion. Am J Physiol. 
1987;253(4 Pt 2):F595–605.

 21. Wrong O, Davies HE. The excretion of acid in renal disease. Q J Med. 
1959;28(110):259–313.

22. Ambuhl PM, Zajicek HK, Wang H, Puttaparthi K, Levi M. Regulation of renal phosphate
transport by acute and chronic metabolic acidosis in the rat. Kidney Int. 1998;53(5):1288–98.

23. Guntupalli J, Eby B, Lau K. Mechanism for the phosphaturia of NH4Cl: dependence on acide-
mia but not on diet PO4 or PTH. Am J Physiol. 1982;242(5):F552–60.

 24. Hoffmann N, Thees M, Kinne R. Phosphate transport by isolated renal brush border vesicles. 
Pflugers Arch. 1976;362(2):147–56.

 25. Ullrich KJ, Rumrich G, Kloss S. Phosphate transport in the proximal convolution of the rat 
kidney. III. Effect of extracellular and intracellular pH. Pflugers Arch. 1978;377(1):33–42.

 26. Domrongkitchaiporn S, Disthabanchong S, Cheawchanthanakij R, Niticharoenpong K, 
Stitchantrakul W, Charoenphandhu N, Krishnamra N. Oral phosphate supplementation cor-
rects hypophosphatemia and normalizes plasma FGF23 and 25-hydroxyvitamin D3 levels in 
women with chronic metabolic acidosis. Exp Clin Endocrinol Diabetes. 2010;118(2):105–12.

27. Villa-Bellosta R, Sorribas V. Compensatory regulation of the sodium/phosphate cotransporters
NaPi-IIc (SCL34A3) and Pit-2 (SLC20A2) during Pi deprivation and acidosis. Pflugers Arch. 
2010;459(3):499–508.

6 Pathophysiologic Approach to Metabolic Acidosis



62

28. Stauber A, Radanovic T, Stange G, Murer H, Wagner CA, Biber J. Regulation of intestinal
phosphate transport. II. Metabolic acidosis stimulates Na(+)-dependent phosphate absorption 
and expression of the Na(+)-P(i) cotransporter NaPi-IIb in small intestine. Am J Physiol 
Gastrointest Liver Physiol. 2005;288(3):G501–6.

29. Lemann Jr J, Bushinsky DA, Hamm LL. Bone buffering of acid and base in humans. Am
J Physiol Renal Physiol. 2003;285(5):F811–32.

30. Tamarappoo BK, Joshi S, Welbourne TC. Interorgan glutamine flow regulation in metabolic
acidosis. Miner Electrolyte Metab. 1990;16(5):322–30.

31. Hughey RP, Rankin BB, Curthoys NP. Acute acidosis and renal arteriovenous differences of
glutamine in normal and adrenalectomized rats. Am J Physiol. 1980;238(3):F199–204.

 32. Schrock H, Cha CJ, Goldstein L. Glutamine release from hindlimb and uptake by kidney in the 
acutely acidotic rat. Biochem J. 1980;188(2):557–60.

 33. Sastrasinh M, Sastrasinh S. Effect of acute pH change on mitochondrial glutamine transport. 
Am J Physiol. 1990;259(6 Pt 2):F863–6.

 34. Horie S, Moe O, Tejedor A, Alpern RJ. Preincubation in acid medium increases Na/H anti-
porter activity in cultured renal proximal tubule cells. Proc Natl Acad Sci U S A. 
1990;87(12):4742–5.

35. Tannen RL, Ross BD. Ammoniagenesis by the isolated perfused rat kidney: the critical role of
urinary acidification. Clin Sci (Lond). 1979;56(4):353–64.

36. Lowry M, Ross BD. Activation of oxoglutarate dehydrogenase in the kidney in response to
acute acidosis. Biochem J. 1980;190(3):771–80.

 37. Weiner ID, Verlander JW. Role of NH3 and NH4+ transporters in renal acid–base transport. 
Am J Physiol Renal Physiol. 2011;300(1):F11–23.

38. Stettner P, Bourgeois S, Marsching C, Traykova-Brauch M, Porubsky S, Nordstrom V, Hopf C,
Koesters R, Sandhoff R, Wiegandt H, Wagner CA, Grone HJ, Jennemann R. Sulfatides are 
required for renal adaptation to chronic metabolic acidosis. Proc Natl Acad Sci U S A. 
2013;110(24):9998–10003.

 39. Lullmann-Rauch R, Matzner U, Franken S, Hartmann D, Gieselmann V. Lysosomal sulfogly-
colipid storage in the kidneys of mice deficient for arylsulfatase A (ASA) and of double- 
knockout mice deficient for ASA and galactosylceramide synthase. Histochem Cell Biol.
2001;116(2):161–9.

 40. Owen OE, Licht JH, Sapir DG. Renal function and effects of partial rehydration during dia-
betic ketoacidosis. Diabetes. 1981;30(6):510–8.

41. Clarke E, Evans BM, Macintyre I, Milne MD. Acidosis in experimental electrolyte depletion.
Clin Sci (Lond). 1955;14(3):421–40.

 42. Goorno WE, Rector Jr FC, Seldin DW. Relation of renal gluconeogenesis to ammonia produc-
tion in the dog and rat. Am J Physiol. 1967;213(4):969–74.

 43. Moe OW. Kidney stones: pathophysiology and medical management. Lancet. 
2006;367(9507):333–44.

 44. Moe OW, Preisig PA. Dual role of citrate in mammalian urine. Curr Opin Nephrol Hypertens. 
2006;15(4):419–24.

 45. Pajor AM. Sequence and functional characterization of a renal sodium/dicarboxylate cotrans-
porter. J Biol Chem. 1995;270(11):5779–85.

 46. Simpson DP. Citrate excretion: a window on renal metabolism. Am J Physiol. 
1983;244(3):F223–34.

47. Brennan S, Hering-Smith K, Hamm LL. Effect of pH on citrate reabsorption in the proximal
convoluted tubule. Am J Physiol. 1988;255(2 Pt 2):F301–6.

 48. Wright SH, Kippen I, Wright EM. Effect of pH on the transport of Krebs cycle intermediates 
in renal brush border membranes. Biochim Biophys Acta. 1982;684(2):287–90.

49. Aruga S, Wehrli S, Kaissling B, Moe OW, Preisig PA, Pajor AM, Alpern RJ. Chronic meta-
bolic acidosis increases NaDC-1 mRNA and protein abundance in rat kidney. Kidney Int. 
2000;58(1):206–15.

 50. Preisig PA. The acid-activated signaling pathway: starting with Pyk2 and ending with increased 
NHE3 activity. Kidney Int. 2007;72(11):1324–9.

N. Relia and D. Batlle



63

51. Batlle D, Haque SK. Genetic causes and mechanisms of distal renal tubular acidosis. Nephrol
Dial Transplant. 2012;27(10):3691–704.

52. Moorthi K, Batlle D. Renal tubular acidosis. In: Gennari FJ, Adrogue HJ, Galla JH, Madias
NE, editors. Acid–base disorders and their treatment. Boca Raton: Taylor & Francis Group;
2005. p. 417–67.

 53. Halperin ML, Cheema Dhadli S, Kamel KS. Physiology of acid–base balance: links with kid-
ney stone prevention. Semin Nephrol. 2006;26(6):441–6.

 54. Coe FL, Parks JH. Pathogenesis and treatment of nephrolithiasis. In: Seldin DW, Giebisch G, 
editors. The kidney: physiology and pathophysiology. Philadelphia: Lippincott Williams &
Wilkins; 2000. p. 1841–67.

55. Crawford MA, Milne MD, Scribner BH. The effects of changes in acid–base balance on uri-
nary citrate in the rat. J Physiol. 1959;149:413–23.

56. Melnick JZ, Preisig PA, Haynes S, Pak CY, Sakhaee K, Alpern RJ. Converting enzyme inhibi-
tion causes hypocitraturia independent of acidosis or hypokalemia. Kidney Int. 
1998;54(5):1670–4.

 57. Mitch WE. Influence of metabolic acidosis on nutrition. Am J Kidney Dis. 
1997;29(5):xlvi–xlviii.

58. Raphael KL, Wei G, Baird BC, Greene T, Beddhu S. Higher serum bicarbonate levels within
the normal range are associated with better survival and renal outcomes in African Americans. 
Kidney Int. 2011;79(3):356–62.

 59. Shah SN, Abramowitz M, Hostetter TH, Melamed ML. Serum bicarbonate levels and the 
progression of kidney disease: a cohort study. Am J Kidney Dis. 2009;54(2):270–7.

60. Phisitkul S, Khanna A, Simoni J, Broglio K, Sheather S, Rajab MH, Wesson DE. Amelioration
of metabolic acidosis in patients with low GFR reduced kidney endothelin production and 
kidney injury, and better preserved GFR. Kidney Int. 2010;77(7):617–23.

 61. Wesson DE, Simoni J. Increased tissue acid mediates a progressive decline in the glomerular 
filtration rate of animals with reduced nephron mass. Kidney Int. 2009;75(9):929–35.

62. Sahni V, Rosa RM, Batlle D. Potential benefits of alkali therapy to prevent GFR loss: time for
a palatable ‘solution’ for the management of CKD. Kidney Int. 2010;78(11):1065–7.

63. Mahajan A, Simoni J, Sheather SJ, Broglio KR, Rajab MH, Wesson DE. Daily oral sodium
bicarbonate preserves glomerular filtration rate by slowing its decline in early hypertensive 
nephropathy. Kidney Int. 2010;78(3):303–9.

 64. Goraya N, Wesson DE. Dietary management of chronic kidney disease: protein restriction and 
beyond. Curr Opin Nephrol Hypertens. 2012;21(6):635–40.

65. Kaskel F, Batlle D, Beddhu S, Daugirdas J, Feldman H, Ferris M, Fine L, Freedman BI,
Kimmel PL, Flessner MF, Star RA. Kidney Research National Dialogue (KRND). Improving 
CKD therapies and care: a National Dialogue. Clin J Am Soc Nephrol. 2014;9(4):815–7.

6 Pathophysiologic Approach to Metabolic Acidosis


	Chapter 6: Pathophysiologic Approach to Metabolic Acidosis
	Introduction
	 Plasma Chloride and the Plasma Anion Gap
	 Acid Excretion by the Kidney in Metabolic Acidosis
	 Titratable Acids
	 Ammonium (NH4+)
	 Citrate
	 Net Acid Excretion
	 Implications for Alkali Therapy
	References


