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Preface

As delivery of healthcare transitions from a focus on episodes of care delivery to
restore health (i.e., “sick” care) to maintaining health of populations (i.e., “popula-
tion health”), it will become increasingly important to delegate responsibility for
care of conditions that threaten health to providers who are more proximal to indi-
viduals receiving that care. Many medical conditions for which routine care has
been provided by subspecialists and specialists must have this routine care dele-
gated to primary care providers, with possible guidance from subspecialists and
specialists, in evolving models of population health. The latter strategy better lever-
ages limited provider resources and allows for better opportunities for provider-
patient engagement with the potential for enhanced patient and public outcomes.

Metabolic acidosis is a surprisingly common disorder, in both its acute and
chronic forms, that threatens overall patient and public health and is a candidate
condition for management by primary care providers. Because metabolic acidosis
in its chronic and mild forms is typically well compensated by body systems and
therefore tolerated reasonably well, it was historically thought to have few if any
major untoward effects. By contrast, more recent studies detailed herein show meta-
bolic acidosis to have many consequential untoward effects that can reduce the
quality and even the length of life of its sufferers. Widening the army of providers
to include primary care providers who can identify and manage this common disor-
der holds promise to limit its devastating effects.

The expert contributors to this book iteratively build toward recommended man-
agement of metabolic acidosis by beginning with a basic understanding of the
physiology that under most circumstances precludes development of metabolic aci-
dosis and the reasons for the breakdown or overwhelming of these protective mech-
anisms. They then establish a basic understanding of the pathophysiology of
metabolic acidosis to help identify its presence within the sometimes complicated
context of the multiple disease processes that can cause it. These experts then
develop management strategies based on this physiology and pathophysiology. This
recommended management includes not only that carried out by the healthcare
provider but that that can be done by the individual patient, including dietary
management.
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I am indebted to the expert contributors to this book that is designed to be a guide
for primary care providers in managing patients with metabolic acidosis and for the
education of the wide spectrum of healthcare professional trainees. I am also thank-
ful to the countless patients who volunteered their participation in studies that have
enhanced our understanding of their medical conditions, including metabolic acido-
sis, which has helped in the design of increasingly better management strategies for
this common disorder. Their contribution and the work of countless experts, includ-
ing those contributing this book, have improved the management of metabolic
acidosis and limited its devastating consequences. Our hope is that this book will
help frontline providers leverage this understanding to further limit the untoward
consequences of metabolic acidosis.

Temple, TX, USA Donald E. Wesson, MD, MBA
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Chapter 1
Overview of Acid—Base Physiology

Nimrit Goraya and Donald E. Wesson

Introduction

Optimal cell and tissue function requires that hydrogen ion (H*) concentration of
body fluids be maintained in a relatively narrow range. Pure or “neutral” H,O has
[H*]=100 nM or 100x 10~ M=10"7 M=10"" mol/L. Because pH of an aqueous
solution is its negative log in moles/liter, pure or “neutral” H,O has pH=7.00. Under
normal steady-state conditions, multiple and redundant systems described subse-
quently maintain human extracellular fluid [ECF] in a slightly alkaline (compared
to pure H,O), remarkably narrow range of 35-45 nM (pH 7.46-7.35). Otherwise
healthy humans can tolerate acute [H*] levels between 16 and 160 nM (pH 7.8-6.8)
but body systems work to return [H*] closer to the normal value of 40 nM (pH=7.4)
for optimal cell and tissue function. Because [H*] is determined by the ratio of
PCO,/HCO; [1], [H*] is maintained within this narrow range and/or returned toward
normal by manipulation of the respiratory component (PCO,) in the numerator
(CO, gas yields H* when dissolved in aqueous solution) and the metabolic compo-
nent (HCOs;) in the denominator.

An acidosis is a process in which body fluids experience a net increase in [H*] or
loss of base. Conversely, an alkalosis is a process in which body fluids experience a
net decrease in [H*] or increase in base. Note that these definitions do not indicate
what is the ambient [H*] but only the directional [H*] change that are the dynamic
processes of acidosis and alkalosis. The ambient [H*] of ECF is described by the
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states of acidemia (higher than normal [H*]) and alkalemia (lower than normal
[H*]). Thus, a patient might have a process of acidosis in the setting of the state of
alkalemia if he/she has a mixed acid—base disorder. When the process of acidosis is
caused by an increase in the respiratory (PCO,) component in the numerator of the
PCO,/HCOs; ratio, the process is called respiratory acidosis. When the process of
acidosis is caused by a decrease in the metabolic (HCO;) component of the ratio, the
process is called metabolic acidosis, the topic of this book.

Metabolic acidosis is therefore characterized by a primary (i.e., initial event, not
a secondary or responding event) decrease in serum [HCO;]. Remembering that
[H*] is determined by the PCO,/HCO; ratio, it is evident that the body can amelio-
rate the resulting increase in the ambient [H*] in response to the decrease in [HCO;]
by concomitantly lowering PCO,. This is exactly what happens under circumstances
of normally functioning lungs and is called a physiologic (in this case, respiratory)
response to metabolic acidosis. Note that this respiratory response is not a “compen-
satory respiratory alkalosis” because calling it a respiratory alkalosis indicates a
pathologic increase in ventilation, which the described circumstance is not. What
has been described is a normal response of normally functioning lungs to a meta-
bolic acidosis. The acid—base disturbance described is properly called a metabolic
acidosis with a respiratory response. Consequently, metabolic acidosis as a single
(not part of a mixed) disorder is characterized by a decrease in serum [HCO;] and a
decrease in blood PCO,. Disturbances of acid—base balance are commonly recog-
nized through the described changes in serum and blood acid-base parameters
although clinicians must also employ data obtained from history and physical exam
to make an accurate acid—base diagnosis.

Maintenance of Normal Acid-Base Homeostasis

Maintenance of normal, steady-state systemic acid—base status involves the elegant
integration of physiologic mechanisms such as extra- and intracellular buffering
processes and collaborative actions of a number of organs including the kidney,
liver, lung, gastrointestinal tract, and skeleton. Recognizing these defense mecha-
nisms reminds clinicians that when metabolic acidosis becomes evident, in part
through the described changes in serum/blood acid—base parameters, the net [H*]
increase has exceeded the capacity of (1) body buffers to prevent a decrease in
serum [HCO;]; and/or (2) organ(s) that ordinarily defend against an increase in [H*]
or restore it to normal, at least temporarily. Recognition of underlying metabolic
acidosis or any other acid—base disorder can lead clinicians to the diagnosis of spe-
cific diseases that might not be immediately evident. For example, metabolic acido-
sis in a patient might be due to lactic acidosis that is caused by underlying sepsis.
On the other hand, metabolic acidosis itself, particularly in its chronic form, is asso-
ciated with a number of metabolic derangements that adversely affect overall health.
Consequently, if the cause for the metabolic acidosis cannot be removed, metabolic
acidosis must be treated in an effort to prevent or mitigate its untoward effects.
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In general, the larger the H* challenge to systemic acid—base, including intake of
diet components that increase intrinsic H* production, the greater the decrease in
ambient serum [HCO;] [2]. Nevertheless, large increases in dietary H* intake elicit
quantitatively small decreases in serum pH and serum [HCO;] (and vice versa) and
changes in both in response to increased dietary H* typically fall within the normal
range for each [2]. Consequently, individuals with normal glomerular filtration rate
(GFR) who ingest a diet of very high H* content will typically have serum/blood
acid—base parameters that fall within the normal range, even with an apparent net
increase in ECF [H*] [2]. These data attest to the effectiveness of normal physio-
logic processes to protect against large changes in serum acid—base parameters in
response to major increases (or decreases) in dietary H*. On the other hand, the
same dramatic increase in dietary H* in individuals with reduced GFR might yield
changes in acid—base parameters that are consistent with metabolic acidosis [3],
particularly in elderly individuals whose serum creatinine might be reflective of
much lower GFR than in younger individuals with the same creatinine [4].

Human studies show that kidney H* excretion increases in response to an increase
in dietary H* but that the increment in kidney H* excretion is less than the increment
in dietary H*, consistent with net H* retention [5]. Because even substantial incre-
ments of dietary H* are typically accompanied by only minor decreases in serum
[HCOs] [2] that remain stable despite continuation of the increment in dietary H* [5,
6], it appears that most of this retained H* titrates body buffers. In addition, patients
with reduced GFR are more likely to develop metabolic acidosis in response to an
increment in dietary H* than are those with normal GFR [3]. Consequently, patients
with reduced GFR might be at higher risk for H* retention while eating the high
dietary H* that is typical of diets in industrialized societies [7]. Indeed, patients with
even modestly reduced estimated GFR (eGFR) appear to have H* retention [8]. At
least some of this retained H* is buffered by bone [5] which is a large source of
calcium carbonate and dibasic phosphate buffers. Because bone buffering of
retained H* consumes its finite mineral content, bone may not to be the sole buffer
source for what appears to be ongoing H* retention. Consequently other, as yet
unidentified, buffer sources might also contribute. Future studies will determine if
patients without metabolic acidosis by serum/blood acid—base parameters but who
appear to have H* retention should be candidates for treatment, including with
dietary H* reduction.

The signal(s) that tell kidneys to increase urine H* excretion when GFR is reduced
in the absence of metabolic acidosis are not clear. Animals with partial nephrectomy
sufficient to reduce GFR but not sufficient to be associated with metabolic acidosis
have tissue H* retention despite having plasma acid-base parameters not different
from control (sham) animals [9, 10] similar to patients with reduced GFR but no
metabolic acidosis [8]. Consequently, acid—base parameters in fluid compartments
other than plasma might signal kidney responses to retain H* in the setting of normal
plasma acid-base parameters. Candidate compartments include interstitial fluid as
suggested by animal studies [9-11] measured by specific pH sensors like GPR4
[12]. Other or additional signals might be the degree of titration of body buffers.
Further studies will be required to better answer this important question.
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Systemic and Renal Acid-Base Homeostasis

Body systems can ameliorate the effect of added H* to increase ECF [H*] (or to
decrease pH) and decrease serum [HCO;] by (1) employing the HCO3/H,CO; buffer
system; (2) binding the added H* to non-HCO; buffers in both the extra- and intra-
cellular fluid; and (3) excretion from the body, predominantly by the kidney through
the urine.

HCO,/H,CO; Buffer System Adding H* to body fluids containing HCO;, leads to
the following reaction:

H" +HCO, - H,CO, - H,0+CO,
— (CO, gasisexcreted from the body by the lungs)

Consequently, the added H* is effectively removed from the blood as CO, gas
that would otherwise yield H* (in a reversal of the above equation) if it were to
accumulate. This rapidly responsive system works well to minimize the increase in
[H*] (or decrease in pH) that would otherwise occur in the absence of this elegant
system. The price paid is a reduction in ECF [HCOs;] that must be regenerated
through H* excretion by the kidney (see below).

Non-HCO; Buffers It is “free” in solution or “unbound” H* that determines the
acid—base effect on cell and tissue function. Binding H* to buffers takes it out of
solution and greatly diminishes its untoward effect on cells and tissues. The major
non-HCO; ECF buffers are hemoglobin and albumin whereas phosphate ion and
anionic proteins are the major non-HCO; intracellular buffers. Quantitatively, most
H* binding to non-HCO; buffers occurs intracellularly [13]. Bone calcium carbon-
ate and dibasic phosphate are important buffers for both acute and chronic meta-
bolic acidosis in patients [5].

H* Excretion The kidney is the main contributor to excretion of metabolically
produced fixed H*. Diets of individuals in industrialized societies typically con-
tain the equivalent of 60—100 mmol of H* daily. To excrete 100 mmol of H* in
the typical daily urine volume of 1 L would require excreted urine to have a
[H*]=100 mmol/L=100x 102> M=10"! M=pH of 1.0 (remember that pH is the
negative log of the [H*] in mol/L). Because humans are unable to reduce urine
pH below 4.0 (=[H*] of 10~ M) which is equal to [H*] of 0.1 mM=0.1 mmol/L,
to excrete 100 mmol of H* in urine with pH 4.0 would require 100 mmol/0.1
mmol/L=1000 L of urine! Hence, kidneys excrete ingested and metabolically
produced fixed H* predominantly as H* bound to buffers, not as free H* in solu-
tion. Quantitatively, ammonium [NH,* from NH;+H*] is the most important
urine buffer followed by “titratable acidity,” most of the latter being phosphate
(HPO,=—H,PO,).
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Organ Contributors to Systemic Acid-Base Status

Liver Metabolism of ingested amino acids by the liver yields H*, HCOs;, or neither,
depending on the nature of the amino acids ingested. The typical diet of those living
in industrialized societies yields net H* when metabolized [7] so kidneys of these
individuals are typically excreting H*, mostly in the form of NH,* and titratable
acidity. The liver is a major provider of glutamine, the source of most NH,* used for
H* excretion in the urine as described.

Lungs Cellular metabolism produces about 15,000 mmol of CO, daily that as indi-
cated earlier, yields H* when dissolved in aqueous solution as follows:

CO, +H,0 - H,CO, - HCO, +H"

The HCOj; might leave ECF or be buffered in the extra- or intracellular fluid, leaving
H*. Fortunately, ECF flowing through the lungs makes this an “open” system for
CO, gas to be excreted rather than be retained if this were a closed system, thereby
avoiding H* retention.

Gut Dietary components that when metabolized impact system acid—base status
are absorbed through the gastrointestinal tract. These components include amino
acids as described but also organic anions derived from bacterial metabolism of
ingested carbohydrates, protein, and fat. Absorbed organic anions constitute poten-
tial base because they can be metabolized by the liver to yield HCO;. Organic acids
might also be retained in the gut to titrate HCO; to H,O and CO,, thereby reducing
gut HCO; that might be absorbed into ECF. Finally, these organic acids might be
excreted from the body in the stool, representing a loss of potential HCO;.

Bone Both acute and chronic metabolic acidosis are accompanied by an increase in
urine calcium excretion [14], reflecting loss of calcium and its accompanying base
from bone [15].

Kidney As indicated earlier, H* produced from metabolism consumes body fluid
HCO; and therefore its buffering capacity, particularly in ECE. Consequently, HCO;
filtered into kidney tubules must not only be reabsorbed (recovered) as completely
as possible to minimize its loss from the body, new HCO; must be regenerated to
replace that which was consumed as described. These are the two main kidney
responsibilities with respect to maintenance of acid—base homeostasis. Each task is
accomplished by H* secretion from kidney tubule cells into the tubule lumen. When
there is a high amount of HCO; in the tubule lumen as is the case in the proximal
tubule, secreted H* titrates luminal HCO; to CO, and H,O as described and CO, gas
diffuses into the cell and is reconstituted to HCO; by the enzyme carbonic anhy-
drase. Reconstituted HCO; is transported across basolateral membranes of tubule
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cells to return to the systemic circulation. When the tubule content of HCO; is low
as in the distal nephron, most secreted H* titrates non-HCO; buffers that are excreted
in the urine, mostly as NH,* and titratable acidity. With exit of secreted H* from the
body as described, the distal nephron cell can form new HCO; from intracellular
CO, using carbonic anhydrase and the newly synthesized HCOj; can then be trans-
ported from the cell into the systemic circulation as described. The latter process is
referred to as net acid excretion because it excretes the net acid that was produced
and/or exogenously added. Net acid excretion is equal in amount to HCO; regenera-
tion. Increments in net acid excretion promoted by increments in dietary H* intake
are mediated mostly by an increase in urine NH,* excretion.
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Chapter 2
Metabolic Acidosis: Physiology, Presentation,
and Diagnosis

Melvin E. Laski

Introduction

To diagnose metabolic acidosis the clinician must first prove the patient actually has
acidosis. Patients with low serum bicarbonate (HCOs) concentration, or hypobicar-
bonatemia, are commonly assumed to have metabolic acidosis, but hypobicarbona-
temia is also an expected consequence of respiratory alkalosis (Fig. 2.1). In the
absence of a simultaneous blood pH measurement a low serum HCOj; concentration
cannot distinguish which condition is present. This is particularly true when hypo-
bicarbonatemia is found in an asymptomatic and stable patient. Addressing this
challenge is aided by considering the patient’s history. The determination of blood
gas data in a patient with shock, known or suspected ingestion of toxin, or clinical
diabetic ketoacidosis provides useful information, and in sepsis is a standard of
care. A low arterial blood pH with hypobicarbonatemia indicates metabolic acido-
sis. If the blood pH is normal or high, hypobicarbonatemia is due to respiratory
alkalosis or to multiple, concurrent (mixed), acid—base disorders.

Metabolic acidosis is a primary pathophysiological process characterized by
hypobicarbonatemia resulting from either the loss of HCO; or the gain of non-
volatile acid, the latter because of increased endogenous acid production above the
kidney’s normal acid excretory capacity or because of reduced kidney ability to
excrete apatient’s baseline load of endogenously produced acid. Hypobicarbonatemia
develops because HCOs is lost from the body, most commonly by way of the urine
or the gastrointestinal tract and is replaced by CI-, or alternatively, because HCO; is
consumed in buffering non-volatile acid and is replaced by the anion of that acid.
These two causalities are distinguished by calculation of the serum anion gap.
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| Low pH |—>| Metabolic acidosis |
Hypobicarbonatemia}—

High pH |—>| Respiratory alkalosis |

Fig. 2.1 Blood pH determines the meaning of hypobicarbonatemia (simple disorders)

The Use of the Serum Anion Gap [1, 2]

The serum anion gap is the arithmetical difference between the serum sodium con-
centration and the sum of the concentration of measured anions (HCO; and CI).
Thus:

Anion gap(AG) =[Na"]—-([Cl" ]+[HCO,]).

The normal anion gap (AG) is defined as 9+3 meq/L, but might be as much as
12+3 meq/L, depending on the local laboratory techniques for electrolyte measure-
ment. Most of the “missing/unmeasured” anions are side chains of serum albumin.
The serum albumin concentration therefore directly affects the gap. One anticipates
a 2.5 meq/L decrease in anion gap for each 1 g/dL decrease in the serum albumin
value below 4.5 [3]. Other proteins also contribute to the gap. Cationic side chains
of immune globulins bind Cl~ and lower the AG. When immune globulins are
increased, as occurs in multiple myeloma or in monoclonal gammopathy of
unknown significance, the anion gap may become quite small.

The anion gap is relevant only when considering a patient with acidemia.
Alkalemia exposes the anionic side chains of albumin and increases the anion gap.
The anion gap might be particularly misleading during respiratory alkalosis, in
which there are both low HCO; concentration and increased anion gap. Measuring
blood pH eliminates misinterpretation.

The anion gap is used to limit the differential diagnosis of metabolic acidosis
(Fig. 2.2). Normal anion gap metabolic acidosis, or hyperchloremic metabolic aci-
dosis, results from (1) ingestion of hydrochloric acid, ammonium CI-, or arginine
hydrochloride; (2) the inability to normally excrete metabolically produced acid in
the urine due to distal renal tubular acidosis (RTA), advanced chronic kidney dis-
ease (CKD), or urinary diversion to the colon; or (3) the uncompensated loss of
HCO; in proximal RTA, diarrhea, or pancreato-cutaneous fistula. In each instance
the HCO; that is lost from the body or consumed by buffering is replaced by Cl~ and
hyperchloremic metabolic acidosis results.
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Normal AG metabolic acidosis or Anion gap
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Fig. 2.2 Serum anion gap in metabolic acidosis
Hyperchloremic Metabolic Acidosis [1, 2, 4, 5]

Mechanistically, the presence or absence of hyperchloremic metabolic acidosis is
determined by the difference between the rate of addition of an acid with a non-Cl~
anion and the rate of excretion (by the kidney) of the accompanying non-Cl~ anion
of the added acid with recovery of CI~ to replace the excreted non-CI™ anion, leading
to secondary CI- retention [6]. Specifically, if the rate of excretion of the anion of
the added non-ClI- acid with secondary CI- retention is equal to the rate of addition
of the non-Cl-containing acid, hyperchloremic metabolic acidosis will result. If the
rate of excretion of the non-Cl~ anion with secondary CI- retention is less than the
rate of addition of the acid with the non-Cl~ anion, the patient will have an increased
anion gap and therefore an anion gap metabolic acidosis.

The medical history nevertheless remains a critical part of patient evaluation and
is most useful in diagnosing hyperchloremic metabolic acidosis due to diarrhea,
pancreato-cutaneous fistula, amphotericin exposure, or urinary diversion. However,
diarrhea in laxative abuse is often denied by patients. Hydrochloric acid or ammo-
nium CI- ingestion is only seen in clinical research, but excessive arginine hydro-
chloride is sometimes present in total parenteral nutrition; review of the patient’s
chart should reveal this. Arginine HCI induced acidosis is far more likely in the
setting of diminished GFR.

History is less useful in diagnosing RTA. Pure proximal RTA might cause poor
growth in children, bone disease, and deafness. Renal rickets may be the presenting
feature in the De Toni—Fanconi syndrome. Classic distal RTA may present with kidney
stones and osteoporosis, and the effects of accompanying hypokalemia may be signifi-
cant. Hyperkalemic distal RTA comes to clinical attention in most instances because of
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the associated hyperkalemia and less commonly because of the non-anion gap metabolic
acidosis and can be caused by hyporeninism, hypoaldosteronism, and obstructive uropa-
thy. The most common historical precedent for the latter is symptoms of prostatism.

In most circumstances of plasma acidemia (higher than normal [H*] which is
equivalent to a lower than normal pH), the physiologically appropriate kidney
response is to reduce urine pH below 5.5. In the setting of acidosis (net gain of H* in
body fluids due to addition of H* or loss of HCO3), the normal kidney also increases
ammonium (NH,*) excretion, but urine NH,* is rarely measured in clinical practice.
Instead, clinicians more typically calculate the urine anion gap (UAG) as an indirect
assessment of NH,* from the concentration of other ions present in the urine [7].

Urine anion gap (UAG) = ([Na*], +[K"],)-[CIl"],.

The HCO; concentration is insignificant in acid urine with pH <6 and is therefore
disregarded. The UAG is measureable only when urine pH is low (<6) because the
concentration of bicarbonate may be significant in more alkaline urine. The UAG is
best interpretable when Cl- is the major urine anion.

The UAG is normally negative in acid urine because in the presence of high urine
NH,4*, NH,* complexed with Cl- makes the urine Cl~ concentration exceed the sum
of the measured cations Na* and K*. In this way, the UAG serves as a surrogate
measure of urinary NH,*. The UAG should exceed —20 to —30 meq/L during meta-
bolic acidosis. A patient with hyperchloremic metabolic acidosis and a urine pH
over 5.5 or a positive UAG has RTA until proven otherwise. Several distinct types
of RTA exist (Table 2.1).

When the urine pH exceeds 5.5 or the UAG is positive in the presence of meta-
bolic acidosis the evaluation of RTA continues as shown in Fig. 2.3. Although clas-
sical distal RTA and proximal RTA are both characterized by hypokalemia and
hyperchloremic metabolic acidosis, in classic distal RTA the urine pH typically
exceeds 5.5 whereas the urine pH is typically <5.5 in untreated proximal RTA. This
is because in proximal RTA distal nephron function is intact so the patient is able to
lower urine pH appropriately when there is not excess HCO; delivery to the distal
nephron. Proximal RTA without other disorders of proximal tubule function is rare.
Proximal RTA is almost always part of generalized proximal tubule dysfunction as
in the De Toni—Fanconi syndrome, which includes glycosuria during euglycemia,
phosphaturia, uricosuria, and generalized aminoaciduria. To confirm proximal RTA
is present the clinician infuses sodium HCO; to raise the blood HCO; over 18 meq/L
which exceeds the ability of the defective proximal tubule to fully absorb in
increased HCO;, leading to excess HCO; delivered to the distal nephron. The clini-
cian attempting to make the diagnosis of proximal RTA then measures the fractional
excretion of HCO; (FEy, %) where

FE, o, % = (IHCO, ], x V) /[HCO, 1)/ ([Cr], x V) /[Cr],).

The FEq, % exceeds 10 % in proximal RTA when serum HCOj; is >18 mmol/L.



11

2 Metabolic Acidosis: Physiology, Presentation, and Diagnosis

WAD° 'OV ‘Hd dutin
[euLIou

st uorsnjyut ayeydsoyd pue
QreuoqIed1q Juump ¢QDd
POO[q pUE dULIN UdIMIOq
douareyip ‘Hd surin

ovn ‘Hd dunn
Hd suuipn

uolsnjul Aq "J/[owu g1 0)
PISTEI 9JeU0qIedIq WNIS
1% 01 <% ™™ gq
uorsnjur Aq "J/[owrur g1 03
PISTeI 9JeU0qIedIq WNISS
JL9% Q1<% ™*"aq
s1saL,

DVN Mo[ ‘¢'¢>Hd auLin

3unsem
3] Areunn ‘g g <Hd aurin

[eWIOU I0 G'6<
9q Aewr {d aunm yuasaxd
9q Aewl D) 2ANISO]
BIWOPIOE

Suump ¢'g<Hd aurn

BLINPIOBOUTWE ‘BLINSOJLIN
‘ermyeydsoyd ‘ernsooK[3
¢G'¢>Hd auumn sureseg

aurfeseq
e G¢'G> Afrewiou Hd aurin
sSurpuy outin

IO Mo

unouejoydure

0} amsodxa ‘erwareyodAH

SIOPIOSIP

[RUQIPE ‘QSBASIP [BUI [BNNSIAUI
‘uonONISqO JoBI) ATRULIN UT UJSS
{G'g< wnissejod ‘gg—G| ruOqIRIIg
sisoutoeooIydau ‘souo)s Aoupry
‘erwareyodAy ‘91euoqredrq moy AI9A
SJOYOLI [eUaI

‘SQWOIPUAS [EITUAZUOD “J/[OWW
81> 9euoqresrq ‘erwoyeydsoydodLy
‘erwraormodAy ‘erworeyodA
slojiqryut

aseIpAyue oruoqred ‘erworeyodAy
‘“J/[oww 1> JeUOqIRdIg

SONSLIg)ORIBYD [BOTUID)

UOTIOIOX
wnruourwe denbapeuy

uoueloydure
0} anp pIde JO Yedyoeg

j10dsuen) uot uoaydau [eIsSIp JO
QIn[Ie} pazI[eIouas ‘oue)sISal
10 AOUQIOAP PIOJT}IOJ0[BIQUIIA
UOTRIOS

uojoid jonp 3unoajoo parreduwy

uonounysAp
Ienqn) rewrxoid pazi[eIouan)

uondiosqe ayeuoqIedIq
9nqn) [ewrxoxd passardag

109JoQ

ao

V1Y Jeapoeyq

(¥ 9dAL) V1Y

Teastp orwopeodAH
(1 2dAL)

VLY [BISIp J1sse[)

(7 2d£1) swoipuis
TUOJUR{—TUOT, (]

(g 2dAL)
VI rewrxoid pajejosy

SISopIoe Je[nqn) [eudy ['7 AqeL



12 M.E. Laski

Hypokalemia ——> | Classic distal RTA

Urine pH>5.5

-~

Mineralocorticoid deficiency
check cortisol, aldosterone, renin

Hyperkalemia

Hyperkalemic distal RTA

Hyperchloremic metabolic acidosis
Without Gl bicarbonate loss

Proximal RTA (check for

- Fanconi syndrome)
Hypokalemia Check fractional absorption

of bicarbonate during infusion

Urine pH<5.5

Hyperkalemic distal RTA
Should have low UAG

Hyperkalemia

If serum eGFR<30 ml/min
“RTA of CKD”

Fig. 2.3 Diagnosis of RTA by urine pH, urine anion gap, and serum potassium

Amphotericin causes hyperchloremic metabolic acidosis with hypokalemia and
urine pH>5.5. Amphotericin introduces a molecular channel through which potas-
sium (K*) leaks out from the renal tubular cell to the urine and protons backleak
from the urine to the cell. As a result the kidney cannot maintain a low urine pH
even though protons (H*) are secreted normally, and K* is lost in the urine.
Similarly, when ureters are diverted to the colon there is acid backleak and loss of
K* CI" in stool.

Hyperkalemia and hyperchloremic metabolic acidosis characterize Type 4
(hyperkalemic) distal RTA. If the urine pH is <5.5 UAG will be positive due to
impaired renal NH,* excretion. Blood tests can then dissect whether the problem is
adrenal failure (low cortisol and low aldosterone), isolated aldosterone deficiency
(low aldosterone but normal or high renin), or the most common cause of Type 4
distal RTA, hyporeninemic hypoaldosteronism (low renin, low aldosterone).
Hyperkalemic distal RTA due to tubule cell injury in urinary tract obstruction or
interstitial renal disease may have urine pH>5.5. Medications may cause hyperka-
lemic distal RTA. Drugs designed to block the response to aldosterone are easily
understood as potential causes, but trimethoprim (most often ingested in combina-
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tion with sulfamethoxazole), and pentamidine are now commonly seen to cause
hyperkalemia and potentially can cause hyperchloremic acidosis. This should be
considered in the context of care of a patient with HIV infection.

Metabolic Acidosis with Increased Anion Gap [1, 2, 4, 8]

Overproduction Acidosis

Anion gap metabolic acidosis is easier to diagnose than non-anion gap or hyper-
chloremic metabolic acidosis. The patient with diabetic ketoacidosis is usually
hyperglycemic and often has a well-established history of type 1 DM. Volume
depletion is almost invariably present and is due to the combination of glycosuria-
induced osmotic diuresis with loss of H,O+NaCl and poor NaCl intake due to GI
upset, the latter often accompanied with vomiting and further NaCl loss. The lack
of insulin allows for excess glucose release to the serum but the extremely high
blood glucose levels in diabetic ketoacidosis are facilitated by volume depletion-
induced decreased kidney filtration that subsequently limits further glucose loss in
the urine. Respiratory response to the metabolic acidosis (increased ventilation with
decreased PCO,) is marked, and Kussmaul respiration is classic. Starvation ketoaci-
dosis is harder to recognize than diabetic ketoacidosis because it is less severe and
because the routine use of glucose-containing intravenous fluids often inadvertently
treats starvation ketosis in this setting of anion gap metabolic acidosis. Clinicians
might find it difficult to distinguish starvation ketoacidosis from other forms of
anion gap metabolic acidosis not associated with ketone bodies because of the par-
ticular ketone bodies often associated with starvation ketosis. The key diagnostic
test is the detection of ketone bodies in the blood or urine but there is one caveat.
The nitroprusside moiety in the common test for ketone bodies detects only the
oxidized ketones (acetone). In some patients, particularly alcoholics, “reduced”
ketones (pB-hydroxybutyrate) predominate and so their anion gap metabolic acidosis
might be associated with a “negative” test for ketone bodies. As f-hydroxybutyrate
measurement is not commonly available one often proceeds with treatment for keto-
acidosis with some uncertainty. Diabetic ketoacidosis is treated with insulin to sup-
press glucagon and drive glucose into insulin sensitive cells. Starvation ketoacidosis
responds to provision of carbohydrates.

Lactic acidosis should never be missed. The arterial lactate level should be mea-
sured routinely in patients with anion gap metabolic acidosis, because lactic acido-
sis may be concurrent in every other form of anion gap acidosis. Carbohydrate
metabolism can be compartmentalized into a cytoplasmic or anaerobic phase char-
acterized by glycolysis, and a mitochondrial, aerobic phase that is characterized by
the Krebs cycle. Glycolysis produces lactate, pyruvate, and ATP; the Krebs cycle
oxidizes pyruvate to carbon dioxide and water and produces ATP and NADH. NADH
is needed to convert lactate to pyruvate. Lactic acidosis develops when mitochon-
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drial (aerobic) metabolism fails due to an insufficient oxygen supply or tissue
hypoxia (Type A), or to disturbances in the machinery of aerobic metabolism that
might be caused by advanced liver disease, inborn errors of metabolism, or poison-
ing (Type B). In the absence of NADH from oxidative metabolism the lactic acid
generated by glycolysis accumulates. When a patient presents to the hospital in
shock, lactic acidosis should be actively sought, both on arrival and whenever the
patient’s condition worsens significantly. The inborn errors of metabolism associ-
ated with lactic acidosis present in complex ways which are characteristic of the
particular genetic syndrome involved.

D-Lactic acid is a product of certain gut bacteria which are normally present in
small amounts so its typically small amount of production is usually of no clinical
consequence. Nevertheless, when these bacteria grow to become a greater propor-
tion of gut bacteria as might occur in patients with previous surgery that created an
intestinal blind loop where bacterial overgrowth occurs and these bacteria receive
large quantities of carbohydrate, p-lactic acidosis can occur. Patients with p-lactic
acidosis have altered mental status and unexplained anion gap acidosis. Lactate
levels are reported as normal because standard laboratory tests for lactate detect
only L-lactate. If clinicians suspect D-lactic acidosis, they must specifically request
this test. Treatment is to alter the diet to reduce carbohydrate delivery to these gut
bacteria and to reduce bacterial overgrowth.

Anion Gap Acidosis Due to Acid Ingestion or Retention

Methanol ingestion is often inadvertent. The most common scenario is the intake of
homemade drink by alcoholics or inmates in prison settings. Any available solvent
may be added in this situation. Alcoholics may also drink Sterno® filtered through
bread or other material that they believe, incorrectly, removes the toxic qualities.
One ounce of methanol ingested can kill; a mole of methanol fits in a shot glass.
Ingestion of methanol produces intoxication, “snowy vision” and blindness, formi-
cation, coma, and death. There is not only anion gap metabolic acidosis but also
severe disagreement between measured and calculated serum osmolarity—the
osmolar gap.

Calculated serum osmolarity = ([Na*]p x2)+(BUN/2.8)+ ([glucose]p /18);

Osmolar gap = measured osmolarity —calculated osmolarity

The calculated osmolarity normally provides an estimate within 10 mOsm of the
measured value. In methanol, ethylene glycol, and paraldehyde ingestion the osmo-
lar gap exceeds 15 mOsm. Methanol metabolism by alcohol dehydrogenase gener-
ates formic acid and formaldehyde, which are highly toxic. The appropriate
treatment is general patient support, the inhibition of alcohol dehydrogenase by
fomepizole or ethanol infusion, and hemodialysis. Treatment is emergent when
ingestion is suspected.
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Ethylene glycol is a sweet tasting intoxicant. Its ingestion has become rare due
to its omission from new, non-toxic automotive antifreeze, and it is easier to diag-
nose since fluorescein has been added to antifreeze. Exposing the urine to a Wood’s
light detects fluorescence. Ethylene glycol ingestion increases the osmolar gap.
Ethylene glycol metabolites glycolic acid and oxalic acid do the greatest harm.
Oxalic acid causes kidney failure and glycolic acid causes lactic acidosis. The treat-
ment is general patient support, infusion of fomepizole or ethanol to inhibit alcohol
dehydrogenase, and hemodialysis to remove the toxins.

Paraldehyde ingestion is no longer a clinically relevant because this small mol-
ecule sedative/hypnotic is no longer used. The keys to its diagnosis were its unique
odor and an increased osmolar gap.

Salicylate overdose causes two acid—base disorders, respiratory alkalosis due
to stimulation of the respiratory center, and AG metabolic acidosis caused by
two mechanisms: accumulation of salicylate anions, and lactic acidosis due to
inhibition of oxidative phosphorylation. Salicylate levels are readily obtained.
Treatment includes support, urine alkalization to increase salicylate excretion, and
hemodialysis.

Anion gap positive metabolic acidosis associated with acetaminophen has been
described in critically ill patients [9]. The major acid anion proved to be pyroglu-
tamic acid generated in the synthesis of glutathione. Acetaminophen induced deple-
tion of glutathione leads to increased glutathione synthesis and raises pyroglutamic
acid production. The condition is rare compared to the use of the drug and might
involve an underlying abnormality of glutathione metabolism.

Anion gap metabolic acidosis is also caused by severely decreased glomerular
filtration rate (GFR) that, among many adverse consequences of this state of disor-
dered metabolism known as uremia [10], leads to failure to excrete ingested and
metabolically produced acid. Uremic acidosis develops in the context of advanced
renal failure, either chronic or acute. Anion gap acidosis in these patients is due to
the retention of acidic uremic waste products. Only a minority of patients have pure
anion gap metabolic acidosis due to uremia. Most such patients exhibit a mix of
“gap” acidosis and hyperchloremic acidosis due to RTA or the failure to adequately
produce ammonium Cl~. A few patients have pure hyperchloremic acidosis. Mild
metabolic acidosis is probably present in most untreated patients with eGFR under
30 ml/min/1.73 m? and its presence or absence is due in part to their dietary acid
content [11]. That is, the higher the dietary content of fixed acid in a patient with
compromised ability to excrete metabolically produced acid, the more likely the
patient is to exhibit metabolic acidosis. Treatment of mild to moderate uremic aci-
dosis and acidosis of CKD is clinically beneficial and too often ignored.

A final issue to consider is the assessment and diagnosis of patients with meta-
bolic acidosis who have multiple acid-base disorders [4]. If a patient with metabolic
acidosis has a decline in HCO; concentration from 25 (AHCO;) that exceeds the
increase in the serum anion gap (AAG) by more than 20 %, superimposed hyper-
chloremic metabolic acidosis may be present. If the AHCO; is more than 20 % less
than the AAG, the patient may have metabolic alkalosis in addition to metabolic
acidosis. Physiologic respiratory response with decreased PCO, is expected in met-
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abolic acidosis but this is not to be confused with simultaneous respiratory alkalo-
sis. The PCO, should decrease by 1.2 mm/Hg for each 1 meq/L fall in HCO;, and
the pH will increase toward but will not become normal. If the fall in PCO, exceeds
the expected amount the patient has respiratory alkalosis in addition to metabolic
acidosis. If the PCO, fails to decrease as predicted, respiratory acidosis is likely
superimposed.
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Chapter 3
Etiologic Causes of Metabolic Acidosis I:
The High Anion Gap Acidoses

Thomas D. DuBose Jr.

High Anion Gap Acidoses

The anion gap (AG) should always be corrected for the prevailing albumin concen-
tration (for each g/dL decrease in albumin below the normal value of 4 g/dL, add 2.5
mEq/L to the traditionally calculated AG to obtain the corrected AG). A normal AG
in patients with a normal serum albumin concentration and otherwise normal meta-
bolic status is 10+2 mEq/L. Corrected AG values above 10+2 mEq/L represent a
high AG metabolic acidosis. When corrected in this manner, the anion gap [1] serves
auseful tool in the initial differentiation of the types of metabolic acidoses and should
always be considered as an important component of understanding the pathophysiol-
ogy of the specific defect. A high AG acidosis denotes addition of an acid other than
hydrochloric acid or its equivalent to the ECF and is caused by the accumulation of
organic acids. This may occur if the anion does not undergo glomerular filtration
(e.g., uremic acid anions), or if, because of alteration in metabolic pathways (ketoaci-
dosis, L-lactic acidosis), the anion cannot be utilized immediately. Theoretically, with
a pure AG acidosis, the increment in the AG above the normal value of 10+3 mEq/L
(AAG), should equal the decrease in bicarbonate concentration below the normal
value of 25 mEq/L (AHCO;"). When this relationship is considered, circumstances in
which the increment in the AG exceeds the decrement in bicarbonate (AAG> AHCO5")
suggest the coexistence of a metabolic alkalosis. By contrast, circumstances in which
the increment in the AG is less than the decrement in bicarbonate (AAG<AHCO;")
suggest the coexistence of a non-AG metabolic acidosis.

Common causes of a high gap acidosis include (1) lactic acidosis, (2) ketoacido-
sis, (3) toxin- or poison-induced acidosis, and (4) uremic acidosis. Clinical exam-
ples are summarized in Table 3.1.
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Table 3.1 Causes of high Lactic Toxins
anion gap metabolic acidosis acidosis
Ketoacidosis Ethylene glycol
Diabetic Methanol
Alcoholic Salicylates
Starvation Propylene glycol

Pyroglutamic acid
Kidney failure (acute and chronic)

Lactic Acidosis

Pathophysiology

Lactic acid can exist in two forms: L (levorotatory)-lactic acid and b (dextrorotatory)-
lactic acid. In mammals, only the levorotatory form is a product of mammalian
metabolism. D-Lactate can accumulate in humans only as a by-product of metabo-
lism of carbohydrate by bacteria which abnormally accumulate and overgrow in the
gastrointestinal tract as might occur with a “blind loop” in bowel, with jejunal
bypass, or short bowel syndrome. L-Lactic acidosis is one of the most common
forms of a high AG acidosis, and hospital chemical laboratories routinely measure
L-lactic acid levels, not p-lactic acid levels. Consequently, the clinician who sus-
pects D-lactic acidosis must ask the clinical laboratory to specifically measure D-
lactic acid.

Lactic acid metabolism, although similar to that of pyruvate, is in a metabolic
cul-de-sac with pyruvate as its only outlet [2]. In most cells, the major metabolic
pathway for pyruvate is oxidation in the mitochondria to acetyl-coenzyme A by the
enzyme pyruvate dehydrogenase within the mitochondria. The overall reaction may
be expressed as in Eq. (3.1):

Pyruvate” + NADH < lactate” + NAD + H" 3.1

Normally, this cytosolic reaction catalyzed by the enzyme lactate dehydrogenase
(LDH) is close to equilibrium, so that the law of mass action applies and the equa-
tion is rearranged as (3.2):

NADH
Lactate ]=K_[H' ] ——— 3.2
[ ] oH'] NAD" (3.2)

The concentration of lactate is a function of the equilibrium constant (K.), the
pyruvate concentration, the cytosolic pH, and the intracellular redox state repre-
sented by the concentration ratio of reduced to oxidized nicotinamide adenine dinu-
cleotide or [NADH]/[NAD] [2].

Because K., and intracellular H* concentration are relatively constant, the nor-
mal lactate/pyruvate concentration ratio (1.0/0.1 mEq/L) is proportional to the



3 Etiologic Causes of Metabolic Acidosis I: The High Anion Gap Acidoses 19

NADH/NAD* concentration ratio. Therefore the lactate/pyruvate ratio and the ratio
of reduced to the oxidized forms of these molecules is a function of the cellular
redox potential (3.3):

[NADH] ” [Lactate] « [B hydroxybutyrate] ” [ethanol]
[NAD']" [Pyruvate] [acetoacetate] acetaldehyde

(3.3)

If the lactate concentration is high compared with that of pyruvate, NAD* will be
depleted, and the NADH/NAD" ratio will increase. The production of lactic acid has
been estimated to be about 15-20 mEq/kg/day in normal humans [3], but can be
increased by ischemia, seizures, extreme exercise, leukemia, and alkalosis [2]. The
increase in production occurs principally through enhanced phosphofructokinase
activity.

Decreased lactate consumption may also lead to L-lactic acidosis. The principal
organs for lactate removal include the liver, kidneys, and skeletal muscle [4].
Hepatic utilization of lactate can be impeded by: poor perfusion of the liver; defec-
tive active transport of lactate into cells; and inadequate metabolic conversion of
lactate into pyruvate because of altered intracellular pH, redox state, or enzyme
activity. Examples of states causing impaired hepatic lactate removal include pri-
mary diseases of the liver, enzymatic defects, tissue anoxia or ischemia, severe aci-
dosis, and altered redox states, as occurs with alcohol intoxication, fructose
consumption by fructose-intolerant individuals, or administration of nucleoside
reverse transcriptase inhibitors [2, 5, 6] or biguanides such as metformin [2, 7, 8].
Since thiamine is a cofactor for pyruvate dehydrogenase that catalyzes the oxidative
decarboxylation of pyruvate to acetyl-coenzyme A under aerobic conditions, it is
not surprising that deaths have been reported due to refractory lactic acidosis sec-
ondary to thiamine deficiency [9]. When pyruvate cannot be metabolized with thia-
mine deficiency, excess pyruvate is converted to hydrogen ions and lactate.

Pathogenesis and Clinical Spectrum

According to the historical classification of the L-lactic acidoses, type A L-lactic
acidosis is due to tissue hypoperfusion or acute hypoxia, whereas type B L-lactic
acidosis is associated with common diseases, drugs and toxins, and hereditary and
miscellaneous disorders [2]. Lactate concentrations are mildly increased in various
nonpathologic states (e.g., exercise), but the magnitude of the elevation is generally
small. A lactate concentration greater than 4 mmol/L (normal is 0.67-1.8 mmol/L)
is taken as evidence that the metabolic acidosis is the result of lactic acid acidosis.
Tissue underperfusion and acute underoxygenation at the tissue level (tissue
hypoxia) are the most common causes of type A lactic acidosis. Inadequate cardiac
output, of either the low-output or the high-output variety, is the most frequent cause,
but severe arterial hypoxemia can also generate L-lactic acidosis. The prognosis is
related to the increment in plasma L-lactate and the severity of the acidemia [2, 8, 10].
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A number of medical disorders (without tissue hypoxia) may cause type B L-
lactic acidosis. Hepatic failure reduces hepatic lactate metabolism, and leukemia
increases lactate production. Severe anemia, especially as a result of iron deficiency
or methemoglobulinemia, may cause lactic acidosis. Among patients in the critical
care unit the most common cause of L-lactic acidosis is bowel ischemia and infarc-
tion. Malignant cells produce more lactate than normal cells even under aerobic
conditions. This phenomenon is magnified if the tumor expands rapidly and out-
strips its blood supply. Therefore, exceptionally large tumors may be associated
with severe L-lactic acidosis. Seizures, extreme exertion, heat stroke, and tumor
lysis syndrome may all cause L-lactic acidosis.

Several drugs and toxins predispose to L-lactic acidosis. Of these, metformin is
the most widely reported to have this effect [2, 7, 8], but metformin-induced lactic
acidosis is at higher risk in patients with chronic kidney disease (and is contraindi-
cated when the serum creatinine exceeds 1.4 mg/dL), or whenever there is hypoper-
fusion or hypotension, including severe volume depletion (especially in the elderly),
shock, septicemia, CHF, or a recent AMI.

In patients with HIV infection, nucleoside analogs predispose to toxic effects on
mitochondria by inhibiting DNA polymerase-y. Therefore, hyperlactatemia is com-
mon with anti-HIV therapy, but the serum L-lactate level is usually only mildly
elevated [2, 5, 6, 11]. However, with severe concurrent illness pronounced lactic
acidosis may occur in association with hepatic steatosis [2, 6] and a high mortality.

Translational Approach

The overall mortality of patients with L-lactic acidosis is approximately 60 %, but
approaches 100 % in those with coexisting hypotension or multiorgan dysfunction
[2]. The only effective form of therapy for L-lactic acidosis is to correct the underly-
ing condition initiating the disruption in normal lactate metabolism. Cessation of
acid production by improvement of tissue oxygenation, restoration of the circulat-
ing fluid volume, improvement or augmentation of cardiac function, resection of
ischemic tissue, and antibiotics is necessary for type A L-lactic acidosis.

Alkali therapy is generally advocated for acute, severe acidemia (pH of <7.0) to
improve myocardial inotropy and lactate utilization. However, NaHCO; therapy in
large amounts can depress cardiac performance and exacerbate the acidemia.
Paradoxically, bicarbonate therapy activates phosphofructokinase, which is
regulated by intracellular pH, thereby increasing lactate production. For all of these
reasons, NaHCO; should be used cautiously with the goal of increasing the plasma
[HCO;7] to no more than 5-8 mmol/L.

If the underlying cause of the L-lactic acidosis can be remedied, blood lactate
will be reconverted to HCO;™. The bicarbonate derived metabolically from lactate
conversion is additive to any new HCO;™ generated by kidney mechanisms during
acidosis and from exogenous alkali therapy might lead to an “overshoot” alkalosis.
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D-Lactic Acidosis

The typical manifestations of p-lactate acidosis are episodic encephalopathy and
high AG acidosis in association with short bowel syndrome. p-Lactic acidosis has
been described in patients with bowel obstruction, jejunal bypass, short bowel, or
ischemic bowel disease. Ileus or stasis is associated with overgrowth of flora in the
gastrointestinal tract, which is exacerbated by a high-carbohydrate diet [2]. D-
Lactate acidosis occurs when fermentation by colonic bacteria in the intestine
causes D-lactate to accumulate so that it can be absorbed into the circulation. Serum
D-lactate levels of greater than 3 mmol/L confirm the diagnosis. Treatment with a
low-carbohydrate diet and antibiotics (neomycin, vancomycin, or metronidazole) is
often effective [12—-15].

Ketoacidosis

Diabetic Ketoacidosis

Diabetic ketoacidosis (DKA) is due to increased fatty acid metabolism and accumu-
lation of ketoacids (acetoacetate and f-hydroxybutyrate) as a result of insulin defi-
ciency or resistance and elevated glucagon levels. DKA is usually seen in
insulin-dependent diabetes mellitus upon cessation of insulin therapy or during an
illness, such as an infection, gastroenteritis, pancreatitis, or myocardial infarction,
which increases insulin requirements acutely. The accumulation of ketoacids
accounts for the increment in the AG, which is accompanied, most often, by hyper-
glycemia (glucose level of >300 mg/dL) [15-17].

Alcoholic Ketoacidosis

Some patients with chronic alcoholism, especially binge drinkers, who discontinue
food intake while continuing alcohol consumption, may develop the alcoholic form
of ketoacidosis [12, 13, 18]. Often the onset of vomiting and abdominal pain with
volume depletion leads to cessation of alcohol consumption [16, 17]. The metabolic
acidosis may be severe but is accompanied by only modestly deranged glucose lev-
els, which are usually low but may be slightly elevated [15, 18]. The net result of the
deranged metabolic state is ketosis. The acidosis is primarily due to elevated levels
of ketones, which exist predominantly in the form of f-hydroxybutyrate because of
the altered redox state induced by the metabolism of alcohol. Compared with
patients with DKA, patients with AKA have lower plasma glucose concentrations
and higher B-hydroxybutyrate/acetoacetate and lactate/pyruvate ratios [16, 17].
Because the standard clinical tests for ketone bodies do not detect the reduced
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ketoacid p-hydroxybutyrate, AKA patients with severe ketoacidosis comprised
mostly of B-hydroxybutyrate might escape detection in the setting of a negative test
for ketones if the clinician does not have a high index of suspicion. The typical high
AG acidosis is often mixed with metabolic alkalosis (vomiting), respiratory alkalo-
sis (alcoholic liver disease), lactic acidosis (hypoperfusion), and/or hyperchloremic
acidosis (kidney excretion of ketoacids). Finally, elevation in the osmolar gap is
usually accounted for by an increased blood alcohol level, but the differential diag-
nosis should always include ethylene glycol and/or methanol intoxication [16, 17].

Drug- and Toxin-Induced Acidosis

Salicylate

Intoxication with salicylates, although more common in children than in adults,
may result in the development of a high AG metabolic acidosis, but [15] adult
patients with salicylate intoxication usually have pure respiratory alkalosis or mixed
respiratory alkalosis—metabolic acidosis [15]. A portion of the increase in the AG is
due to the increase in plasma salicylate concentration, and the remainder is due to
high ketone concentrations, present in as many as 40 % of adult salicylate-intoxicated
patients in combination with increased L-lactic acid production, due to a direct drug
effect and the result of the salicylate-induced decrease in PCO, [15, 19].

The Osmolar Gap and Toxin-Induced Metabolic Acidosis

Under most physiologic conditions, Na*, urea, and glucose generate the osmotic
pressure of blood. Serum osmolality is calculated according to the following expres-
sion (3.4):

[BUN] N [Glucose(mg /dL)]

Osmolality = 2[Na*]+ T

(34)

The calculated and determined osmolality should agree within 10 mOsm/kg.
When the measured osmolality exceeds the calculated osmolality by more than 10
mOsm/kg, one of two circumstances prevails. First, the serum Na* may be spuri-
ously low, as occurs with hyperlipidemia or hyperproteinemia (pseudohyponatre-
mia). Second, osmolytes other than sodium salts, glucose, or urea may have
accumulated in plasma. Examples are infused mannitol, radiocontrast media, or
other solutes, including the alcohols, ethylene glycol, and acetone, which can
increase the osmolality in plasma. For these examples, the difference between the
osmolality calculated from Eq. (3.4) and the measured osmolality is proportional to
the concentration of the unmeasured solute. This difference, is known as the osmo-
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lar gap, and becomes a very reliable and helpful screening tool in assessing for
toxin-associated high AG acidosis.

Ethylene Glycol

Ingestion of ethylene glycol (EG), used in antifreeze, leads to a high AG metabolic
[15, 20, 21] acidosis in addition to severe central nervous system, cardiopulmonary,
and kidney damage. Disparity between the measured and calculated blood osmolal-
ity (high osmolar gap) is usually noted, especially in the first few hours after inges-
tion. Typically over time, as the EG is metabolized, the osmolar gap begins to fall
and the anion gap begins to rise so that in advanced EG intoxication, the AG will be
very high but the osmolar gap will narrow. The high AG is attributable to ethylene
glycol metabolites, especially oxalic acid, glycolic acid, and other incompletely
identified organic acids [21]. L-Lactic acid production also increases as a result of a
toxic depression in the reaction rates of the citric acid cycle and altered intracellular
redox state [21].

Methanol

Methanol has wide application in commercially available solvents and is used for
industrial and automotive purposes. Sources include windshield wiper fluid, paint
remover or thinner, deicing fluid, canned heating sources, varnish, and shellac.
Ingestion of methanol (wood alcohol) causes metabolic acidosis in addition to severe
optic nerve and central nervous system manifestations resulting from its metabolism
to formic acid from formaldehyde [15, 20]. Lactic acids and ketoacids as well as
other unidentified organic acids may contribute to the acidosis. Because of the low
molecular mass of methanol (32 Da), an osmolar gap is usually present early in the
course but declines as the anion gap increases, the latter reflecting the metabolism of
methanol. Therapy for both methanol and ethylene glycol intoxication includes gen-
eral supportive measures, fomepizole administration, and hemodialysis [22].

Pyroglutamic Acid

Pyroglutamic acid, or 5-oxoproline, is an intermediate in the y-glutamyl cycle for
the synthesis of glutathione. Acetaminophen ingestion can in rare cases deplete
glutathione, which results in increased formation of y-glutamyl cysteine, which is
metabolized to pyroglutamic acid [23]. Accumulation of this intermediate has been
reported in critically ill patients taking acetaminophen, usually with sepsis. Such
patients have severe high AG acidosis and alterations in mental status [23].
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Propylene Glycol

Propylene glycol is used as a vehicle for intravenous medications and some cosmet-
ics and is metabolized to lactic acid by hepatic alcohol dehydrogenase. Numerous
intravenous preparations contain propylene glycol as the vehicle (lorazepam, diaz-
epam, pentobarbital, phenytoin, nitroglycerin, and TMP-SMX), and may accumu-
late and cause a high AG, high osmolar gap acidosis in patients receiving continuous
infusion or higher dosages of these agents, especially in the presence of chronic
kidney disease, chronic liver disease, alcohol abuse, or pregnancy [24, 25]. The
acidosis is the result of accumulation of L-lactic acid, p-lactic acid, and L-acetalde-
hyde, but typically abates with cessation of the offending agent [26].

Uremia

Advanced chronic kidney disease eventually converts the non-gap metabolic acido-
sis of Stage 3—4 CKD to the typical high AG acidosis, or “uremic acidosis” of Stage
5 CKD [27]. Poor filtration plus continued reabsorption of poorly identified uremic
organic anions contributes to the pathogenesis of this metabolic disturbance.

Classical uremic acidosis is characterized by a reduced rate of NH4* production
and excretion because of cumulative and significant loss of kidney mass [27-29].
Usually, acidosis does not occur until a major portion of the total functional nephron
population has been compromised, because of the adaptation by surviving nephrons
to increase ammoniagenesis.

Pathophysiological Basis of Correction of Acidosis
of Chronic Kidney Failure

The uremic acidosis of advanced CKD requires oral alkali replacement to maintain
the HCO;™ concentration above 22 mEq/L. This can be accomplished with relatively
modest amounts of alkali (1.0-1.5 mEqg/kg/day of NaHCO; tablets). Alkali replace-
ment serves to prevent the harmful effects of prolonged positive H* balance, espe-
cially progressive catabolism of muscle and loss of bone.
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Chapter 4
Etiologic Causes of Metabolic Acidosis II:
Normal Anion Gap Acidoses

Thomas D. DuBose Jr.

Non-Anion Gap (Hyperchloremic) Metabolic Acidoses

Metabolic acidosis with a normal AG (hyperchloremic or non-AG acidosis) indi-
cates that HCOs™ in the plasma has been effectively replaced by Cl-, and therefore,
the AG does not change. The majority of disorders in this category can be attributed
to either: (1) loss of bicarbonate from the gastrointestinal tract (diarrhea) or from the
kidney (proximal RTA), or (2) inappropriately low kidney acid excretion (classical
distal RTA [cDRTA], generalized distal RTA [type 4 RTA], or acute and chronic
kidney disease). Hypokalemia may accompany gastrointestinal loss of HCO;~,
proximal RTA, and cDRTA. Therefore, the major challenge in distinguishing these
causes is to be able to define whether the response of kidney tubular function to the
prevailing acidosis is appropriate acid excretion in the urine (consistent with gastro-
intestinal origin) or inappropriately low urine acid excretion (consistent with a kid-
ney origin). The differential diagnosis of the non-gap acidoses is summarized in
Table 4.1.

Diarrhea results in the loss of large quantities of HCO;~ decomposed by reaction
with organic acids. Because diarrheal stools contain a higher concentration of
HCO;™ and decomposed HCOj;™ than plasma, volume depletion and metabolic aci-
dosis develop. Hypokalemia occurs because large quantities of K* are lost from
stool and because volume depletion causes secondary hyperaldosteronism, which
enhances K* secretion by the kidney collecting duct. Instead of an acid urine pH as
might be anticipated with chronic diarrhea, a pH of 6.0 or more might be found.
This occurs because chronic metabolic acidosis and hypokalemia each increases
kidney ammonia (NH;) buffer production that combines with protons (H*) to form
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Table 4.1 Differential Extra kidney causes

diagnosis of non-gap acidosis Diarrhea or other GI losses of bicarbonate (e.g., tube

drainage)
Posttreatment of ketoacidosis (dilutional) (occasional:
initial DKA)
Kidney causes not due to renal tubular acidosis
Ureteral diversion (e.g., ileal loop, ureterosigmoidostomy)
Progressive chronic kidney disease
Toluene ingestion (excretion of hippurate)
Drugs
With associated hypokalemia

Carbonic anhydrase inhibitors (acetazolamide and
topiramate)

Amphotericin B

With associated hyperkalemia
Amiloride,
Triamterene,
Spironolactone,
Trimethoprim

With normal potassium
CaCl,, MgSO,
Cholestyramine

Exogenous acid loads (NH,Cl, acidic amino acids—total
parenteral nutrition, sulfur)

Post-hypocapnic state

Renal tubular acidosis

Low [K*],
Type 1 (classical distal) RTA
Type 2 (proximal) RTA

Type 3 (mixed proximal and distal) RTA (carbonic
anhydrase II deficiency)

High [K*],
Type 4 (generalized distal RTA)
Hypoaldosteronism (hyporeninemic and isolated)
Aldosterone resistance
Voltage defect in collecting duct

ammonium (NH,*) for urine excretion. The resulting increase in urine NH;/NH4*
buffer can increase urine pH. In the setting described, a urine pH of 6.0 or higher
might erroneously suggest a non-kidney cause. Because urinary NH,* excretion is
typically low in patients with RTA and high in patients with diarrhea [1, 2], the level
of urinary NH,* excretion (not usually measured by clinical laboratories) in
metabolic acidosis can be assessed indirectly [3] by calculating the urine anion gap
(UAQG), using the following equation [2]:

UAG =[Na" +K"],—[Cl"], “4.1)
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where U denotes the urine concentration of these electrolytes. The rationale for
using the UAG as a surrogate for ammonium excretion is that in chronic metabolic
acidosis ammonium excretion should be elevated if kidney tubular function is
intact. Therefore, the UAG should become progressively negative as the rate of
ammonium excretion increases in response to acidosis or to acid loading [3, 4]. A
negative UAG (more than —20 mEq/L) implies that sufficient NH," is present in the
urine, as might occur with an extra kidney origin of the hyperchloremic acidosis.
Conversely, urine estimated to contain little or no NH,* has more Na*+K* than CI~
(UAG is positive) [2—4], which indicates a kidney mechanism for the hyperchlore-
mic acidosis, such as in cDRTA (with hypokalemia) or hypoaldosteronism with
hyperkalemia. If a patient has ketonuria, drug anions (penicillins or aspirin), or tolu-
ene metabolites in the urine, this test is not reliable and should not be used.

In such circumstances the urinary ammonium concentration (UNH:) may be
estimated more reliably from the urine osmolal gap, which is the difference in mea-
sured urine osmolality (U,,), and the urine osmolality calculated from the urine
[Na*+K*] and the urine urea and glucose (all expressed in mmol/L) [3]:

UNH; =0.5U ,,,,—[2(Na" +K") + Urea + Glucose] 4.2)

Calculated urinary ammonium concentrations of 75 mEq/L or more would be
anticipated if kidney tubular function is intact and the kidney is responding to the
prevailing metabolic acidosis by increasing ammonium production and excretion.
Values below 25 mEq/L denote inappropriately low urinary ammonium concentra-
tions, suggesting the diagnosis of RTA.

Severe non-AG or hyperchloremic metabolic acidosis with hypokalemia may
also occur in patients with ureteral diversion procedures. Because the ileum and the
colon are both endowed with CI7/HCO;~ exchangers, when the CI~ from the urine
enters the gut or pouch, the HCO;™ concentration increases as a result of the
exchange process and HCO;™ is excreted [4]. Moreover, K* secretion is stimulated,
which, together with HCO;™ loss, can result in a non-AG (hyperchloremic) hypoka-
lemic metabolic acidosis.

Loss of functioning kidney parenchyma in progressive kidney disease is associ-
ated with metabolic acidosis. Typically, the acidosis is a non-AG type when the
GFR is between 20 and 50 mL/min but may convert to the typical high AG acidosis
of uremia with more advanced chronic kidney disease, that is, when the GFR is less
than 15-20 mL/min [5]. The principal defect in acidification of stage 3—4 CKD is
that ammoniagenesis is reduced in proportion to the loss of functional kidney mass.
Medullary NH,* accumulation and trapping in the outer medullary collecting tubule
may also be impaired [5]. Because of adaptive increases in K* secretion by the col-
lecting duct and colon, the acidosis of chronic kidney disease is typically
normokalemic [5]. Non-AG metabolic acidosis accompanied by hyperkalemia is
almost always associated with a generalized dysfunction of the distal nephron [1, 2].
However, K*-sparing diuretics (amiloride, triamterene), as well as pentamidine,
cyclosporine, tacrolimus, nonsteroidal antiinflammatory drugs (NSAIDs), angio-
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tensin converting enzyme (ACE) inhibitors, angiotensin II receptor blockers
(ARBS), p-blockers, and heparin may cause hyperkalemia and a non-gap metabolic
acidosis [1, 2]. Because hyperkalemia augments the development of acidosis by
suppressing urinary net acid excretion, discontinuing these agents while reducing
the serum K* allows ammonium production and excretion to increase, which will
help repair the acidosis.

Disorders of Impaired Kidney Bicarbonate Reclamation:
Proximal Renal Tubular Acidosis

Pathophysiology

The first phase of acidification by the nephron involves reabsorption of the filtered
HCO;™ so that 80 % of the filtered HCO;™ is normally returned to the blood by the
proximal convoluted tubule [1-3]. If the capacity of the proximal tubule is reduced,
less of the filtered HCO;™ is reabsorbed in this segment and more is delivered to the
more distal segments (see Fig. 4.1). This increase in HCO;™ delivery overwhelms
the limited capacity for bicarbonate reabsorption by the distal nephron, and bicar-
bonaturia ensues, net acid excretion ceases, and metabolic acidosis follows.
Enhanced CI- reabsorption, stimulated by ECF volume contraction, leading to
replacement of lost NaHCO; with NaCl causes hyperchloremic (non-AG) chronic
metabolic acidosis. With progressive metabolic acidosis and decreased serum
HCO;™ levels, the filtered HCO;™ load declines progressively. As plasma HCO;~
concentration decreases, the defective HCO;™ reabsorption more completely absorbs
the lower filtered load of HCO;™ so that the absolute amount of HCO;™ entering the
distal nephron eventually reaches the level approximating the distal HCO;™ delivery
in normal individuals (at the normal threshold). At this point the reduced quantity of
HCO;™ entering the distal nephron can be reabsorbed completely, so urine pH
declines. As a consequence, the serum HCO;™ concentration usually reaches a nadir
of 15-18 mEq/L, and the systemic acidosis no longer progresses. Therefore, in
proximal RTA, in the steady state, the serum HCO;™ is usually about 15-18 mEq/L
and the urine pH acid (<5.5). With bicarbonate administration, the amount of bicar-
bonate in the urine increases the fractional excretion of bicarbonate (FEHCO; )to 15
% or more, and the urine pH becomes alkaline [1], and the diagnosis of proximal
RTA can be made.

Proximal RTA can present in one of three ways (summarized in Fig. 4.1): one in
which acidification is the only defective function, one in which there is a more gen-
eralized proximal tubule dysfunction with multi-transporter abnormalities (most
common), and as a part of a mixed variety of RTA (type 3). Inheritance patterns for
isolated proximal RTA include autosomal recessive and autosomal dominant.
Isolated pure bicarbonate wasting is typical of autosomal recessive proximal RTA
with accompanying ocular abnormalities and has been defined as a number of mis-
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Fig. 4.1 Model of acidification in the proximal convoluted tubule. Numbers refer to unique
defects in specific transporters responsible for defective bicarbonate absorption and bicarbonaturia
typical of proximal RTA: 1. Autosomal recessive mutation of NBCel/SLC4A4 located on B-L
membrane. 2. Carbonic anhydrase 1I deficiency causing osteopetrosis, mixed proximal/distal RTA
(Type III RTA). 3. Autosomal dominant mutation of NHE-3. 4. Inherited defect of the H*-ATPase
(has not been described in association with proximal RTA)

sense mutations of the gene SLCA4 that encodes for the basolateral transporter,
NBCel. A rare variant, inherited as an autosomal dominant trait, has been described
and appears to be a mutation of the gene that encodes the apical Na*/H* exchanger,
NHE-3, and has been reported to be associated with short stature. Familial disorders
associated with proximal RTA include: cystinosis, tyrosinemia, hereditary fructose
intolerance, galactosemia, glycogen storage disease type 1, Wilson’s disease, and
Lowe’s syndrome.

Additionally, features of both proximal RTA (bicarbonate wasting), and distal
acidification abnormalities are evident in patients with autosomal recessive RTA
(mixed proximal and distal, or type 3 RTA) that has been attributed to a defect in the
CA2 gene that encodes for carbonic anhydrase II (CAII), an intracellular form of the
enzyme distributed to the proximal tubule and other distal tubule segments [1]. The
phenotype includes osteopetrosis, and ocular abnormalities.

The majority of cases of proximal RTA fit into the category of generalized proxi-
mal tubule dysfunction with multi-transport abnormalities manifest as glycosuria,
aminoaciduria, hypercitraturia, and phosphaturia, and referred to as Fanconi’s
syndrome.
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Although proximal RTA is more common in children, the most common causes
of acquired proximal RTA in adults are multiple myeloma, in which increased
excretion of immunoglobulin light chains injures the proximal tubule epithelium,
and chemotherapeutic drug injury of the proximal tubule (e.g., ifosfamide). RTA
due to ifosfamide toxicity, lead intoxication, and cystinosis is more common in
children. Carbonic anhydrase inhibitors cause pure bicarbonate wasting but not
Fanconi’s syndrome. Topiramate, widely used in the prevention of migraine head-
aches, or for treatment of a seizure disorder is a potent carbonic anhydrase inhibi-
tor, and is an important cause of non-AG metabolic acidosis. Approximately
15-25 % of patients on topiramate will manifest a stable non-gap metabolic aci-
dosis due to a mixed form of RTA with features of both proximal and distal RTA
(type 3). This phenotype occurs because the enzyme carbonic anhydrase II is pres-
ent in both the proximal and distal tubules, and subsides when topiramate is
discontinued.

Disorders of Impaired Net Acid Excretion with Hypokalemia:
Classical Distal Renal Tubule Acidosis

Pathophysiology

The mechanisms involved in the pathogenesis of hypokalemic cDRTA (type 1 RTA)
have been more clearly elucidated by appreciation of the genetic and molecular
bases of the inherited forms of this disease in the last two decades. Most studies
suggest that the inherited forms of cDRTA are due to inherited defects in either the
basolateral HCO;7/Cl~ exchanger (encoded by the gene SLC4A1), or subunits of the
H*-ATPase (encoded by the ATP6VIBI or ATP6VOA4 genes, respectively) localized
to the Type A intercalated cell of the collecting duct (Fig. 4.2).

While the classical finding is an inability to acidify the urine maximally (to a
pH of <5.5) in the face of systemic acidosis, attention to urine ammonium excre-
tion rather than urine pH alone is necessary to diagnose this disorder [1, 2]. The
pathogenesis of the acidification defect in most patients is evident by the response
of the urine PCO, to sodium bicarbonate infusion. When normal subjects are
given large infusions of sodium bicarbonate to produce a high HCO;™ excretion,
distal nephron H* secretion leads to the generation of a high PCO, in the kidney
medulla and final urine [8, 9]. The magnitude of the urinary PCO, (often referred
to as the urine minus blood PCO, or U—- B PCQO,) can be used as an index of distal
nephron H* secretory capacity [6-9]. The U—-B PCO, is generally subnormal in
classical hypokalemic distal RTA, with the notable exception of amphotericin
B-induced distal RTA, which remains the most common example of the “gradi-
ent” defect [7, 9, 10].

Patients with impaired collecting duct H* secretion and cDRTA exhibit uniformly
low excretory rates of NH,* when the degree of systemic acidosis is taken into
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Fig. 4.2 Type A intercalated cell of cortical collecting duct and reported causes of distal renal
tubular acidosis. 1. Inherited or acquired defect of the H*-ATPase. Autosomal recessive mutations
of ATP6VIB1 with deafness and of ATP6V04 without deafness have been reported. Defects in the
H*-ATPase may be acquired in Sjogren’s syndrome. 2. Autosomal dominant mutations of SLC4A1
cause an abnormality of the basolateral HCO;/CI~ exchanger. 3. Carbonic anhydrase II deficiency
is associated with mixed (Type III) proximal and distal RTA. 4. Inherited or acquired disorders
resulting in backleak of H* have been reported. The acquired defect best described is that caused
by the antibiotic amphotericin B

account [1, 2, 11]. Low NH," excretion equates with inappropriately low regenera-
tion of HCO;™ by the kidney, which indicates that the kidney is responsible for caus-
ing or perpetuating the chronic metabolic acidosis. Low NH4* excretion in classical
hypokalemic distal RTA occurs because of the failure to trap NH,* in the medullary
collecting duct as a result of higher than normal tubule fluid pH in this segment and
loss of the disequilibrium pH (pH>6.0) [12].

Medullary interstitial disease, which commonly occurs in conjunction with distal
RTA, may impair NH,* excretion by interrupting the medullary countercurrent sys-
tem for NH4* [1, 2, 13, 14]. The complete form of classical distal RTA is manifest
by a non-AG acidosis without treatment. The clinical spectrum of complete cDRTA
may include stunted growth, hypercalciuria, hypocitraturia, osteopenia, nephroli-
thiasis, and nephrocalcinosis, all a direct consequence of the chronic non-AG meta-
bolic acidosis. The dissolution of bone is due to calcium resorption and mobilization
from bone in response to the acidosis [1] and through activation of the pH sensitive
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G-protein coupled receptor, OGR1, which resides in bone [15]. Other common
electrolyte abnormalities, not due to acidosis include hypokalemia, hypernatremia
and salt wasting, and polyuria due to nephrogenic diabetes insipidus. The hypoka-
lemia may be due to a signaling pathway involving activation and release of PGE2
by p-intercalated cells that directly communicate to enhance sodium absorption and
potassium secretion by activation of the epithelial sodium channel (ENaC) and BK
channels in collecting duct principal cells. Because chronic metabolic acidosis also
decreases kidney production of citrate [1, 2, 11], the resulting hypocitraturia in
combination with hypercalciuria increases urinary stone formation and nephrocal-
cinosis. Distal RTA occurs frequently in patients with Sjogren’s syndrome and
because of autoantibodies and infiltration of lymphocytes, is due to the inability to
traffic and insert the H*- ATPase into the apical membrane properly [16]. The numer-
ous causes of both inherited and acquired defects resulting in classical distal RTA
are summarized in Table 4.2.

Disorders of Impaired Net Acid Excretion with Hyperkalemia:
Generalized Distal Nephron Dysfunction (Type 4 Renal
Tubular Acidosis)

The coexistence of hyperkalemia and a non-gap metabolic acidosis indicates a gen-
eralized dysfunction in the cortical and medullary collecting tubules [1, 2].
Hyperkalemia is an important mediator of the kidney response to acid—base bal-
ance, because it independently reduces ammonium production and excretion.
Chronic hyperkalemia decreases ammonium production in the proximal tubule and
whole kidney, inhibits absorption of NH,* in the mTAL, reduces medullary intersti-
tial concentrations of NH,* and NHj;, and decreases entry of NH,* and NHj; into the
medullary collecting duct, all leading to a marked reduction in urinary ammonium
excretion [1, 2]. The potential for development of a hyperchloremic metabolic aci-
dosis is greatly augmented when a reduction in functional kidney mass (GFR of <60
ml/min) coexists with hyperkalemia or when aldosterone deficiency or resistance
is present.

Drug-Induced Kidney Tub ular Secretory Defects
Impaired Renin—Aldosterone Elaboration

Drugs may impair renin or aldosterone elaboration or cause mineralocorticoid resis-
tance in patients with CKD, and produce effects that mimic the clinical manifesta-
tions of the acidification defect seen in the generalized form of distal RTA with
hyperkalemia. Examples include NSAIDs or COX-2 inhibitors [17], spironolactone
and eplerenone, B-adrenergic antagonists, heparin, and ACE inhibitors and ARBs.



4 Etiologic Causes of Metabolic Acidosis II: Normal Anion Gap Acidoses 35

Table 4.2 Disorders associated with classical hypokalemic distal RTA primary

Familial
1. Autosomal dominant

a. Abnormality of the basolateral HCO;/CI~ exchanger (AE-1) due to SLC4A ] mutation

2. Autosomal recessive

a. Deficiency or abnormality of the H*-ATPase

Autosomal recessive ATP6VIBI mutation with deafness
Autosomal recessive ATP6V0OA4 mutation with or without deafness
b. Carbonic anhydrase II deficiency—mixed PRTA-DRTA

Endemic
Northeastern Thailand
Acquired defect of the H*-ATPase
Sjogren’s syndrome
Secondary to systemic disorders
Autoimmune diseases
Hyperglobulinemic purpura
Cryoglobulinemia
Sjogren’s syndrome
Thyroiditis
HIV nephropathy
Hypercalciuria and nephrocalcinosis
Primary hyperparathyroidism
Hyperthyroidism
Medullary sponge kidney
Fabry disease
X-linked hypophosphatemia
Drug and toxin induced disease
Amphotericin B
Mercury
Vanadate
Hepatic cirrhosis
Ifosfamide
Topiramate
Tubulointerstitial diseases
Balkan nephropathy
Chronic pyelonephritis
Obstructive uropathy
Vesicoureteral reflux

Associated with genetically transmitted diseases

Ehlers—Danlos syndrome

Sickle cell anemia

Medullary cystic disease
Hereditary sensorineural deafness

Osteopetrosis with carbonic anhydrase II deficiency

Fibrosing alveolitis
Chronic active hepatitis
Primary biliary cirrhosis
Polyarthritis nodosa

Vitamin D intoxication
Idiopathic hypercalciuria

Wilson disease

Hereditary fructose intolerance
Hereditary sensorineural deafness

Cyclamate

Lithium

Classic analgesic nephropathy
Foscarnet

Acetazolamide

Kidney transplantation
Leprosy
Jejunoileal bypass with hyperoxaluria

Hereditary elliptocytosis

Marfan syndrome

Jejunal bypass with hyperoxaluria
Carnitine palmitoyltransferase I
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Voltage Defect of Collecting Duct

Autosomal recessive PHA-1. This disorder is the result of a loss-of-function muta-
tion of the gene that encodes one of the a-, -, or y-subunits of the ENaC [18-22].
Typically, children with PHA-1 also manifest vomiting, hyponatremia, failure to
thrive, and respiratory distress [21, 23], and respond to a high salt intake and correc-
tion of the hyperkalemia.

Amiloride and triamterene may be associated with hyperkalemia, because these
potassium-sparing diuretics occupy and thus block the apical Na*-selective channel
(ENaC) in the collecting duct principal cell. Occupation of ENaC inhibits Na*
absorption and reduces the negative transepithelial voltage, which alters the driving
force for K* secretion (Fig. 4.3 displays the pathophysiology of a prototypical volt-
age defect in the CCT).

The calcineurin inhibitors cyclosporine A and tacrolimus may be associated with
hyperkalemia in the transplant recipient as a result of inhibition of the basolateral
Na*-K*-ATPase and the consequent decrease in intracellular [K*] and the transepi-
thelial potential, which together reduce the driving force for K* secretion (see Fig.
4.3) [17]. Calcineurin inhibitors may also inhibit K* secretion by directly interfering

r. Lumen Interstitial space

Fig. 4.3 Definition of voltage defect in the cortical collecting duct principal cell. Loss of function
of the Na* channel, ENaC, prevents the generation of a lumen-negative transepithelial potential,
therefore, negating the favorable voltage for K* secretion into the lumen (similarly, H* secretion by
the neighboring Type A intercalated cell is also impaired). Calcineurin inhibitors may cause a volt-
age defect by inhibition of the B-L Na*,K*-ATPase or by inhibition of the ROMK channel on the
apical membrane. Most voltage defects cause hyperkalemic non-gap metabolic acidosis, therefore
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with the K channel, ROMK [24]. An additional explanation for the association of
hyperkalemia, volume expansion and hypertension, a syndrome that resembles the
phenotype of familial hyperkalemic hypertension or PHA-2, is enhanced activity of
NCC in the DCT [25].

Disorders of Impaired Net Acid Excretion and Impaired
Bicarbonate Reclamation with Normokalemia: Acidosis
of Progressive Kidney Failure

The metabolic acidosis of CKD associated with chronically reduced GFR is initially
hyperchloremic (GFR in the range of 20—30 mL/min) but may convert to the high
AG variety as kidney insufficiency progresses and GFR falls below 15 mL/min [2,
5]. Unlike patients with classical distal RTA, patients with primary kidney disease
have a normal ability to lower the urine pH during acidosis [5]. The net distal H*
secretory capacity is qualitatively normal and can be increased by buffer availability
in the form of PO,*~ or by nonreabsorbable anions. Thus, the principal defect is an
inability to produce or to excrete NH,4* sufficient to match net endogenous acid pro-
duction. Consequently, the kidneys cannot quantitatively excrete all the metabolic
acids produced daily, and net positive acid balance supervenes [5].

Evidence continues to indicate that chronic acidosis in patients with CKD is
deleterious and accelerates CKD progression [26, 27] and augments dissolution of
bone [2], and impaired hydroxylation of 25-hydroxycholecalciferol [2, 5], causing
kidney osteodystrophy. Furthermore, the chronic acidosis also causes sarcopenia
from enhanced skeletal muscle protein degradation with subsequent loss of muscle
strength.
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Chapter 5
The Use of Bedside Urinary Parameters
in the Evaluation of Metabolic Acidosis

Daniel Batlle, Khurram Saleem, and Nitin Relia

Introduction

The pathophysiologic approach to the evaluation of metabolic acidosis and the
importance of a complete evaluation of urine acid excretion and its main compo-
nents (ammonium and titratable acids) has been discussed in a previous chapter.
In this article we discuss the evaluation of the kidney response to metabolic acidosis
at the bedside using basic tools as urine pH, urine anion gap, and urine bicarbonate
and discuss their interpretation and limitations. The use of provocative tests to eval-
uate distal acidification in patients suspected of distal renal tubular acidosis (DRTA)
is also discussed.

Urine pH

Urine pH depends mainly on the concentration of HCO;™: the higher the urine
concentration of HCO;~, the higher the urine pH. In normal subjects urine pH is
approximately 6.0 for the majority of measurements during a 24-h period [1]. This
reflects that the urine normally contains little HCOs™ and therefore UHCO;™ can be
considered negligible at this urine pH. Depending on the acid-base status, the range
of urine pH varies widely from 4.5 to 8.0 [2]. Urine pH should be measured in a
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freshly voided sample, preferably in the morning, and collection under mineral oil
has been traditionally recommended to prevent CO, diffusion. This time honored
practice for research purposes has been difficult to follow in the busy hospital
setting. The need for collecting urine under mineral oil has been recently challenged
[3]. In a recent study of 97 random acidic urinary samples (pH <7.0), urine pH was
not substantially altered when studied under mineral oil as compared with 5 min of
vigorous shaking [3].

The correlation between urine ApH after CO, loss from shaking and the
corresponding baseline pH in oil-free acidic urine samples (n=97 samples) is shown
in Fig. 5.1. The graph of the relationship between these variables is a reversed
parabolic curve, pointing to a tendency for smaller increases in urine pH (after CO,
loss) in samples with lower than higher urine at baseline pH. This finding suggests
that, unlike the situation for alkaline urine (pH>7.0), collection of urine under oil is
not necessary for acidic urine [3]. While this is good information, the problem still
remains that one does not know if the urine is going to be acidic or alkaline until the
pH is measured. Moreover, the effect of prolonged exposure to air on urine pH was
not studied in this report [3]. Collecting urine with mineral oil, in our opinion,
should continue to be recommended for measuring urine pH and PCO,. When not
possible it seems reasonable to measure urine pH as soon as possible (within 1 h or
so) after freshly voiding urine is collected.

0.8 @

Urine A pH

5 5.5 6 6.5 7
Urine baseline pH

Fig. 5.1 Correlation between the urine pH after CO, loss because of shaking and the correspond-
ing baseline pH oil-free acidic urine samples (n=97). Dotted lines at pH values of 5.5, 6.0, and 7.0
reveal the degree of urine pH by 0.1, 0.3, and 0.65, respectively. Modified from Yi et al. CJASN
2012;7(8):1222-16
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Limitations and Caveats in the Interpretation of Urine pH

The concept that urine pH>5.5 in the setting of metabolic acidosis is an indication
of defective H* secretion by the distal nephron originated from observations that
patients with the classic form of distal RTA could not lower urine pH below this
level even under conditions of severe metabolic acidosis [4-6]. The urine pH alone,
however is not sufficient to evaluate the intactness of collecting tubule H* secretion.
This requires information on acid excretion, namely NH,* (see below). Moreover,
other caveats, must be taken into account for the use of urine pH as an index for
distal H* secretion.

One caveat is that distal Na* delivery must be adequate [6, 7]. Low Na* delivery
to the distal nephron impairs maximal distal acidification in response to acidemia
[6]. When Na* excretion is increased by salt replacement, urine pH falls maximally
and acid excretion increases with improvement in the metabolic acidosis [6]. A clue
to the diagnosis of chronic laxative abuse as the cause of metabolic acidosis is the
finding of low urine Na*, which may be less than 10 mEq/day. Patients with hepa-
torenal syndrome likewise may not be able to acidify the urine maximally owing to
lack of adequate distal Na* delivery.

The concentration of urine buffers such as NH,* affects urine pH [8, 9]. Under
conditions of maximal stimulation of H* excretion urine pH may not be lower than
5.5. If there is a marked increase in NH;* formation, secreted H* is buffered to form
NH,* and its concentration in the urine is actually low, this being reflected by a rela-
tively high urine pH [2, 8, 9]. In this setting, a urine pH above 5.5 does not imply
that a defect in distal H* secretion is present and the associated high NH,* excretion
rules out such defect.

The urine pH should be therefore interpreted in the context of the level of NH,*
excretion (see Table 5.1). The finding of a urine pH>35.5 in the presence of metabolic
acidosis is consistent with the diagnosis of RTA but NH,* excretion needs to be reduced
for this diagnosis (Table 5.1). Patients with hyperkalemia and aldosterone deficiency
(type 4 RTA) have decreased NH,* excretion as a result of lack of aldosterone and

Table 5.1 Urine pH, NH,*, and UAG in various causes of metabolic acidosis

Urine pH Urine NH,* Urine anion gap
DRTA (classic) >5.5 Decreased Increased (positive)
Metabolic acidosis (i.e., mild <5.5 Increased Decreased (negative)
diarrhea)
Metabolic acidosis (severe >5.5 Much increased | Much decreased
protracted diarrhea) (very negative)
Type 4 RTA <5.5 Much decreased | Much increased
(very positive)
Hyperkalemic distal RTA >5.5 Much decreased | Much increased
(very positive)
Advanced CKD <5.5 Much decreased | Much increased

(very positive)
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hyperkalemia which both suppress ammonium formation [10]. Such patients have low
urine pH (Table 5.1) [10, 11] because urine NH," is so low in the collecting tubule that
even a low rate of H* secretion translates into a low urine pH.

Patients with hyperkalemic DRTA, not caused by aldosterone deficiency, cannot
lower urine pH and ammonium excretion is decreased (Table 5.1) [12].

Urine Bicarbonate

Urine bicarbonate excretion is usually very low and urine organic anions such as
citrate represent the main mode of base excretion. During metabolic acidosis and
with chronic acid loads there is a decrease in base excretion in the form of citrate
and other organic anions [13]. Low urine citrate might better reflect adaptation to
metabolic acidosis than low urine bicarbonate. This is because low urine citrate sug-
gests kidney retention of potential base whereas urine HCO; is already low under
baseline conditions in most patients under normal conditions because of near com-
plete reabsorption.

Provided that both urine pH and PCO, are available one can calculate the urine
HCOs™ concentration using a derivation of the Henderson—Hasselbalch equation as
shown below:

Urine HCO,™ = aPCO, x10*"

where «a is the solubility coefficient for urine PCO, (0.03).
Urine Na* and K* should ideally be included to calculate urine pK and take into
account the ionic strength of the urine, according to the formula:

pK =6.33-0.5VNa +K

This, however, is not really necessary as shown by a recent study showing no sig-
nificant difference in urinary HCO;~ whether pK was calculated including urinary
Na and K or simply using a pK of 6.1 (the pK of the HCO;™ buffer). The latter for-
mula is as follows:

Urine HCO,™ =0.03xPCO, x10™""*!

Using this formula only urine PCO, and urine pH are needed to calculate urine
HCOs™. Under conditions of eucapnia (normal blood PCO,) urine PCO, is about
40 mmHg [14]. Therefore, when urine PCO, is not available (as it is often the case)
one can assume that urine PCO, is 40 mmHg. This approach is practical because
clinical laboratories do not routinely measure urine PCO, Ideally, however, urine
PCO, should be measured as it maybe much lower or higher than blood PCO.,.
A urine pH<6.5 denotes trivial amounts of HCO;™ in the urine. An alkaline urine
pH (>7.0) indicates bicarbonaturia.
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Urine Electrolytes and the Urine Anion Gap

Urine Na*, K*, and CI- are needed to calculate the urine anion gap. In addition, urine
Na* provides information of distal Na* delivery which is critical for optimal collect-
ing tubule H* secretion as noted above. In the presence of metabolic acidosis, NH,*
is the most important component of urine acid excretion. Urine NH,* is usually not
measured in clinical laboratories but can be inferred by calculating the urine anion
gap in patients with a hyperchloremic metabolic acidosis [15]. The principle is simi-
lar to that of the plasma anion gap, namely, that the sum of all anions must equal the
sum of all cations. The unmeasured anions (UA) include sulfate, phosphate, and
organic anions. Not routinely measured cations (UC) include NH,*, Ca**, and Mg**.

Including anions and cations other than those routinely measured (CI-, HCO;™,
and Na* and KY) it follows that:

(CI" +HCO; )+ UA=Na" +K")+UC
orUA-UC=(Na"+K")-(Cl" +HCO;,")

The urine anion gap is calculated by the formula:
Urineaniongap =(Na' +K") - (CI” + HCO;)

If urine pH is <6.5, urine HCO;™~ does not need to be included as it can be considered
negligible. Thus,

Urineaniongap =(Na” +K")-ClI” = UA-UC

NH," is by far the predominant cation in the setting of metabolic acidosis and its
excretion can be indirectly estimated through the urinary anion gap (Fig. 5.2) [15].
Because NH,*, the major unmeasured cation, increases markedly in the presence of
metabolic acidosis, the UAG changes predictably and in this setting provides a
rough estimate of urine NH,".

The urine anion gap will be low (usually a negative value) if there is a decrease
in unmeasured anions or an increase in unmeasured cations (e.g., NH4*). The latter
occurs when NH, formation is increased to compensate for metabolic acidosis [15].
Conversely, the urine anion gap will be increased (usually a positive value) if there
is a decrease in unmeasured cations (e.g., NH,").

It should be noted that the utility of the UAG centers around the evaluation of
metabolic acidosis. The urine anion gap can be decreased (typically a negative
value) in diarrhea associated metabolic acidosis whereas it is typically increased
(typically a positive value) in DRTA [15]. Patients with DRTA have a positive urine
anion gap because NH,* excretion is low as a result of failure to secrete H* in the
distal nephron. By contrast, in diarrheal states associated with metabolic acidosis,
the urine anion gap is negative, reflecting the fact that NH,* excretion is
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Fig. 5.2 Urinary ammonium (NH,*") in relation to the urinary anion gap (UAG). Thirty-eight
patients with altered distal urinary acidification are represented by open circles; seven normal
subjects receiving ammonium chloride, closed circles; and eight patients with hyperchloremic
metabolic acidosis associated with diarrhea, triangles. Modified from Batlle DC, Hizon M, Cohen
E, Gutterman C, Gupta R. The use of the urinary anion gap in the diagnosis of hyperchloremic
metabolic acidosis. N Engl J Med 1988;318:594-9

appropriately increased [15, 16]. Information regarding NH,* excretion from sub-
jects with proximal RTA is limited. NH,* excretion in proximal RTA is not reduced
compared to control subjects [17, 18]. The response to a 3-day acid loading test with
NH,CI was evaluated in eight patients with isolated proximal RTA and in 10 healthy
control subjects [19]. In the basal state, all subjects with proximal RTA had NH,*
excretion rates similar to control subjects, suggesting normal kidney NH,* handling.
On the third day of acid loading, however, NH,* excretion rates in proximal RTA
patients were significantly lower than in controls, demonstrating an impairment in
maximal urinary NH,* excretion [19]. Given this finding and although the urine
anion gap was not reported, it is likely that in proximal RTA the UAG is not as nega-
tive as in controls with metabolic acidosis, and actually could be slightly positive.
In distal RTA, the urine anion gap is consistently positive without exceptions and
very much increased (Figure. 5.2) [15].

The urine anion gap is also useful in helping the clinician to identify the presence
of chronic respiratory alkalosis. Chronic respiratory alkalosis presents with
hyperchloremia and hypobicarbonatemia [2, 20]. Consequently, the clinician might
mistakenly diagnose chronic metabolic acidosis in a patient with chronic respiratory
alkalosis, particularly when blood pH and blood PCO, are not available. The urine
anion gap helps distinguish between chronic respiratory alkalosis and chronic
metabolic acidosis. A positive urine anion gap in the presence of hyperchloremia
and hypobicarbonatemia suggests either chronic respiratory alkalosis or DRTA [2].
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Because DRTA is relatively rare and chronic respiratory alkalosis is frequently seen
in hospitalized patients, the urine anion gap is a helpful way to distinguish meta-
bolic acidosis from respiratory alkalosis. In chronic respiratory alkalosis, the urine
anion gap is positive owing to suppressed NH,* excretion as an adaptive response to
chronic alkalemia [2]. By contrast, the urine anion gap is expected to be decreased
(negative) with chronic metabolic acidosis when NH," formation and excretion are
appropriately increased. The acidosis associated with chronic kidney failure (or
advanced CKD) is largely due to a decrease in NH,* excretion. Normally an acid
load results in a several-fold increase in NH,* excretion with a more modest increase
in titratable acid excretion. By contrast, in advanced CKD, despite the prevailing
systemic acidosis, there is a failure to increase NH,4* excretion to the levels found in
normal subjects with metabolic acidosis [2]. Even when factored for GFR, NH,*
excretion in patients with advanced CKD fails to increase appropriately [21].
Accordingly, the urine anion gap is expected to be increased (positive) in patients
with CKD even in the presence of metabolic acidosis (Table 5.1).

Although, the urinary anion gap roughly reflects urine NH4* excretion, it is not a
precise diagnostic index and does have limitations [15, 16]. For example, the urine
anion gap may be decreased (i.e., negative) if the urine contained large amounts of
unusual cations such as lithium. Conversely, the UAG may be increased (i.e., posi-
tive) if the urine contained certain anionic antibiotics such as carbenicillin.

These situations, however, are unusual and can be suspected based on clinical
information. It is important to emphasize that the use of the UAG should be limited
to the evaluation of NH,* when plasma bicarbonate is reduced. One situation where
the UAG can be misleading is the metabolic acidosis caused by ketoacidosis. In this
situation, the UAG is likely to be increased (positive) despite a high excretion of
NH," due to the presence of large amounts of ketone anions, which increases the
UAG [13]. In this setting, the UAG would greatly underestimate NH,* excretion.
The UAG could also be affected by toluene intoxication because of the presence of
hippurate [16, 22]. Despite these caveats, the urine anion gap is a useful bedside index
of NH,* excretion in patients with acidosis. Clearly it helps distinguish the common
causes of metabolic acidosis due to diarrheal states from distal RTA. Moreover,
it helps identify the presence of a chronic respiratory alkalosis as noted above.

Provocative Tests of Distal Acidification

Ammonium Chloride Test

If metabolic acidosis is not present, the acidifying agent ammonium chloride
can be given orally in a dose of 0.1 g/kg body weight daily for 3—-5 days [23]. A
single dose of the same cumulative amount can also be given and urine is then
collected hourly from 2 to 8 h. In healthy subjects, urine pH falls below 5.5
(usually <5.0) usually by the first day after NH,Cl administration. By day three,
NH,* excretion increases at least three- to fivefold. Some others have suggested
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that 1-day NH,CI challenge only to make the test more practical. This approach,
however, is not as reliable as the 3-day test. We think the 3-day test gives more
reliable results and is preferable in that it allows time for a maximal increase in
NH,* excretion. An alternative acidifying agent is calcium chloride (2 mEq/kg
of body weight orally), which gives results similar to ammonium chloride. It
can be used in patients who cannot tolerate ammonium chloride due to nausea
and vomiting or in patients with liver disease in whom ammonium chloride is
contraindicated [23].

Sodium-Dependent Tests of Distal H* Secretion

Sodium sulfate or a loop diuretic can be useful to assess Na*-dependent acidification
and provide additional mechanistic information to tests based on providing an
acidemic stimulus. These agents are used to enhance the negative trans-epithelial
voltage in the collecting tubule and therefore the capacity not only for H* secretion
but also K* secretion [24-27]. Amiloride, by contrast, blocks the collecting tubule
Na* channel and can be used to examine H* secretion when the trans-epithelial
voltage is acutely obliterated [25].

Sodium Sulfate

Normal subjects can lower urine pH maximally after sodium sulfate administration
even in the absence of metabolic acidosis, provided that distal Na* delivery is
increased acutely and while collecting tubule avidity for Na* reabsorption is
concurrently stimulated [27]. The latter requirement can be achieved by
administration of mineralocorticoid or by placing the subject on a low-Na* diet
(i.e., 20 mEq daily) for 3 days, which stimulates aldosterone release [27].
Aldosterone, in turn, enhances distal Na* reabsorption. The sodium sulfate infu-
sion testcan therefore be performed following the administration of fludrocortisone
(1 mg orally over the 12 h preceding the sodium sulfate infusion) or after a few
days on a low salt diet [12, 27].

When properly performed, the sodium sulfate test results in a fall in urine pH to
below 5.5 (usually below 5.0) [12, 27]. Some subjects may exhibit a late response,
so urine collections should continue 2-3 h after the infusion is discontinued. Patients
with advanced chronic kidney disease also respond normally to sodium sulfate in
terms of lowering urine pH [27]. The increase in acid excretion following sodium
sulfate infusion is mainly in the form of NH,*. The K* excretory (kaliuretic) response
with sodium sulfate administration is also useful in assessing distal K* secretory
capacity. Patients with hyperkalemic distal RTA have subnormal K* excretion
whereas in those with normokalemic distal RTA, K* excretion increases markedly
after sodium sulfate [12, 24-26].
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Furosemide Test

Loop diuretics increase collecting duct Na* delivery by inhibiting NaCl reab-
sorption in the loop of Henle. Part of the increase in the load of Na* delivered
to the distal nephron is reabsorbed in the cortical collecting tubule, creating a
favorable trans-epithelial voltage gradient for H* and K* secretion [24]. This
interpretation is supported by the finding that the fall in urine pH and the
increase in K* excretion caused by furosemide are obliterated by amiloride, an
agent that blocks the Na* channel in the cortical collecting tubule (CCT)
(Fig. 5.3) [24]. The kaliuretic effect of furosemide is also attenuated by
amiloride [24].

The difference in K* excretion that is seen, at comparable urine flow rates, when
furosemide is given alone and when combined with amiloride demonstrates the
significant contribution of the amiloride-sensitive (i.e., Na*-dependent) component
of distal K* secretion [24].

The furosemide test is performed by first collecting a urine sample and then
giving 40-80 mg of furosemide orally [24]. Urine pH measured 2—4 h following
furosemide should be below 5.5. The test was originally described without prior
administration of mineralocorticoid or prior salt restriction to enhance Na* avidity
[24]. All subjects responded consistently by lowering urine pH below 5.5 without
prior use of these maneuvers to enhance avidity distal Na* reabsorption. More
recent studies have used the furosemide test following administration of miner-
alocorticoid [28]. While this ensures that distal Na* reabsorption is stimulated we
think the furosemide test is reliable usually even without preexisting mineralocor-
ticoid administration [24]. Furosemide when given intravenously [29] or
bumetanide administration orally [25] have also been shown to lower urine pH
consistently.

Amiloride Test

The amiloride test is performed by giving 20 mg of amiloride orally after a baseline
urine collection followed by hourly urine collections for measurement of urine pH
and electrolyte excretion [25]. Amiloride at low doses blocks apical Na* channels in
the cortical collecting duct [25]. Administration of amiloride predictably increases
urine pH and decreases urine K* excretion in normal individuals [25]. In patients
with a hyperkalemic DRTA due to a presumed voltage-dependent defect, amiloride
should not lead to a normal increase in urine pH or a further decrease in K* excre-
tion. A normal response to amiloride (i.e., an increase in urine pH and a decrease in
K* secretion) implies that voltage-dependent H* and K* secretion is essentially
intact [25].
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Fig. 5.3 The effect of
furosemide (filled circle)
and furosemide + amiloride
(open circle) on urinary
acidification in normal
subjects. Please note that
the lowering effect of
furosemide is prevented
when amiloride is given
concurrently indicating
that the effect takes place
in the cortical collecting
tubule. The asterisk
denotes a significant
difference between the two
experimental conditions.
Modified from Batlle

DC. Segmental
characterization of defects
in collecting tubule
acidification. Kidney Int
1986;30:546-54
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Urinary PCO, as an Index of Collecting Tubule H Secretion

Another test to evaluate distal H" ion secretion is assessment of urine PCO, in a
highly alkaline urine [30, 31]. Sodium HCOj;™ is given, usually intravenously, to
increase urine HCO;™ concentration to a very high values (urine pH approximately
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7.8) [31]. This leads to a rise in urine PCO, to values considerably higher than blood
PCO, [31, 32]. Normal subjects achieve values of urine PCO, higher than 80 mmHg
whereas patients with defects in distal acidification typically fail to increase urine
PCO, above 60 mmHg [31, 32]. This test, although cumbersome to execute, is a
sensitive test of maximal capacity for collecting tubule H* ion secretion. A subnor-
mal rise in urine PCO,, for example, reflects the presence of an “incomplete” type
of distal RTA [31, 33].

All patients with distal RTA are expected to have subnormal values of urine
PCO, after sodium bicarbonate loading, with the exception of distal RTA secondary
to Amphotericin B. In amphotericin induced distal RTA, distal H* secretion is intact;
the acidification defect is due to back leak of H* normally secreted. After bicarbonate
loading urine is so alkaline that luminal H* concentration is reduced and therefore
the back leak of H* is attenuated. Another situation where urine PCO, could
theoretically increase normally is distal RTA due to mistargeting of the CI7/HCO;~
exchanger to the apical membrane. HCO;™ secretion would be increased in this
theoretical type of DRTA causing urine PCO, to increase despite an alteration in the
CI/HCO;™ exchanger that reduces net distal acidification. In all other types of distal
RTA, a subnormal urine PCO, is expected, reflecting that the rate of distal H* secre-
tion is decreased.

Another tool to evaluate distal H* ion secretion is assessment of urine PCO, after
the infusion of neutral sodium phosphate [34, 35]. Urine PCO, is critically dependent
on urine phosphate concentration when the pH of the urine is close to 6.8, the pK of
the phosphate buffer system. Under these conditions, phosphate rather than HCO5~
is responsible for generating CO, in the urine. By contrast, in the highly alkaline
urine (pH>7.8) produced by sodium bicarbonate loading, phosphate plays no role
in the generation of urine PCO,. This test is performed by infusing neutral phos-
phate (1 mmol/L total body water in 180 cm?® of normal saline) slowly at a rate of
1 mL/min for 3 h. Urine phosphate concentration must increase to about 20 mmol/L
in two or three successive urine collections after the beginning of the phosphate
infusion. Under these conditions, distal H* secretion is stimulated and urine PCO,
rises consistently above 80 mmHg both in normal subjects and in patients with
advanced CKD. This usually results in at least twofold increase in plasma phos-
phate concentration and this makes this test problematic. A similar increase in urine
PCO, has been reported using oral phosphate loading which may be more
practical.

The provocative tests of distal acidification above described are not commonly
used and clearly are not needed for clinical diagnosis. The oral furosemide test,
however, is easy to perform at bedside or in an outpatient clinical setting and has a
role in the evaluation of individuals suspected of having defects in distal acidification.
The 3-day NH,CI test remains the traditional test in the evaluation of individuals
suspected of DRTA. Individuals with kidney stones, osteoporosis, or relatives of
individuals with some types of hereditary DRTA may be occasionally diagnosed of
incomplete DRTA if they fail to lower urine pH below using this test. However, the
definition of incomplete DRTA should include further evidence of impaired distal
H* secretion.
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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
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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 +2.5%x (4.4 —albumin in g/ dl)

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



6 Pathophysiologic Approach to Metabolic Acidosis 55

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 (AAG) and the decrease in serum bicarbonate con-
centration below normal (AHCO;") 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 (AAG/AHCO;") that
is present in a high AG metabolic acidosis have been used to diagnose these com-
plex acid-base disturbances [6, 9]. When the AHCO;™ (using a mean normal value
for bicarbonate of 24 mEq/l) exceeds the AAG, a normal AG metabolic acidosis
co-exists. Conversely, when the AAG exceeds the AHCO;~, 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 HPO,?>~ and 20 % is H,PO,".

Titratable acid excretion in the form of phosphate reflects the amount of filtered
HPO,? 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 NH,* 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 (NH,")

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 NH,* transport into the urine accomplish the final
excretion of acid by trapping secreted hydrogen ions with NH; and forming NH,*.
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 NH,* and ensures that the bulk of NH,*
generated from the amide and amine nitrogens of glutamine is excreted in the urine
[35]. Finally, cellular concentrations of glutamate and o-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 NH,* reabsorption by the thick ascending loop of Henle [37].
The mechanisms that maintain high interstitial NH,* concentrations in the medulla
and papilla, thereby limiting NH,* backflux into the systemic circulation, remain
elusive. A role of sulfatides in kidney NH,* 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 NH,*
concentration in the papilla. This high interstitial NH,* concentration is needed for
urine NH,* excretion under basal conditions and during metabolic acidosis [38].

The net effect is that NH,* excretion can increase from its basal level of 30-40
mEqg/day to more than 200-300 mEq/day with severe and persistent metabolic aci-
dosis [40—42]. This marked ability to increase in NH,* 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.



58 N. Relia and D. Batlle
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 HCO;~ whereas citrate is the main urine base under these
basal conditions (~500 mg/day) [19]. In addition to base excretion, the 1:1
Ca?:Citrate’ complex has a very high association constant and solubility. These
properties make citrate the most effective Ca?* chelator in the urine under basal
conditions, thereby preventing Ca?* 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 NaDCI1
(SLC13A2), an Nal-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 (citrate?) 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 citrate?>*~ is converted to CO, and H,0,
2 or 3 H* are consumed. Therefore, each milliequivalent of citrate excreted in the
urine is tantamount to 2 or 3 OH™ loss [44].
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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 citrate® to citrate-, 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 HCO;™, 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 = U e T U,
4

itratableacid Uﬂco;

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 HCO;™. Thus, urine excretion of organic anions represents loss of
potential HCO;™ [53]. A formula for net acid excretion that would take this into
account is as follows:

Revisednetacidexcretion = (U i+ Utitatedacia) — (U . or T U, oenattic or )

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
HCO;™ and therefore UHCO{ can be considered negligible at this urine pH. Rather
than increasing HCO;™ excretion, dietary alkali is converted initially to HCO;™ 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 HCO;™ 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 HCOj;™ is typically low under most basal
conditions, low urine citrate might better reflect adaptation to subtle metabolic aci-
dosis than urine HCO5. 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
HCO;™ 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 HCO;™ 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 NH,* 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.
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Chapter 7
Dietary Contributions to Metabolic Acidosis

Lynda Frassetto

Case Vignette

A 40 y/o morbidly obese woman comes into your office for a new patient visit. She
recently moved to southern Florida after getting a divorce. She has diabetes and
high cholesterol levels and takes metformin, lovastatin, and lisinopril. She says her
brother, who also has diabetes, high blood pressure, and a history of kidney stones,
recently had to stop working because of a stroke that left him paralyzed on his left
side. She tells you this has scared her, and now she wants to lose weight and is inter-
ested in trying the Atkins diet.

Physical exam reveals that she is 5 feet 5 inches, 225 1bs (BMI 38.6), Caucasian,
BP 140/85, with an abdominal girth/hip ratio of 1.3. Her screening labs are unre-
markable except for a hemoglobin level of 12.1 g, fasting blood sugar of 120 mg/dL,
and total cholesterol of 231 mg/dL. Her thyroid tests are normal. Urine protein to
creatinine ratio is 800 mg/g. Should you agree that she can try the Atkins diet for
weight loss?

Question

Which one of these BEST explains your response?

A. Yes, the Atkins diet has been shown to help subjects lose weight.
B. No, the Atkins diet is not a good diet for subjects with high blood sugar.
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C. Yes, but you should tell her to increase her salt and water intake to help keep
herself hydrated.

D. No, the Atkins diet can promote increased acid production and increase her risk
for kidney stones.

E. No, the Atkins diet is contraindicated in subjects with high blood lipid levels.

Determinants of Blood pH (Review)

There are at least three independent determinants of the set point for blood hydro-
gen ion concentration ([H*]): the partial pressure of carbon dioxide (PCO,), excre-
tion of which is controlled by the lungs [1]; diet acid or base load, including chloride
intake from the salt content of the diet [2, 3]; and the kidney, which declines in
function with advancing age [4]. In healthy adult humans eating ordinary American
diets, these factors help insure that systemic acid—base equilibrium is maintained
within narrow limits. This occurs despite the continual addition of acids to the body
from cellular metabolism and end products of metabolism of neutral precursors in
the diet (Fig. 7.1).

Dietary intake Buffering and
and metabolism neutralization

Fig. 7.1 Overview of systemic acid-base balance: intake and metabolism, buffering and neutral-
ization, and excretion
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Metabolism of Dietary Substrates

Interest in the effects of food on acid—base balance goes back to the end of the nine-
teenth century, with studies evaluating the effects of diet on urinary pH and acid
excretion [5-7]. In these early studies, subjects would be fed specific diets, and the
urine analyzed for compounds such as urea, ammonia, non-urea nitrogen, sulfates,
phosphates, and chlorides. Figure 7.2 is a re-analysis of the studies by Blatherwick
[7] demonstrating changes in the net quantity of acid (net acid excretion, NAE)
excreted by addition of one specific food item to a baseline diet.

Understanding of these processes was furthered by the pioneering group of
Relman, Lemann, and Lennon in the late 1950s [8—10]. Studying first liquid and
then solid diets, they investigated how renal acid excretion correlated with endoge-
nous acid production, demonstrating that the net acid production was the sum of (1)
the oxidation of organic sulfur to sulfates, (2) the net liberation of protons from
organic phosphate radicals, and (3) the endogenous formation of unmetabolized
organic acids. Some sources of endogenous acids and their metabolism are shown
in Fig. 7.3 [11]. Dietary bases come from the ingestion of organic anions such as
citrate or malate that are metabolizable to bicarbonate. These investigations culmi-
nated in a landmark paper by this group in 1966 [12], demonstrating that the quan-
tity of “fixed” or nonvolatile acids produced from a given diet required knowledge
of both the composition of the dietary precursors and the metabolic end products
excreted in the urine and feces.'

Clinical trial: effect on renal net acid excretion (NAE) of
adding one food type to a baseline diet
| | ]
whole wheat bread (10 s!ices} )
Rice (1.5 ¢) —I !
= orange (9)
B raisins (2 c)
I nut food (2.5 c)
[ apples (15)

|
I tomatoes (7)

| IS hananas (7)
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Fig. 7.2 The effects on renal net acid excretion of adding one food item to a baseline diet [7]

'Net endogenous acid production=organic acids+ sulfates-bicarbonate; Net renal acid excre-
tion =ammonium plus titratable acids minus bicarbonate.
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Fig. 7.3 Dietary sources of endogenous acids [11]

Food analyses show that almost all foods contain acid precursors, while fruits
and vegetables also contain base precursors. From these data, formulas for estimat-
ing the acid or base dietary effects of various foods have been developed [13-15].
Using dietary estimates avoids having to measure renal NAE, which generally
requires a research laboratory. However, use of these formulas requires detailed and
quantitative analyses for dietary cations (sodium, potassium, calcium, magnesium)
and anions (chloride, sulfate, phosphate). Most of the formulas use an estimate for
organic anion production, and some include a factor for intestinal ion absorption.

Effects of Dietary Substrates on Systemic Acid-Base Balance

This foundational work raises a critical question; namely, in healthy subjects with
normally functioning kidneys, can changing dietary intake alter systemic acid—base
balance, and if so, to what degree? Relman and colleagues concluded that in their
healthy subjects, net endogenous acid production was approximately equal to renal
NAE. However, re-evaluation of that data by Kurtz et al. [2] (Fig. 7.4) demonstrated
that at high acid loads [when endogenous acid production exceeds ~ 1 milliequiva-
lent (mEq)/kg body weight], the normal kidneys cannot excrete all of the metabolic
acids produced. Instead, the degree of change in systemic acid-base balance—that
is, the levels at which the body maintains the blood pH and bicarbonate—is depen-
dent on the quantity of acid or base consumed. Figure 7.5 demonstrates plasma
bicarbonate and renal NAE in healthy older women admitted to a metabolic unit and
fed the same high acid load diet for the duration of the study. Addition of either
60 or 120 mEq of oral potassium bicarbonate (KHCO;) for 18 days raised and main-
tained plasma bicarbonate levels significantly for the duration of the treatment
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Supplementation with oral bicarbonate raises plasma HCO3 levels and
lowers renal net acid excretion in a dose-dependent fashion
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Fig.7.6 Protection of acid—base balance by pH regulation of acid production. Addition of an acid
load lowers organic acid production, thereby allowing the systemic pH to decrease, while addition
of an alkali load increases organic acid production, increasing systemic pH [18]

(»=0.03) [16]. When the bicarbonate was stopped, the plasma bicarbonate levels
returned to baseline. In other words, the body reached a new set point for bicarbon-
ate, dependent on the dose of bicarbonate given. In this study, blood hydrogen ion
content decreased as plasma bicarbonate increased.

Although a change clearly occurs, how best to estimate the degree of change from
dietary formulas is unclear. In a study in subjects with type 2 diabetes who were fed
a diet very high in fruits and vegetables (which theoretically should be net base pro-
ducing), NAE decreased significantly but did not decrease to the levels expected
from the dietary formula estimates of NAE [17]. Possible explanations include
higher-than-expected organic acid production and effects of diabetes on renal NAE.

Hood and Tannen suggested in 1998 [18] that systemic pH was protected by
increasing or decreasing organic acid production in the direction that attenuates the
change in systemic pH (Fig. 7.6). In overweight humans fasting or placed on keto-
genic diets, addition of ammonium chloride (an acid) decreased urinary ketoacid
excretion compared with the controls receiving sodium chloride, while those given
sodium bicarbonate showed increased urinary ketoacid excretion. These studies
suggest that alteration in organic acid production is one of the main methods the
body uses to maintain systemic blood acid levels.

The “Trade-Off”’ Hypothesis

Robert Alpern in 1995 suggested that in order to maintain acid—base balance, the
body accepts certain trade-offs (Fig. 7.7) [19]. In addition to the increase in ammo-
nium excretion, the kidneys increase the reabsorption of citrate, leading to lower
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Fig. 7.7 The “trade-off” hypothesis; to maintain systemic acid-base balance, the body must either
neutralize or titrate the excess acids or bases, which over time could have pathophysiologic conse-
quences [19]

urinary citrate levels; muscle protein breaks down to supply glutamate to the liver;
and bones break down to supply alkali salts. In vitro studies demonstrate that at
lower pH, muscle cells activate the ubiquitin-proteasome pathway, allowing the liver
to increase glutamine production from glutamate, which in the renal proximal tubule
is metabolized to alpha-ketoglutarate and ammonia [20]. Excretion of ammonia with
a hydrogen ion (as ammonium, NH4+), is one of the main ways that the kidney can
increase the excretion of metabolic acids. In bone, there is both a physico-chemical
effect [21, 22] and a cellular effect, as osteoclasts (bone cells that break down bone)
are activated to increase the release of base from hydroxyapatite [23].

Dietary Effects on Pathophysiologic Conditions

Many investigators have studied the effects of differing diet acid loads on mineral
and endocrinologic systems in the body. Breslau et al. [24] fed young healthy sub-
jects protein from vegetarian, vegetarian and egg, or animal protein and demon-
strated that urinary calcium excretion increased as dietary acid load and NAE
increased (Fig. 7.8). In this paper, the authors also noted that despite the increased
urinary calcium excretion, serum parathyroid hormone (PTH) and 1,25 vitamin D
levels decreased, with no change in intestinal calcium absorption. The authors sug-
gested in this case, the higher serum calcium levels might be the cause of the
depressed PTH and vitamin D. They further postulated that high acid diets leading
to bone calcium loss might then be a risk factor for osteoporosis. Whether dietary
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Fig. 7.8 Fifteen young healthy subjects fed vegetarian, vegetarian and egg, or animal protein diets
for 12 days. High protein diets were associated with higher uric acid excretion [24, 34]

acid intake is a factor in osteoporosis in otherwise healthy older subjects is both
unclear and controversial [25, 26].

In addition, the high animal protein diets were associated with higher uric acid
excretion. Reddy et al. [27] put healthy subjects on a severely carbohydrate restricted
diet for 2 weeks and demonstrated decreases in urine pH and urinary citrate levels, and
doubling of both urinary uric acid and urinary calcium excretion. These combinations
of factors increase the risk for kidney stones. These effects are accentuated if the diet
is also high in salt (NaCl), as high levels of NaCl also increase renal NAE, lower blood
pH, and increase urinary calcium excretion [28]. In addition, subjects with diabetes
when fed a high acid-producing diet have lower NAE and higher sulfate excretion
than healthy volunteers fed the same diet, leading to a lower urinary pH [29].

Would eating a low acid diet or supplementing the diet with exogenous alkali
therapy then help prevent these pathophysiologic consequences? For some of these
problems, the answer is yes. In subjects with kidney stones that form at low urine
pH (e.g., calcium oxalate and uric acid stones), lowering dietary salt intake, increas-
ing calcium intake, lowering protein intake, and supplementing the diet with citrate
if urinary citrate levels are low are standard therapies.

Low acid diets or supplementing the diet with exogenous alkali might also alter
nitrogen loss and muscle mass in older subjects potentially at risk for falls [30]. One
recent study suggested that alkali therapy could improve muscle function, as well as
muscle mass in older men and women [31].

Recent studies by Wesson et al. [32, 33] also suggest that in subjects with mild
renal insufficiency, supplementing the diet with sodium bicarbonate (NaHCO;)
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therapy permits the kidney to neutralize tissue acid loads, allowing the kidney to
excrete a lower net acid load. Over time, this correlates with a slower decline in
glomerular filtration rate in the group given NaHCO; compared with subjects given
an equal amount of NaCl.

Question

Returning to the clinical vignette, the question was, should you agree that that
patient can try the Atkins diet for weight loss?
Which one of these BEST explains your response?

A. Yes, the Atkins diet has been shown to help subjects lose weight.

B. No, the Atkins diet is not a good diet for subjects with high blood sugar.

C. Yes, but you should tell her to increase her salt and water intake to help keep
herself hydrated.

D. No, the Atkins diet can promote increased acid production and increase her risk
for kidney stones.

E. No, the Atkins diet is contraindicated in subjects with high blood lipid levels.

Answer: D

Explanation

The Atkins diet and its variants are low or very low carbohydrate diets, typically
containing 20-50 “net carbs” (i.e., carbohydrate content minus fiber content) a day.
Such diets often lower triglyceride levels dramatically, as well as lowering total and
LDL cholesterol. These diets also improve fasting blood sugars and HgAlc.
Therefore, answers B and E are incorrect. Increased water intake is recommended
on a low carbohydrate diet, as well as for anyone at risk for developing kidney
stones. Kidney stone incidence is increasing in women and is higher in areas with
higher ambient temperature such as Florida. However, increasing salt intake would
increase urinary calcium excretion, so C is incorrect. Although low carbohydrate
diets often help people lose weight, this patient is diabetic and therefore at increased
risk for kidney stones on a high protein diet, so D is a better answer than A.
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Chapter 8
The Physiology of the Metabolic Acidosis
of Chronic Kidney Disease (CKD)

Nimrit Goraya and Donald E. Wesson

Introduction

Metabolic acidosis is among the common complications of chronic kidney disease
(CKD) and its prevalence increases with declining glomerular filtration rate (GFR)
[1]. Because CKD is increasing in incidence and prevalence [2], clinicians increas-
ingly face this metabolic disorder as a management challenge. Studies detailed else-
where in this book support that its correction reduces its untoward complications.
Management of metabolic acidosis is based in large part on understanding its physi-
ology. Consequently, the full spectrum of health care providers, including those
providing primary care, benefit by having a basic physiologic understanding of this
physiology. This chapter gives a general overview of our understanding of the phys-
iology of metabolic acidosis due to CKD.

Maintenance of Normal Acid-Base Homeostasis

Acidosis is a process in which body fluids experience a net gain of acid (H*) or a
loss of base (usually HCOs), each leading to an increase in body fluid free H* con-
centration ([H*]). When this process is caused by a decrease in the metabolic (HCO;)
component of the acid-base equilibrium ([H*]=PCO,/[HCO;] X constant), it is
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called metabolic acidosis. Many dietary components when metabolized and some
metabolic processes impart acid challenges to normal acid—base status. This acid is
initially buffered to minimize the change in body fluid pH (pH measures the concen-
tration of free H*=[H*]) that would otherwise occur. Nevertheless, the accumulated
acid must eventually be excreted from the body to restore normal acid-base bal-
ance. In addition, other body processes might lead to a loss of HCO;, and this lost
HCO; must be regenerated to maintain normal body HCO; stores and thereby the
integrity of this important buffer system. The serum profile characteristic of meta-
bolic acidosis as a single (i.e., not part of a mixed acid—base disorder) is a reduced
[HCOs] and reduced PCO,, the latter being the physiologic response to the meta-
bolic acidosis.

Acid-base balance is collaboratively maintained by the kidneys, lungs, and liver.
Carbon dioxide (CO,) gas, an end product of carbohydrate and fat metabolism,
forms carbonic acid (H,COs;) in aqueous solution that dissociates to yield acid (H*).
This “volatile” H* is eliminated by the lungs. Amino acids of ingested dietary pro-
teins are metabolized by the liver to yield H*, base, or neither, depending upon the
particular amino acid ingested. Diets typical of industrialized societies have a
greater proportion of amino acids that when metabolized yield “fixed” H* and so, on
balance, are H*-producing [3]. This net endogenous acid production (NEAP), which
averages ~1 meq/kg bw/day, must be balanced by urine net acid excretion (NAE)
done by the kidney, to avoid progressive metabolic acidosis.

The kidney plays the major role in excretion of “fixed” or “non-volatile” acid and
plays the major role in regenerating new HCO; to replace that lost through acid titra-
tion or lost from the body. The other major kidney contribution to maintenance of
normal acid—base status is recovery of HCO; that is filtered into the kidney tubules;
HCO; loss in the urine would itself lead to metabolic acidosis as noted. Consequently,
kidneys play a major role in the body’s defense against fixed H* acid gain and base
loss as part of maintaining normal acid—base status. Let’s first discuss how the body,
and particularly the kidney, helps avoid sustained metabolic acidosis in the context
of these ongoing challenges to acid—base status.

Body Response to Addition of Non-Volatile or “Fixed”” Acid

Respiratory Response

The equation describing acid—base equilibrium ([H*]=PCO,/[HCO;] x constant)
mathematically shows that the body can minimize the increase in body fluid [H*]
that would otherwise occur in response to a decrease in [HCO;] that occurs with
addition of fixed acid by concomitantly decreasing PCO,. The necessary qualitative
and quantitative increase in ventilation by the lungs is the same for the metabolic
acidosis of CKD as in non-CKD causes of metabolic acidosis despite the uremic
milieu that might adversely affect this response [4].
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Buffering

Body systems can ameliorate the effect of added fixed acid to increase body fluid
[H*] (which is equivalent to a decrease in body fluid pH) and decrease in body fluid
[HCO;] by employing the HCOs/H,CO; buffer system and/or by binding the added
H* to non-HCO; buffers, most notably hemoglobin and albumin. When residual
kidney function is sufficient and/or the fixed acid load does not overwhelm the kid-
ney’s ability to excrete it and regenerate new HCO; to replace that which was titrated
by the added fixed acid, body fluid [HCO;] is only temporarily reduced, [HCOs] is
returned to normal, and body HCO; stores remain normal. When metabolic acidosis
is sustained because kidney fixed acid excretory capacity is compromised and/or the
fixed acid load exceeds normal kidney capacity to excrete it, metabolic acidosis is
characterized by low extracellular and intracellular [HCOs] and therefore low total
body HCO; stores. With chronic metabolic acidosis, bone HCOj; stores are also
reduced [5]. It follows that patients with chronic metabolic acidosis have reduced
HCO;-mediated buffering capacity. Because CKD patients are commonly anemic,
these patients also have lower non-HCO; buffer capacity than control patients.
Consequently, CKD patients with metabolic acidosis and anemia have reduced
acid-buffering capacity and therefore depend proportionately more on H* excretion
(and proportionately less on H* buffering) than patients without either CKD or met-
abolic acidosis to maintain baseline acid—base homeostasis. We will see that CKD
patients with reduced GFR have reduced capacity to excrete a fixed acid load. The
combination of reduced acid-excretory capacity and reduced buffer capacity posi-
tions CKD patients for chronic metabolic acidosis.

H* Excretion

Dietary H* challenges to acid—base status of experimental animals [6] and humans
[7] prompt the kidney to increase urine NAE in an effort return acid—base status to
baseline. Urine NAE is generally expressed as: urine ammonium (NH,")+urine
titratable acid (TA) excretion —urine HCOj; excretion.

* Urinary ammoniogenesis—accounts for about two-thirds of UNAE under the
baseline conditions of the high-acid diet ingested by most individuals living in
industrialized societies. Glutamine is converted to two molecules of urine NH,*
and HCO;, respectively. For every molecule of NH,* excreted, one new molecule
of HCO; is generated.

e TA—refers to the process whereby the kidney excretes H* with non-NH,4* uri-
nary buffers. To quantitate this, urine is titrated with alkali to raise the acid urine
pH to that of blood. The amount of alkali necessary to increase urine pH to that
of blood is TA. About one-third of UNAE is attributed to TA, with phosphate
being the predominant buffer.
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* HCO; excretion—under normal physiology, about 4500 mEq of HCO; is fil-
tered per day, with 80 % reabsorption in proximal tubule and net excretion in
urine typically near zero when eating the high-acid-producing diet typical of
industrialized societies.

Although not commonly included in most analyses, excretion of organic acids
like citrate also contributes to overall urine NAE [8]. Metabolism of citrate to CO,
and H,O consumes 2 or 3 H* (depending on whether it is citrate?~ or citrate®- that is
metabolized) and so its metabolism yields two or three HCO; [9]. Consequently, its
urine loss is equivalent to HCO; loss. As mentioned, diets in industrialized societies
are typically acid-producing [3] and such diets are associated with low levels of
urine citrate excretion [10]. In addition, metabolic acidosis reduces this basal low
level further to near zero [8]. For this reason, it is commonly not included in the
calculation of urine NAE. This reduced urine citrate excretion in response to acid-
producing diets and to metabolic acidosis is mediated by augmented proximal
tubule citrate reabsorption [11].

The increment in urine NAE in response to dietary H* is mediated quantitatively
more by an increase in urine NH," excretion and less so by changes in excretion of
the remaining components of urine NAE, i.e., TA (increases in which will increase
urine NAE) and HCO; (decreases in which will increase urine NAE) [8]. Cumulative
urine NAE excretion in response to a chronic dietary acid challenge is less than the
quantity of administered acid in human subjects [5], suggesting net retention of
administered acid. Net acid retention measured by microdialysis occurs in experi-
mental animals given a chronic dietary acid challenge and does not resolve until the
dietary acid challenge is discontinued [12]. These experimental animals maintained
plasma acid-base parameters not different from controls not given dietary acid [12].
Even substantial and sustained dietary acid challenges given to human subjects with
normal GFR cause only modest changes in plasma acid—base parameters from base-
line, and these changes typically occur within the normal range of these plasma
measures of acid—base status [13]. Consequently, human subjects eating the typi-
cally high-acid-producing diets of industrialized societies [3] might have acid reten-
tion and suffer its adverse consequences even when plasma acid—base parameters
are within “normal,” i.e., without plasma acid-base parameters that are consistent
with metabolic acidosis. This hypothesis is supported by studies showing that oral
alkali improved mineral balance and bone metabolism in elderly women with osteo-
porosis but without metabolic acidosis [14].

H* Excretion in the Setting of Normal GFR

Studies in experimental animals with normal baseline GFR show that measurable
increases in proximal tubule acidification occur in response to supra-physiologic
acid challenges, often induced with intravenous infusion and/or gastric gavage of
mineral acid [6]. Animals, however, do not typically face acid challenges of such
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magnitude nor do humans typically face the equivalent magnitude of such chal-
lenges. By contrast, more modest acid challenges induced by dietary means, that are
more typical of those that animals or humans might face, induce measurable changes
in net distal nephron acidification without measurable changes in net proximal
nephron acidification [15—18]. These studies support the relative greater importance
of enhanced distal nephron compared to proximal nephron acidification in mediat-
ing kidney fixed H* excretion in the setting of the magnitude of acid challenges that
animals, and importantly humans, are more likely to face. Acid challenges increase
proximal tubule NH,* production and delivery to more distal nephron segments [6]
to constitute the necessary increment in urine NH,* excretion and thereby increase
in urine NAE described earlier. This increase in net distal nephron acidification is
mediated by increased H* secretion [15—-18] and decreased HCO; secretion [15, 17,
18]. The H*-secreting distal nephron transporters whose activity is increased in
response to a dietary H* load include the H*-ATPase and the Na*/H* exchanger but
these in vivo studies detected no increase in activity of the H*, K*-ATPase [17, 18]
in this setting. These changes in distal nephron acidification are induced in part by
increased kidney action and levels of angiotensin II [19], aldosterone [18], and
endothelin [16—18]. The increase in urine NAE in response to an acid challenge in
patients with normal GFR is mediated by an increase in urine excretion of both
NH," and TA but by a proportionately greater increase in NH,* excretion [5].

H* Excretion in the Setting of Reduced GFR

The prevalence of metabolic acidosis increases in CKD as GFR declines [1, 20].
The Nephro Test Study Group showed as GFR decreased from 60 to 90 to <20 mL/
min/1.73 m?, prevalence of metabolic acidosis increased from 2 to 39 % [20]. In a
cohort of more than 570,000 US veterans with non-dialysis-dependent CKD stages
1-5, there was a linear increase in the prevalence of patients with serum [HCOs]
<22 mEq/L in patients with more advanced stages of CKD [21]. Importantly, the
MESA study showed that lower serum [HCO;] was associated with more rapid
kidney function decline, independent of GFR and albuminuria, in subjects with
GFR >60 mL/min/1.73 m? [22]. These latter data suggest that metabolic acidosis is
a predictor of more rapid nephropathy progression, a topic covered in greater detail
elsewhere in this book.

The mechanism mediating reduced GFR of most CKD patients is gradual
destruction of functioning nephrons. This gradual rather than abrupt GFR loss
allows time for remaining intact nephrons to increase function, including increased
per nephron acid excretion, in an effort to maintain normal overall acid—base
homeostasis. To maintain stable H* content of body fluids, patients with chronically
reduced GFR who continue to eat diets of the same H* content as when their GFR
was normal must either (1) mount the same overall urine NAE as when their GFR
was normal as some CKD patients appear able to do [23, 24]; or (2) use an internal
buffer source such as bone as other CKD patients apparently do [5]. Despite the
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acid-producing diets of industrialized societies [3], most such CKD patients appear
to avoid progressive metabolic acidosis if they maintain GFR above 20-25 % of
normal [25, 26], whichever mechanism (or both) they employ. Nevertheless, diets of
very high H* content might induce metabolic acidosis at reduced GFRs above this
level [27], particularly in elderly persons whose serum creatinine might reflect
much lower GFR compared to younger individuals with the same serum creatinine
[28].

When functioning nephron mass decreases progressively below 20-25 % of nor-
mal, overall urine NAE progressively decreases [29-31]. Among the components of
urine NAE (NH,*, TA, HCO;), reduced urine NH,* excretion is the predominant
mediator of reduced urine NAE in CKD with reduced GFR [23, 29-33]. Reduced
ammonia (NH3) production is due to the reduction in nephron mass [6], particularly
the proximal tubule where most NHj; is produced [33]. Nevertheless, reduced urine
TA excretion also contributes at very low GFR levels [24]. Reduced urine NAE, and
not increased NEAP, is the predominant mechanism for metabolic acidosis due to
reduced GFR [30]. Compared to patients with normal GFR, those with reduced
GFR have compromised ability increase urine NH,* in response to an acid challenge
[31]. These data support reduced urine NH,* production and excretion as the single
most important contributor to metabolic acidosis due to reduced GFR.

Because many patients do not reduce dietary acid intake as GFR decreases and
therefore as urine NAE falls, urine NAE might decrease below NEAP and lead to
progressive H* retention, with or without serum acid-base parameters reflective of
metabolic acidosis. Recent human studies showed that urine NH,* excretion, as well
as overall urine NAE, decreased as GFR declined but NEAP did not decrease with
declining GFR [34]. Interestingly, most patients in whom urine NAE decreased
below NEAP did not experience a decrease in serum [HCOs]. These recent data
support that CKD patients develop progressive net acid retention as GFR declines,
even when plasma acid-base parameters do not reflect metabolic acidosis [34].
Studies showing that patients given fixed H* excrete less H* than the administered
H* load also suggest net H* retention [5]. Animal studies support that this net H*
retention in response to dietary H* is greater in animals with reduced compared to
normal GFR [35, 36]. This association of acid retention with reduced GFR, even
without plasma acid—base parameters reflective of metabolic acidosis, is strength-
ened by animal studies using direct measurement of acid retention using microdi-
alysis [35-37] and supported by other human studies assessing the presence of acid
retention using indirect techniques [38]. This apparent acid retention occurs even
though per unit of GFR, and presumably nephron H* excretion, appears to be
enhanced [23, 24].

Urine NAE is largely a function of the distal nephron [39] and so increased per
nephron urine NAE in patients with reduced GFR involves enhanced distal nephron
function. Stimulated distal nephron acidification generally involves (1) increased
luminal NH,* secretion [40] to allow for increased urine NAE as previously
described; (2) increased net HCO; reabsorption [41] consistent with increased H*
secretion that promotes NH,* secretion [40], titrates non-HCO; buffers, and reclaims
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remaining HCOs, all of which promotes urine NAE; and (3) reduced HCO; delivery
to the terminal distal nephron [6] which also favors NH,* secretion [40] and permits
secreted H* bring about acid excretion rather than HCO; reclamation. Studies in
experimental CKD models show that each of these criteria is met. Such animals
with CKD in vivo have increased NH,* secretion into the lumen of distal nephron
epithelia [42], have increased net HCO; reabsorption [6, 43—47], and have reduced
HCO; delivery to the terminal distal nephron due in large measure to increased
proximal tubule acidification [45]. Increased distal nephron acidification in experi-
mental CKD models is mediated in part by increased kidney activity of AIl [43, 44,
47], aldosterone [47], and endothelin [45, 47].

Interestingly, increased per nephron acidification is observed in animals with
GFR low enough to be associated with metabolic acidosis [6, 42-45] as well as in
those with less severely reduced GFR without metabolic acidosis [47]. Net acid
retention associated with reduced GFR induces increased acidification in animals
with reduced GFR without metabolic acidosis [47]. Augmented nephron acidifica-
tion in the setting of reduced GFR is mediated in part by acid retention-induced
increased levels of Al [47], aldosterone [36, 47], and endothelin [36, 47].

Excretion of NH,4* requires H* secretion, particularly in the distal nephron, and
overall H* secretion is limited by the reduction in functioning nephron mass that
mediates reduced GFR in CKD. Overall H* secretion might also be limited by
reduced integrity of remaining tubule epithelia and/or by level of hormonal media-
tors that enhance H* secretion. Inflammatory diseases, particularly that involve the
kidney interstitium, can damage tubule H* transporters and thereby limit H* excre-
tion needed for NH,* excretion [48]. Consequently, patients with diseases that cause
damage to the kidney interstitium might develop metabolic acidosis at higher resid-
ual GFR than those without such diseases [48]. On the other hand, patients with
reductions in hormones that stimulate H* secretion, like aldosterone, might also
develop metabolic acidosis at higher GFR levels than those with normal hormone
levels and activity [49].

Conclusions

Patients with CKD and reduced GFR have reduced ability to excrete endogenously
produced or exogenously administered acid. When the fixed, as opposed to the “vol-
atile” acid, challenge exceeds the kidney’s ability to excrete it, acid retention ensues
and can be manifest by changes in serum acid—base parameters that clinicians rec-
ognize as metabolic acidosis. Some recent data support that patients with reduced
GFR might have acid retention without serum acid—base parameters reflective of
metabolic acidosis and continuing research will help confirm this possibility and if
confirmed, determine its clinical meaning. Reduced urine NAE excretion is medi-
ated predominantly by reduced NH,* production and excretion.
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Chapter 9
Metabolic Acidosis and Cardiovascular
Disease

Jeffrey A. Kraut and Glenn T. Nagami

Case

A 68-year-old man with history of diabetes mellitus is admitted with fever and
decreased mental status. On examination he is found to be obtunded with a blood
pressure of 100/60 mmHg, T 101.2 °F, and rales detected on physical examination
of the left chest. Laboratory studies show the following: WBC count 25,000 with
shift to the left; Na*, 133 mEq/l; K*, 5.8 mEq/l; HCO;~, 8 mEq/l; BUN, 50 mg/dl;
creatinine, 2.5 mg/dl; pH, 7.02, PCO,, 32 mmHg.

This patient has hypobicarbonatemia, acidemia, and hypocapnia. For this
patient’s degree of metabolic acidosis, his expected PCO, is 18-22 mmHg. Because
his measured PCO, is 32 mmHg, his respiratory response is less robust than
anticipated, indicating the presence of respiratory acidosis in addition to his apparent
metabolic acidosis.

The most appropriate therapy for this patient is:

A. Supportive measures only

B. Intravenous sodium bicarbonate
C. THAM

D. Dialysis
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E. THAM and dialysis
F. C,D,orE

We will discuss the suggested approach to this case after our detailed discussion
at the end of this chapter.

Introduction

Metabolic acidosis can be acute (lasting minutes to a few days) or chronic (lasting
weeks to years) in nature. The adverse effects of these two forms of metabolic aci-
dosis are distinctly different as are the benefits and complications of treatment. For
example, abnormalities in cardiovascular function, including hemodynamic param-
eters, are prominent with acute metabolic acidosis thereby contributing to a high
mortality rate [1]. By contrast, although there is an increased risk of death with
chronic metabolic acidosis [2], there is no evidence that cardiovascular function is
significantly compromised. There is however a link between metabolic acidosis and
the stimulation of factors that could lead to cardiovascular disease, such as hyper-
tension [3] and chronic inflammation [4]. Possibly a more focused assessment will
reveal a closer relationship between metabolic acidosis and development of cardio-
vascular disease, but such studies have yet to be published.

In this chapter, we detail the abnormalities in cardiovascular function noted with
both acute and chronic metabolic acidosis, their potential pathogenesis, and the
impact of therapy.

General Differences Between Acute and Chronic Metabolic
Acidosis

The distinction between acute and chronic metabolic acidosis is imprecise. In some
studies, acute metabolic acidosis is defined as an acid—base disturbance lasting min-
utes to a few days in duration. By contrast, chronic metabolic acidosis is considered
to last 3 days or more in duration. However, others define chronic metabolic acido-
sis as an acid—base disturbance lasting weeks to years [1]. The latter definition likely
has more relevance for clinical situations and so this definition will be utilized in the
present discussion.

The acidemia with acute metabolic acidosis is generally more severe than with
chronic metabolic acidosis. With the former, blood pH can be as low as 6.8 but is usually
above 7.3 with chronic metabolic acidosis and is never below 7.2 [5]. The less severe
degree of acidemia presumably reflects the activation of body’s defense mechanisms
through the neutralization of acid by body buffers and the excretion of acid by the kid-
ney. It is well accepted that the latter process requires several days to reach its maximum.
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However, body buffering, which begins almost immediately, can also require several
days to reach an optimal state, reflecting in part the recruitment of bone buffers [6].

The disorders producing acute and chronic metabolic acidosis are also usually
different. The most common causes of acute metabolic acidosis are organic acidoses
such as ketoacidosis and lactic acidosis, administration of large quantities of Cl™-
rich solutions, and diarrhea [1]. By contrast, the most common cause of chronic
metabolic acidosis is chronic kidney disease (CKD) or various forms of renal
tubular acidosis [5]. Less frequently, chronic diarrhea or loss of bicarbonate-rich
fluid from various intestinal fistulae leads to chronic metabolic acidosis.

These two critical factors, the severity of the acidemia and the duration of exposure
of tissues to an acidic milieu, might account for the different clinical abnormalities
observed with acute and chronic metabolic acidosis. Particularly, severity of the aci-
demia appears to be important in the genesis of cardiac dysfunction [7, 8] as described
below. Nevertheless, there is a dearth of studies examining the impact of mild chronic
metabolic acidosis on cardiac function, so that a deleterious effect of chronic meta-
bolic acidosis on cardiac function cannot be completely ruled out.

Cardiovascular Effects of Acute Metabolic Acidosis

The major cardiovascular abnormalities observed in patients with acute metabolic
acidosis are shown in Table 9.1. They are inferred from studies performed using
cultured cells, isolated tissues, tissues perfused in vitro, whole animals, and in some
cases humans [7-9].

Infusion of lactic acid or administration of phenformin to dogs with normal car-
diac function designed to produce severe lactic acidosis (systemic pH<7.2) caused
areduction in cardiac contractility and cardiac output [7, 8, 10]. Moreover, infusion
of hydrochloric acid in rats produced peripheral vasodilatation and hypotension [9].
Central venoconstriction causing an increase in central blood volume has also been
described. Although general vasodilatation of arterial vessels has often been
reported, constriction of myocardial blood vessels, renal vessels, and pulmonary
vessels has been reported with an acidic systemic pH [8].

Table 9.1 Major cardiovascular abnormalities observed in patients with acute metabolic acidosis

Adverse effects Comments

Decreased cardiac contractility and | Studies primarily in animals indicated decreased cardiac
cardiac output contractility observed when pH falls below 7.1-7.2
Cardiac arrhythmias Frequency unknown

Hypotension Related to decreased contractility and peripheral

vasodilatation

Stimulation of inflammatory Noted with exposure of <24 h; major inflammatory
response mediators stimulated
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The Effect of Acute Metabolic Acidosis on
Cardiac Output
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Fig. 9.1 The relationship between acute acidemia and cardiac function. As blood pH falls from
7.4 to 7.2, an increase in cardiac output can be observed. This is attributed to an influx of catechol-
amines, since it can be muted by administration of beta blockers. As systemic pH falls below 7.2,
cardiac output falls by approximately 20 %. The fall in cardiac output might be greater in individu-
als with underlying cardiac disease or who are receiving beta blockers

The impairment of cardiovascular function with acute metabolic acidosis is
clearly pH-dependent. As shown in Fig. 9.1, when systemic pH is reduced from 7.4
to 7.2 by the infusion of lactic acid, cardiac output actually rises [7, 10]. The rise in
cardiac output is due to increased actions of catecholamines, since it was prevented
by administration of beta blockers or prior removal of the adrenal glands. However,
when systemic pH is reduced below 7.1-7.2, cardiac output falls, even in the
presence of an intact sympathetic system. The response to endogenous or infused
catecholamines is also muted thereby stemming the increment in cardiac output and
peripheral resistance usually observed from the action of these hormones [8, 11].
On the other hand, vagal activity is stimulated particularly when systemic pH is
reduced below <7.1 [8].

Metabolic acidosis also increases the risk for development of cardiac arrhythmias:
their prevalence is higher both in the presence and absence of other factors that can
provoke arrhythmias, such as changes in serum potassium or ionized calcium [12].

Oxygen delivery to tissues is also perturbed by metabolic acidosis. Experimentally
induced metabolic acidosis leads to a rapid reduction in binding of oxygen to
hemoglobin (Bohr effect) thereby improving tissue access to oxygen [13, 14]. Within
8 h, however, binding of oxygen to hemoglobin is enhanced somewhat by suppression
of phosphofructokinase activity and resultant decreased net 2,3 diphosphoglycerate
production (2,3 DPG). The final effect of acidosis on oxygen delivery depends on the
sum of these counterbalancing forces, and therefore will depend on the duration of
acidosis. The data support that a short duration of metabolic acidosis leads to decreased
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oxygen binding to hemoglobin, but hemoglobin oxygen binding appears to increase
as the duration of metabolic acidosis increases.

Infusion of lactic acid in rats causes a decrease in cardiac cellular ATP levels
[15]. This was presumed to be due to inhibition of a key enzyme involved in gly-
colysis, phosphofructose kinase (pH optimum of 7.2) [16, 17]. However, in this
study the decreased cellular ATP levels were not associated with a significant fall in
pH; (7.13 vs 7.07 p=NS); observations suggesting that other factors might be
involved in reducing ATP levels.

Metabolic acidosis alters the inflammatory response, an effect that could theo-
retically exacerbate or contribute to the development of cardiovascular dysfunc-
tion. Infusion of HCl to septic rats to produce severe non-anion gap (hyperchloremic
acidosis) led to hypotension and an increased in the inflammatory molecules,
IL-6, IL-10, and TNF [18]. Furthermore, exposure of cells to an acidic milieu
increased expression of several pro-inflammatory cytokines within 24 h [4].

In summary, acute metabolic acidosis can reduce cardiac contractility and out-
put, cause peripheral vasodilatation, and predisposes to arrhythmias, all of which
favor the development of hypotension. These effects appear when blood pH is
less than 7.2 in normal animals. Whether the same holds for humans has not been
studied. Moreover, the aforementioned studies were performed in animals with-
out underlying cardiovascular disease. Given the high prevalence of cardiovascu-
lar disease in the human population, it is likely that hemodynamic abnormalities
would be observed more frequently in individuals with underlying cardiac dis-
ease. Even in the presence of more moderate acidosis, there will be increased
outpouring of catecholamines which can increase peripheral resistance, cardiac
contractility, and the threshold for appearance of arrhythmias. These observations
suggest that in some cases, e.g., patients at high risk for arrhythmias, administra-
tion of base might be considered even with less severe acidemia.

Mechanisms of Cellular Dysfunction and Injury with Acute
Metabolic Acidosis

Acute metabolic acidosis is associated with decreases in systemic, interstitial (pH.,),
and intracellular pH (pH;). Although cellular dysfunction with metabolic acidosis is
attributed primarily to changes in pH;, in vitro studies suggest that a reduction in
pH. can impair cellular function independent of any impact on pH; [11]. Furthermore,
administration of base to treat the acidosis might be successful in raising systemic
pH while failing to raise intracellular or interstitial pH to the same extent, or para-
doxically, even causing systemic and/or intracellular pH to fall transiently (particu-
larly when base is given as sodium bicarbonate in patients with impaired tissue
perfusion). Therefore, from a clinical perspective, there is some value in dividing
the mechanisms underlying alterations in cellular function into those primarily
related to a decrease in systemic and pH, and those related to a decrease in pH;,
understanding that there can be significant overlap.
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Effect of a Decrease in Extracellular pH (Table 9.2)

Table 9.2 Adverse effects of chronic metabolic acidosis

Adverse effect Comments

Development or exacerbation of bone Also leads to impaired growth in children

disease

Degradation of muscle protein with No evidence of effect on cardiac muscle

muscle wasting

Reduced protein synthesis with Severe hypoalbuminemia could contribute to
tendency to hypoalbuminemia hypotension in patients particularly those on dialysis

Progression of chronic kidney disease Related in part to increased endothelin and
aldosterone levels that theoretically could affect
hemodynamic function

Abnormalities of thyroid hormone Alterations in levels could affect cardiac function

synthesis

Development of hypertension Suggestive relationship based on analysis of
NHANES data

Increased production of aldosterone, Might contribute to genesis of cardiovascular disease

endothelin, and catecholamines

As discussed below, in addition to its impact on pH;, a decrease in pH, can theoreti-
cally impair cellular function and cause cell injury by attenuating cellular respon-
siveness to insulin and catecholamines. This effect of decreased pH; and pH, alters
the opening of acid sensing ion channels (ASIC) in the brain and K channels in the
heart and blood vessels, thereby activating proton-sensitive G-coupled receptors and
activating transient receptor potential vanilloid 1 (TRPV1) channels in the heart and
brain. Decreased pH; and pH, also alter activity of the CaSR receptor and increase the
ionized component of intracellular and extracellular calcium concentration [19-21].

Acute metabolic acidosis is associated with impaired glucose tolerance and
increased insulin resistance [19]; effects that can be reversed by correction of the
acidosis. Although this might be related in part to a reduction in receptor number,
binding of insulin to individual receptors is also impaired. The latter effect is related
to the fall in interstitial pH, since exposure of isolated adipocytes to an extracellular
pH <7.2 reduced receptor binding of I'* insulin [22]. The magnitude of this decrease
was correlated with the severity of the reduction in extracellular pH: receptor binding
falling to 30-70 % of control values when extracellular pH was reduced to 6.7.

The blunted response of the cardiovascular system to catecholamines is due to a
decrease in pH; and pH.. Prior exposure of neutrophil beta-adrenergic receptors to a
low pH (7.1) leads to a striking reduction in isoproterenol-stimulated cAMP accu-
mulation associated with decreased binding of catecholamine to its receptor [11].

The Ca*-sensing receptor is present in the heart and its sensitivity to Ca*" and
response to PTH were depressed by an acidic milieu. Activation of the calcium
sensing receptor has been postulated to play a role in the magnitude of ischemia-
reperfusion injury [23, 24].
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Acid sensing ion channels (ASIC) ASIC1a, are pH-sensitive channels permeable
to both calcium and sodium (half maximal activation at an external pH of 6.2-6.8)
which are expressed at extremely high levels on dorsal root ganglion sensory neu-
rons of the heart. They have been implicated in the transmission of ischemic pain.
Since these channels are absent in cardiomyocytes, they presumably play no role in
the cardiovascular response to acidosis [25]

Transient receptor potential vanilloid 1 (TRPV1) channels are Ca?*-permeable
channels expressed also in the heart that are activated by an external pH<6.0. It has
been postulated these channels might contribute to myocardial cell death and devel-
opment of cardiac arrhythmias, particularly with severe metabolic acidosis [26].

Proton-sensing G-protein-coupled receptors such as OGR1 and G2A present in
vascular tissue (half maximal activation at a pH, of 7.17) cause release of Ca?* from
intracellular stores with subsequent IP; production. Their presence in vascular smooth
muscle has led to speculation that their activation contributes to the arterial vasodilata-
tion observed with metabolic acidosis, but this requires further examination [27].

Several potassium channels in the heart and vascular tissues are pH-sensitive
[28]. Alterations of potassium flux thorough the channels might contribute to devel-
opment of cardiac arrhythmias and hypotension with acute acidosis.

Finally, a reduction in systemic pH increases the concentration of ionized cal-
cium by reducing its binding to albumin. The increase in Ca’* has been postulated
to counteract the depressive effect of a reduced pH on cardiac contractility.

Intracellular pH

A reduction in pH; of the heart is postulated to play a dominant role in myocardial
dysfunction. Decreased binding of Ca?* to troponin and impaired enzyme activity
reducing ATP production are major factors [29]. Activation of the Na*-H* exchanger,
NHEI by acidosis might also contribute to cardiac dysfunction and development of
arrhythmias, particularly with acute lactic acidosis [30]. Activation of NHEI increases
intracellular sodium and secondarily intracellular calcium leading to marked elevation
of the concentration of both cations in myocardial cells [30]. Inhibition of NHEI atten-
uates the increase in sodium and calcium and lessens the impact of acute lactic acidosis
on cardiovascular function. Several studies have also demonstrated that administration
of a selective inhibitor to animals with various models of lactic acidosis strikingly
reduces mortality presumably related to improvement in cardiovascular function [31].

Response of the Heart to Administration of Base

Theoretically, administration of base would be expected to improve disturbed
cardiovascular function through amelioration of the accompanying acidemia.
However, administration of sodium bicarbonate depresses cardiovascular
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function in animal studies [32]. Moreover, although administration of base did
not depress cardiac function in humans, its administration did not increase car-
diac output more than an equivalent quantity of normal saline, despite significant
increase in systemic pH induced by the administered base [33, 34]. The failure of
bicarbonate to improve cardiac function despite an improvement of systemic pH
has been attributed to two possible factors: (1) generation of carbon dioxide dur-
ing the buffering process with rapid entry of carbon dioxide into myocardial cells
and a decrease in pH; [1]; and/or (2) a reduction in ionized calcium because of
increased binding to albumin [33].

Based on these findings, it might be expected that administration of a base that
did not generate significant quantities of carbon dioxide, and stabilization of ionized
calcium by administration of calcium might allow expression of positive effects of
correction of the acidosis. The latter possibility has been investigated with carbi-
carb, a 1:1 mixture of sodium bicarbonate and disodium carbonate [35]. In vitro
studies involving addition of carbicarb to acidified blood led to a reduction in car-
bon dioxide [36]. Moreover, administration of carbicarb to dogs with metabolic
acidosis improved cardiac function and pH; [37]. Studies in humans were less
impressive with only a subset of individuals having a positive response to carbicarb
[38]. Further studies examining potential of carbicarb or other bases which consume
carbon dioxide are under investigation.

At this juncture, the decision about what buffer to administer and what level of
blood pH to target has not been resolved. It appears reasonable to target a blood pH
of 7.2 as a goal since many of the adverse effects on the cardiovascular system are
detected at this level as described above. If sodium bicarbonate is given, it should be
administered as an isotonic solution at a slow rate. Since this can cause ionized Ca**
to fall, administration of calcium is reasonable although this strategy has not been
subject to rigorous examination. Utilization of THAM as an alternative needs to be
examined more closely as does the use of dialysis. Furthermore, administration of
NHEI inhibitor as an adjunct to base therapy should be examined. Only with intense
clinical investigation of different modalities of treatment will evidence-based guide-
lines be made available.

Chronic Metabolic Acidosis

The major adverse effects of chronic metabolic acidosis are shown in Table 9.2.
Noticeable by their absence are abnormalities in cardiovascular function. In
contrast to acute metabolic acidosis, no direct impact of chronic metabolic aci-
dosis on cardiovascular function has been documented. It is not clear how
meticulously investigators have approached this issue and it is possible that a
relationship could be found. However, the less severe degree of acidemia in
patients with chronic acidosis could explain, at least in part, the absence of car-
diovascular abnormalities. As noted, no change in cardiac contractility is noted
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as blood pH is reduced from 7.4 to 7.2, and in vitro studies have predominately
examined both increases and decreases at extreme levels of pH to determine the
effect of pH changes in cellular function. Thus, the failure to observe cardiovas-
cular abnormalities is not surprising.

One potential link between metabolic acidosis and abnormalities in cardiovascu-
lar function is the increase production of beta 2 microglobulin in dialysis patients
with acidosis [39]. In patients with excess beta 2 microglobulin, there is greater
deposition of amyloid in tissues, including the heart.

Also, recent studies suggest that metabolic acidosis is a risk factor for develop-
ment of hypertension [3]. Among non-obese adult women, higher plasma bicar-
bonate was modestly associated with lower odds of developing hypertension after
adjusting for matching factors. Also, hypertension was positively correlated with
an increased dietary acid load [40]. Thus, either metabolic acidosis or an increase
in an acid load, conditions theoretically characterized by increased tissue acidity
were associated with a risk of hypertension; data consistent with acidosis or acid
retention being a contributory factor for development of hypertension. On the other
hand, in a separate large study there was no association between acid load and the
risk for hypertension [41]. Further studies will be required to resolve this contro-
versy. It is intriguing to think that increased tissue acidity contributes to hyperten-
sion, and if so it could represent an indirect link to development of cardiovascular
disease.

Many investigators consider inflammation as a factor in the development of isch-
emic cardiovascular disease. Exposure of individual epithelial cell or macrophages
to reductions in pH elicits an increase in the production and release of pro-
inflammatory cytokines [4, 42]. These effects could contribute to the development
of atherosclerotic cardiovascular disease.

Finally, in addition to enhanced production of catecholamines, investigators have
documented an increase production of endothelin-1 and aldosterone [43]. All three
hormones could affect cardiac remodeling or injury by various mechanisms. More
intense investigations of these and other potential factors that might promote the
development of cardiovascular disease are warranted.

Further evidence that metabolic acidosis might contribute to cardiovascular
disease can be inferred from the increase in mortality of individuals with meta-
bolic acidosis serum bicarbonate <17 mEq/l [2]. Since cardiovascular disease
is the most common cause of mortality in patients with CKD both prior to and
after initiation of chronic dialysis, it is reasonable to infer that chronic acidosis
might contribute to development of cardiovascular disease with an eventual
increase in mortality. Figure 9.2 presents a hypothetical model demonstrating
how chronic acidosis might lead to cardiovascular disease and eventual increase
in mortality.

In summary, chronic metabolic acidosis does not appear to produce acute cardiac
dysfunction. However, it could promote the development of cardiovascular disease
through its stimulation of key hormones that affect the cardiovascular system, and
the development of hypertension.
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I Metabolic Acidosis |
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Fig. 9.2 Hypothetical relationship between chronic metabolic acidosis and cardiovascular dis-
ease. Chronic metabolic acidosis can be associated with stimulation of catecholamines, endothelin,
and aldosterone. In addition to stimulation of these hormones, it can promote inflammation and the
development of hypertension. The sum of these factors can lead to ischemic cardiovascular disease
or cardiomyopathy

The Impact of Base on Cardiovascular Function with Chronic
Metabolic Acidosis

Although metabolic acidosis itself appears not to be associated with cardiovascular
dysfunction, some of its treatment strategies have been associated with adverse car-
diovascular outcomes. A recent study found that in patients with CKD not on dialy-
sis, a serum bicarbonate above 24 mEq/l due to diuretic administration or base
therapy was associated with a marked increase in the prevalence of congestive heart
failure [44, 45]

These findings suggest either that mild hypobicarbonatemia is protective against
cardiovascular disease or, more likely, that an elevated plasma bicarbonate and pH
is associated with cardiovascular dysfunction. Possibly, a more alkaline pH predis-
poses to calcifications which could contribute both to ischemic disease or cardiomy-
opathy [46]. Further studies to examine this issue are warranted, particularly since
the elegant studies of Wesson’s group [47—49] suggest that early base therapy is
beneficial in slowing progression of CKD.

It appears very clear that administration of base is beneficial in patients with
metabolic associated with CKD. Presently, recommendations are to administer base
when serum [HCOj;7] is less than 22 mEq/1 [50, 51]. The precise goal is not clear
although it seems reasonable to keep it less than 24 mEq/l. Base can be given as
sodium bicarbonate, or sodium citrate. The former is associated with gas production
in the stomach which can be bothersome for some patients. In both instances it is
worthwhile estimating the base deficit by multiplying the difference between the
prevailing serum [HCO;] and the desired serum [HCO;™] x the space of distribution
usually given as 50 % body weight (kg). The total base required can be given over
several days. Once a serum [HCO;] has been reached, the quantity of base should
be reduced. In lieu of base, some investigators have demonstrated increasing the
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intake of fruits and vegetables is also effective [52]. There is, of course, the potential
risk of hyperkalemia but this can be avoided by choosing patients who are at low
risk for hyperkalemia and by careful observation of patients treated in this way. A
reduction in animal-sourced protein intake will also reduce the net endogenous acid
production and is an ancillary measure that is useful.

Returning to Our Case

Answers: F.C, D, or E

The treatment of acute metabolic acidosis is one of the most controversial issues
in clinical medicine today [53]. Although it is well accepted that an acidic environ-
ment is associated with compromise of the cardiovascular system, the use of base to
improve it has not been successful [1]. Sodium bicarbonate is associated with gen-
eration of carbon dioxide which exacerbates intracellular acidosis. Therefore,
administration of bicarbonate in this patient with incipient carbon dioxide retention
would theoretically be deleterious. Indeed, in a recent animal study, hyperventila-
tion to prevent carbon dioxide retention was associated with improved cardiovascu-
lar response [54]. THAM can raise blood and intracellular pH without generating
carbon dioxide. It is cleared by the kidney and therefore might have to be used cau-
tiously in this case. Combining THAM administration and dialysis to remove
THAM might be used. Dialysis alone which provides base in the form of sodium
bicarbonate but can control volume and changes in osmolality might also be consid-
ered. Other measures such as administration of an NHE1 (Na*-H* exchange) inhibi-
tor are also under investigation [55]. In summary, the treatment of acute metabolic
acidosis remains under investigation and individualized care will be necessary in the
treatment of patients.
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Chapter 10
Effects of Metabolic Acidosis on Skeletal
Muscle

Afolarin Amodu and Matthew K. Abramowitz

Case: P.M. is a 56-year-old woman with stage 3 chronic kidney disease (CKD) due
to longstanding type 2 diabetes mellitus and hypertension. She takes an angiotensin-
receptor blocker and a beta-blocker, and her diabetes is managed with a dipeptidyl
peptidase-4 inhibitor and oral agents including a thiazolidinedione. On exam, her
blood pressure is 109/68 mmHg and she has no edema. Over the past year her
kidney function has remained stable, with an estimated glomerular filtration rate of
30 mL/min/1.73 m? Her serum bicarbonate is 20 mEq/L and serum potassium is
4.5 mEq/L. She requires 24 s to complete 10 repetitions of a sit-to-stand-to-sit test,
which is slower than the predicted time range for women of her age group. Would
treatment with alkali therapy improve muscle strength and physical performance?
How should this patient be managed?

(a) Begin oral sodium bicarbonate after confirming metabolic acidosis with a
venous blood gas.

(b) Measure the serum bicarbonate again in 3 months; if unchanged, recommend
increased intake of fruits and vegetables.

A. Amodu, M.D., M.P.H.

Division of Nephrology, Department of Medicine, Albert Einstein College of Medicine,
1300 Morris Park Avenue, Ullmann 615, Bronx, NY 10461, USA

e-mail: aaamodu@gmail.com

M.K. Abramowitz, M.D., M.S. (I)
Division of Nephrology, Department of Medicine, Albert Einstein College of Medicine,
1300 Morris Park Avenue, Ullmann 615, Bronx, NY 10461, USA

Department of Epidemiology & Population Health, Albert Einstein College of Medicine,
1300 Morris Park Avenue, Ullmann 615, Bronx, NY 10461, USA
e-mail: matthew.abramowitz @einstein.yu.edu

© Springer Science+Business Media New York 2016 101
D.E. Wesson (ed.), Metabolic Acidosis, DOI 10.1007/978-1-4939-3463-8_10


mailto:aaamodu@gmail.com
mailto:matthew.abramowitz@einstein.yu.edu

102 A. Amodu and M.K. Abramowitz

(c) Measure the serum bicarbonate again in 3 months; if unchanged, prescribe oral
sodium bicarbonate.

(d) Prescribe oral sodium bicarbonate 0.3 mEq/kg body weight/day in two divided
doses.

(e) Prescribe oral sodium bicarbonate 1 mEq/kg body weight/day in two divided
doses.

Introduction

Metabolic acidosis is highly prevalent in persons with advanced CKD. This is
mainly due to reduced renal mass leading to impaired ammoniagenesis and inability
to excrete the daily acid load. As bone is the most important buffer of a chronic acid
load, bone resorption in response to chronic acidosis is not surprising. Less well
recognized by clinicians are changes in muscle metabolism in response to chronic
metabolic acidosis.

The catabolic effects of chronic acidosis can be subtle and thus easily overlooked
by clinicians. This has important implications, as skeletal muscle wasting is associ-
ated with increased morbidity and mortality [1]. Furthermore, the effects of acidosis
are not only relevant to the population with kidney disease. A low-level acidosis,
related to older age and high net endogenous acid production due to the Western diet,
may be of importance in individuals without CKD. Older persons may be at greatest
risk of adverse sequelae due to the age-related decline in kidney function and lesser
ability than young individuals to excrete an acid load [2—4]. This may have important
consequences as alkali supplementation in postmenopausal women without overt
acidosis has been shown to improve nitrogen balance and skeletal metabolism [5].

Changes in Muscle Physiology Due to Metabolic Acidosis

In otherwise healthy humans, there is a continuous cycle of muscle protein synthe-
sis and degradation. This turnover is tightly regulated because even a minimal
decrease in synthesis or increase in degradation can result in a net loss in muscle
mass over time [6, 7]. Chronic metabolic acidosis disturbs this homeostasis, primar-
ily by stimulating skeletal muscle protein breakdown. Acidosis also promotes
amino acid oxidation and may impair muscle protein synthesis as well [8—11].
Three main systems have been described in muscle protein degradation: lyso-
somal proteases (cathepsin system), the calcium-dependent calpain system, and the
ATP-dependent ubiquitin-proteasome system (UPS) [12, 13]. Inhibition of the first
two systems does not substantially suppress proteolysis in animal models of cata-
bolic conditions [14, 15]. Therefore, quantitatively the UPS is the major pathway
responsible for muscle protein degradation [16]. However, the UPS cannot degrade
the complex structure of actomyosin. Caspase-3 initiates the process of protein deg-
radation by catalyzing the disassembly of myofibrils into a characteristic 14-kDa
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actin fragment and other substrates that are then degraded by the UPS [17]. After
activation by a ubiquitin activating enzyme, E1, ubiquitin moieties are transferred to
an E2 carrier protein and then conjugated to the protein substrate complex by an E3
ubiquitin-protein ligase. This process of ubiquitination targets the protein for degra-
dation by the proteasome. The E3 ligases are specific in their actions because they
only recognize a limited range of target proteins. The muscle-specific E3 ligases,
atrogin-1/muscle atrophy F-box (MAFbx) and muscle ring finger 1 (MuRF1), have
been linked with muscle atrophy in CKD and other catabolic states [18-21].

A number of factors stimulate muscle breakdown through the UPS [19, 22]. In
addition to acidosis, these include catabolic states such as uremia, and factors includ-
ing inflammation, angiotensin II, and disturbances in insulin and insulin-like growth
factor-1 (IGF-1) function. Binding of insulin and IGF-1 to their respective receptors
results in tyrosine phosphorylation of insulin receptor substrate (IRS) proteins. The
phosphorylated IRS protein then serves as a recruitment site for phosphatidylinosi-
tol 3-kinase (PI3-K), which signals the downstream effector Akt. Downstream
effects of PI3-K/Akt signaling simultaneously suppress catabolic pathways and pro-
mote muscle protein synthesis, thereby preventing muscle atrophy [18].

Metabolic acidosis suppresses the effects of this IRS/PI3-K/Akt pathway (Fig.
10.1) [23]. In a rat model of uremia, basal signaling through the PI3-K/Akt pathway
in skeletal muscle was suppressed when compared to control animals. Normalization
of the extracellular pH with a sodium bicarbonate-supplemented diet partially
restored basal IRS-1 associated PI3-K activity and partially reversed the increase in
muscle protein degradation [24]. Acidosis also augments the transcription of genes
that code for the UPS [25]. Thus acidosis increases skeletal muscle proteolysis by
suppressing IRS-1/PI3-K/Akt signaling, leading to activation of caspase-3 and the
UPS. This clearly implicates metabolic acidosis as an important contributor to mus-
cle proteolysis in CKD.

Alterations in Lean Mass and Muscle Function
Due to Metabolic Acidosis

A number of studies in humans suggest that the treatment of acidosis ameliorates the
insulin signaling defect in skeletal muscle and decreases muscle breakdown (Tables
10.1, 10.2, and 10.3). DeFronzo and Beckles induced insulin resistance in normal
subjects by acidification with ammonium chloride, a model of chronic acidosis [26].
The defect was most likely due to an effect on skeletal muscle insulin sensitivity.
Mak treated eight young subjects (mean age 18 years) receiving maintenance hemo-
dialysis with oral sodium bicarbonate for 2 weeks and found an improvement in
insulin sensitivity [27]. Reaich et al. treated eight patients with advanced CKD
(mean serum creatinine 7.4 mg/dL) with oral sodium bicarbonate for 4 weeks and
found improvements in insulin sensitivity and reduced whole-body protein break-
down [28]. Several studies in patients receiving peritoneal dialysis (PD) and mainte-
nance hemodialysis have shown that correcting acidosis in end-stage renal disease
patients reduces protein breakdown [29, 30]. Pickering et al. found a reduction in
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Fig. 10.1 Mechanism of metabolic acidosis-induced muscle protein breakdown. Acidosis (bold
arrows) impairs signaling downstream of insulin and insulin-like growth factor-1 via the insulin recep-
tor substrate/phosphatidylinositol 3-kinase/Akt pathway. This activates proteolytic pathways includ-
ing caspase-3, which degrades actomyosin, producing substrates that are then degraded by the
ubiquitin-proteasome system. Upregulation of FOXO stimulates expression of the E3 ubiquitin ligases
MAFbx and MuRF1. Glucocorticoids appear to have a permissive effect on acidosis-induced prote-
olysis. Decreased activation of Akt may also impair protein synthesis by reducing mTOR activity.
Abbreviations: IGF-1 insulin-like growth factor-1, /RS insulin receptor substrate, PI3-K phosphati-
dylinositol 3-kinase, UPS ubiquitin-proteasome system, MAFbx muscle atrophy F-box, MuRFI mus-
cle ring finger 1, mTOR mammalian target of rapamycin. “R” denotes insulin and IGF-1 receptors

skeletal muscle ubiquitin mRNA after correction of acidosis in eight PD patients,
indicating that UPS-mediated proteolysis is ameliorated by alkali therapy [31]. Even
a mild decrease in extracellular pH is sufficient to activate proteolysis. Ammonium
chloride-induced acidosis in normal participants lowered pH from 7.42 to 7.35 and
stimulated muscle protein degradation [32]. Furthermore, in healthy postmenopausal
women without overt acidosis or CKD, oral potassium bicarbonate reduced urinary
nitrogen excretion, suggesting an improvement in muscle protein breakdown [33].
Studies in patients with CKD with reduced GFR suggest that correction of aci-
dosis also preserves muscle mass (Tables 10.1, 10.2, and 10.3). In a year-long
single-blinded randomized trial of high versus low-alkali dialysate in 200 patients
receiving PD, the high-alkali intervention led to weight gain, increased muscle mass
(measured anthropometrically by mid-arm circumference), and fewer hospitaliza-
tions [34]. Of note, the difference in acid-base status between the two groups was
relatively modest: at the end of the study, the mean pH and serum bicarbonate were
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7.44 and 27.2 mEq/L in the high-alkali group and 7.40 and 23.0 mEq/L in the
low-alkali group, respectively. Similarly, a double-blinded randomized trial of oral
sodium bicarbonate in 60 PD patients found greater lean mass, higher Subjective
Global Assessment scores (a nutritional assessment that includes muscle mass), and
fewer days of hospitalization after 1 year [35]. Treatment with oral sodium bicar-

Table 10.1 Studies examining effects of metabolic acidosis on skeletal muscle in persons without

kidney disease

Physiological studies/body
composition

Nitrogen balance before and after
treatment of acidosis

Protein breakdown and nitrogen
balance before and after inducing
acidosis

Amino acid oxidation before and
after acidosis

Albumin synthesis before and
after inducing acidosis

Muscle protein synthesis before
and after inducing acidosis
Muscle strength and function
Muscle performance before and
after treatment with bicarbonate
Interval training before and after
bicarbonate ingestion

High intensity work before and
after treatment of acidosis

Outcome
KHCO; improved nitrogen balance [33, 48].

NH,Cl increases protein breakdown [32] and induces
negative nitrogen balance [10].

NH,CI increases amino acid oxidation [32].

Chronic NH,CI decreases albumin synthesis [10].
Acute NH,Cl does not decrease albumin synthesis [49].

Acute NH,Cl decreases muscle protein synthesis [49].

Bicarbonate improved muscle performance in women but
not in men [43].

NaHCO; improves endurance performance [38].

NaHCO; improved performance in high intensity work
[50].

Table 10.2 Studies examining effects of metabolic acidosis on skeletal muscle in persons with

pre-dialysis chronic kidney disease

Physiological studies/body composition

Skeletal muscle ubiquitin gene

expression before and after sodium

bicarbonate treatment

Protein degradation and nitrogen
balance before and after acidosis
treatment

Amino acid oxidation before and after

treatment

Serum albumin before and after acidosis

treatment

Dietary protein intake and mid-arm
muscle circumference before and after

acidosis treatment
Muscle strength and function

Lower extremity muscle strength before

and after acidosis treatment

Outcome

No difference in expression of ubiquitin mRNA with
NaHCO; treatment [51].

NaHCO; decreases protein degradation [9] and
protein catabolic rate [52] and improves nitrogen
balance [53].

NaHCO; decreases amino acid oxidation [9].

Correction of acidosis improves serum

albumin [36, 52].

NaHCO; supplementation improves dietary protein
intake and mid-arm muscle circumference and slows
CKD progression [36].

NaHCO; treatment improved lower extremity
muscle strength [42].
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Table 10.3 Studies examining effects of metabolic acidosis on skeletal muscle in persons with

chronic kidney disease requiring dialysis

Physiological studies/body composition

Skeletal muscle levels of ubiquitin
mRNA before and after treatment of
acidosis

Protein degradation before and after

Outcome

Ubiquitin mRNA decreased significantly after
correcting acidosis [31].

Bicarbonate therapy decreased protein degradation

treatment of acidosis [8, 29, 54-56].

Amino acid oxidation before and after NaHCO; reduces amino acid oxidation [55].
treatment of acidosis
Serum albumin levels before and after
treatment of acidosis

Oral NaHCO; treatment failed to improve serum
albumin [57, 58].

Oral NaHCO; improves serum albumin in patients
without inflammation [8].

Nutritional status before and after
treatment of acidosis

NaHCO; therapy improves subjective global
assessment (SGA) score [35].

Sodium citrate treatment improves growth hormone
sensitivity [59].

Changes in body composition before
and after treatment of acidosis

Acidosis treatment increases body mass index, but
no significant change in mid-arm circumference [31].
Triceps skin-fold thickness increased with
bicarbonate dialysis [60].

No increase in triceps skin-fold with correction of
acidosis [31, 34].

Correcting acidosis improves muscle and weight
gain [31, 34].

bonate for 2 years also improved mid-arm circumference and increased serum albu-
min in patients with stage 4 CKD [36].

The adverse effects of metabolic acidosis on muscle physiology and muscle
mass imply that correcting chronic acidosis might improve muscle strength and
function (Tables 10.1 and 10.2). Indeed, alkali administration suppresses exercise-
induced acidosis [37] and has produced improvements in short-term endurance per-
formance and lactate threshold [38]. Epidemiologic data support this hypothesis.
Among older adults in the general US population, metabolic acidosis was associ-
ated with slower gait speed, lower quadriceps strength, and greater likelihood of
self-reported disability [39]. Lower serum bicarbonate due to metabolic acidosis
was also associated with low cardiorespiratory fitness in younger adults, possibly
mediated by changes in lean body mass, supporting the hypothesis that metabolic
acidosis causes functional impairment via effects on skeletal muscle [40]. In a pro-
spective observational study of older adults with and without CKD, lower serum
bicarbonate was associated with a higher risk of incident functional limitation [41].
To date, two interventional studies have examined this question. Oral sodium
bicarbonate administered to 20 adults with CKD and mild acidosis produced a dose-
dependent increase in serum bicarbonate and improved lower extremity muscle
strength after 6 weeks of therapy [42]. In healthy adults >50 years of age, 3 months
of oral bicarbonate improved muscle strength in women but not men [43].
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A reasonable approach to treating metabolic acidosis in patients with CKD is to
first repeat the measurement of the serum bicarbonate. In selected patients a blood
gas should be checked to rule out a respiratory acid—base disorder (in stable outpa-
tients, a venous blood gas will suffice). While the optimal pH and serum bicarbon-
ate are not known, the National Kidney Foundation Kidney Disease Outcomes
Quality Initiative guidelines recommend maintaining serum bicarbonate >22 mEq/L
[44]. For patients with only mild acidosis (e.g., serum bicarbonate >20 mEq/L), a
dietary intervention alone is an appropriate first step [45]. This should focus on
increasing fruit and vegetable intake, which will not only reduce the dietary acid
load and raise the serum bicarbonate, but bestow additional important health bene-
fits such as weight loss and improved blood pressure control [46, 47]. Because of
the increased potassium intake, this intervention is only appropriate for patients at
low risk of hyperkalemia. If dietary modification is not successful, and for patients
with more severe acidosis, oral alkali should be prescribed. This should usually be
initiated at a low dose (e.g., sodium bicarbonate 650 mg twice daily—each 650 mg
tablet provides 7.74 mEq alkali) to minimize side effects. The dose can then be
titrated to achieve the desired level of serum bicarbonate.

Conclusions

Chronic metabolic acidosis has a number of negative effects on skeletal muscle.
While the physiologic alterations have been well-documented, only a few studies
have addressed functional outcomes. In the case presented, mild metabolic acidosis
is likely associated with increased muscle protein degradation relative to synthesis.
Treatment of acidosis could reverse this defect and might, over time, preserve lean
mass and muscle strength in this patient at risk for functional decline. Given the
mild degree of acidosis and absence of hyperkalemia, a dietary intervention would
be an appropriate first step after confirming that the serum bicarbonate is low (choice
B). A blood gas is likely not required based on the clinical history. If treatment with
oral sodium bicarbonate was subsequently required, it would be prudent to begin
with a low dose.
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Chapter 11
Metabolic Acidosis Effects on Bone
and Its Metabolism

Donald E. Wesson

Case

A 66-year-old African American man with a long history of type 2 diabetic nephrop-
athy has an estimated GFR by the Modification of Diet in Renal Disease formula of
26 ml/min/1.73 m% He has presented with symptoms of bone pain, mild forearm
and upper extremity bone pain in response to deep palpation, and laboratory find-
ings consistent with increased bone resorption. Imaging studies are consistent with
decreased bone mineral content. His serum total CO, (bicarbonate) on his routine
laboratory panel was 20 mM (normal 20-29 mM for the clinical laboratory) and his
clinician confirmed with blood gases that the low bicarbonate was due to non-anion
gap metabolic acidosis. Which of the following is the best option for managing his
metabolic acidosis?

(a) No specific treatment for his metabolic acidosis

(b) Oral sodium-based alkali therapy (sodium bicarbonate or sodium citrate) to
maintain his serum bicarbonate concentration within the normal range (e.g.,
24-29 mM)

(c) Intravenous sodium bicarbonate now, followed by chronic oral sodium
bicarbonate

(d) Alow acid diet, e.g., one high in base-producing fruits and vegetables

(e) A protein-restricted diet

We will discuss what current data support is the best of the listed management
options at the end of this chapter.
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Introduction

Some data support that dietary acid challenges to systemic acid—base balance have
adverse effects on bone health, even in patients without baseline metabolic acidosis
[1]. The key feature of these diets proposed to injure bone is that they contain high
amounts of components, particularly animal-sourced protein, which increase net
endogenous acid production [2, 3]. Such acid-producing diets cause only minor
changes in plasma acid-base parameters, typically within normal ranges for these
parameters, even when inducing large increases in urine net acid excretion [4].
Nevertheless, these acid-producing diets can cause urine biochemical changes con-
sistent with increased bone resorption [5]. Relatedly, oral alkali to reduce the high
acid-producing aspect typical of Western diets increased bone mineral density and
microarchitecture in elderly adults at increased risk for, but who did not at the time
of study have, osteoporosis [6]. In addition, oral alkali improved mineral balance
and bone metabolism in elderly women with osteoporosis [7]. Although not all
studies support a role for high dietary acid in osteoporosis or increased fracture risk
for community-dwelling patients without baseline metabolic acidosis [8], this
remains an active area of research given that osteoporosis is a major health chal-
lenge, particularly among the elderly [9].

Published data more consistently support that baseline chronic metabolic acido-
sis injures bone. Experimentally induced chronic metabolic acidosis in animals
decreased bone mineral density [10] and chronic metabolic acidosis in patients is
associated with bone loss [11, 12]. On the other hand, oral alkali correction of meta-
bolic acidosis due to renal tubular acidosis in children improved bone growth, min-
eral density, and histopathology [13, 14]. In addition, improvement of metabolic
acidosis in dialysis-dependent patients reduced bone resorption and improved bone
formation [15, 16]. Because low plasma levels of vitamin D and high levels of para-
thyroid hormone (PTH) occur in patients with reduced GFR at levels that are well
above those for which kidney-replacement therapy is needed [17] but in whom
metabolic acidosis might be observed [18], studies are needed to determine if cor-
rection of chronic metabolic acidosis in non-dialysis-dependent chronic kidney dis-
ease (CKD) corrects the disturbed mineral metabolism in these patients.

Normal Bone Physiology and Homeostasis

Normal bone is about one-third by volume organic, unmineralized matrix called
osteoid. It is comprised predominately by type 1 collagen and small amounts of
proteoglycan, lipids, and several non-collagenous proteins [19]. The remaining
two-thirds is inorganic mineral, most of which is hydroxyapatite crystal made up
of calcium, phosphate, and other ions such as hydroxyl and carbonate. The skel-
eton contains 80 % of body carbonate and 80 % of body citrate, each of which
are potential buffers of H* [19]. The large surface area of bone makes these and
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other mineral constituents that can buffer H*, like phosphate, readily available to
buffer H* formed through metabolic processes, including dietary components
that yield H* when metabolized.

Bone mass continuously turns over during life through a well-regulated coupling
of bone formation and resorption [19]. During growth, bone formation exceeds
resorption but after bone mass peaks at about ages 20-30 years, formation equals
resorption [19]. After age 40-50 years, resorption exceeds formation by amounts
that vary among individuals for reasons that have not been clearly elucidated. Two
cell types are largely responsible for this resorption/formation process known as
remodeling: osteoblasts are generally responsible for bone formation and osteo-
clasts are responsible for bone resorption.

Acid-Base Effects on Bone-Related Mineral Homeostasis

Calcium

Most (99 %) body calcium is in the skeleton with the remaining 1 % in extracel-
lular and intracellular spaces. About 1 % of skeletal calcium is freely exchangeable
with calcium in the extracellular fluid (ECF). Serum calcium is in three compo-
nents: ionized, protein-bound, and complexed to divalent anions. The ionized frac-
tion is typically ~48 % of the serum total [20] in the absence of changes from
normal acid-base status. Protein-bound (mostly to albumin) calcium is typically
~46 % of the serum total [20] but because hydrogen ions compete with calcium for
binding to albumin, an increase in serum hydrogen ion concentration (acidemia) as
might occur with acidosis, reduces the protein-bound component and correspond-
ingly increases the ionized component. The complexed component is ~7 % of total
serum calcium [20].

Net gastrointestinal tract absorption is about 20 % of dietary calcium and most of
that is from the small bowel, particularly the ileum. Healthy adults with steady-state
bone mineral content excrete all the calcium absorbed from the gastrointestinal tract
[20]. Individuals ingesting diets high in animal-sourced protein have increased urine
calcium excretion [11, 21-24]. Earlier studies supported that this increased urine cal-
cium excretion was due to bone buffering of acid produced from metabolism of the
ingested animal protein with resorption of bone mineral and release of calcium into
ECF [11, 21, 22]. More recent studies support that a likely greater contributor to the
increased urine calcium excretion observed with these diets high in animal-sourced
protein is that such diets are typically very low in oxalate that binds to calcium in the
gut, thereby preventing calcium absorption and promoting fecal excretion. Greater gas-
trointestinal calcium absorption promoted by these low oxalate diets leads to increased
urine calcium excretion [23, 24]. On the other hand, diets high in plant-sourced protein
have high amounts of calcium-binding oxalate that yield decreased gastrointestinal
calcium absorption with subsequent decreased urine calcium excretion [23, 24].
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Phosphorous

Like calcium, most body phosphorous is in the skeleton with <1 % being in serum
and most of that as phosphate. Phosphate absorbed from the gastrointestinal tract is
transported into cells, deposited into bone or soft tissue, or eliminated from the
body, mostly by the kidneys in the urine [20]. Serum alkalemia drives phosphate
intracellularly, promoting hypophosphatemia while acidemia associated with
acidosis has the opposite effect.

Dietary phosphate is absorbed predominantly in the stomach and upper small
bowel with progressively less reabsorption as dietary contents move from the duo-
denum to the ileum. Diets high in animal-sourced protein tend also to be high in
phosphorous and low in food components like grains and other plant-based proteins
that contain phosphate-binding phytates which limit gastrointestinal phosphate
absorption [25, 26]. Limiting dietary intake of phosphate, and importantly, limiting
its gastrointestinal absorption, appears important to bone health because its increased
intake is associated with increased risk of fractures in community-dwelling adults
[27]. Conversely, diets in which protein intake is predominantly plant-based yield
less gastrointestinal phosphate absorption and less urine phosphate excretion [25,
26]. Metabolic acidosis increases urine phosphate excretion, contributing to the
component of urine acid excretion known as titratable acidity [28].

Magnesium

Similar to what has been described for calcium and phosphorous, most (99 %) of
body magnesium is intracellular and most of this is in bone (60 %), muscle and soft
tissue (25 %), with only 1 % being in ECF [29]. Sixty percent of serum magnesium
is ionized, 30 % is bound to albumin, and 10 % is complexed to serum divalent
anions [30]. Most dietary magnesium is absorbed in the small bowel with smaller
amounts in the colon [20]. Increases in dietary magnesium decrease the percentage
of gastrointestinal magnesium reabsorption and vice versa [31]. Metabolic acidosis
decreases kidney magnesium reabsorption and thereby increases urine magnesium
excretion [20].

Metabolic Acidosis Effects on Bone Physiology

Proton (H*)-Induced Bone Dissolution

Experimental studies in vitro support that acute increases in extracellular [H*]
(decrease in pH) promote calcium release from bone directly through physical/
chemical mechanisms without participation of cells [32, 33]. By contrast, calcium
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release from bone induced by chronic metabolic acidosis required the presence of
live cells, notably osteoclasts [34, 35]. In vivo animal studies showed that acute
metabolic acidosis increased serum calcium in the absence of PTH and inhibitors of
bone cell action [36]. Because of the greater prevalence and duration of chronic
metabolic acidosis compared to the acute variety, the chronic variety likely contrib-
utes most to the adverse consequences on bone by metabolic acidosis.

Metabolic acidosis commonly accompanies CKD [37, 38] and increases ECF
free H* concentration (increased [H*]=decreased ECF pH). Part of body defenses
to limit the untoward effects of free H* on tissues is to bind some of the free H* to
various buffers. Bone serves as an important H* buffer system that minimizes the
rise in ECF [H*] that might otherwise occur with chronic metabolic acidosis in CKD
[19, 21]. In vivo studies show that bone incubated in acid media takes up H* in
exchange for bone Na* and K* and that the media become more alkaline, consistent
with release of base equivalents [39]. This release of bone base equivalents was sup-
ported by further studies directly showing depletion of bone carbonate stores in
intact animals with chronic metabolic acidosis [40] and by in vivo bone studies
showing release of calcium and carbonate from bone incubated in acid media [41].
The process leads to the short-term physiological benefit of H*-buffering to limit its
untoward effects on other tissues as described but also leads to the long-term patho-
physiologic consequence of bone dissolution.

Increased Osteoclast-Mediated Bone Resorption

In addition to the physiochemical effects of increased [H*] on bone content
described, increased [H*] increases activities of bone cells that increase bone resorp-
tion. Osteoclast H* secretion is an important component of the process by which
osteoclasts resorb bone and this H* secretion is enhanced in cells incubated in acid
media [42]. This increased bone resorption is part of the normal process of continu-
ously replacing mineral in normal bone with new mineral. Ordinarily, this mineral
resorption is quickly followed by mineral replacement in individuals with good
bone health such that overall total mineral content of bone remains constant. This is
not the circumstance with chronic metabolic acidosis, best described with CKD,
which will be discussed subsequently. Increased bone resorption by osteoclasts in
this setting of increased serum [H*] is enhanced by PTH [43].

Inhibition of Osteoblast-Mediated Bone Formation

Metabolic acidosis directly suppresses osteoblastic-induced collagen formation [44]
thereby reducing new bone formation. Studies in experimental animals showed that
chronic metabolic acidosis enhanced bone resorption and impaired bone formation
[43]. This combination of increased bone resorption described earlier and decreased
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bone formation leads to increased urine calcium excretion and to total body negative
calcium balance in CKD patients [45]. The combination of increased osteoclast
activity with increased bone resorption and decreased osteoblast activity with
decreased bone formation that characterizes chronic metabolic acidosis in CKD
contributes to the syndrome known as renal or kidney osteodystrophy in CKD [46].

H*-Induced Alteration of Serum Concentrations and/or
Biological Actions of PTH and Vitamin D

The calcemic response of bone to PTH is enhanced in the presence of metabolic
acidosis [47] possibly mediated by enhanced uptake of PTH by bone cells and by
enhanced PTH-mediated cyclic AMP production [48]. Metabolic acidosis in kidney
failure reduces vitamin D production in animals [49] and alkali correction of meta-
bolic acidosis in patients with kidney failure increases serum 1, 25 OH-vitamin D
levels despite experimentally maintained serum levels of ionized calcium concen-
tration and no changes in serum levels of magnesium, phosphate, albumin, or
25-OH-vitamin D [50]. Nevertheless, the serum level of the active form of vitamin
D (1, 25, OH-vitamin D) in patients without CKD undergoing 9 days of metabolic
acidosis induced by oral NH,Cl was not different from control and its increase in
response to infused PTH was also not different [51]. On the other hand, serum levels
of the active form of vitamin D decreased as creatinine clearance decreased [52].
Together, the data support that metabolic acidosis is not a major contributor to the
disturbed vitamin D metabolism of CKD.

Metabolic Acidosis Possibly Contributes to Fracture Risk
in CKD

As indicated, metabolic acidosis contributes to the disturbed bone metabolism of
CKD [46], is more likely in subjects with reduced compared to normal GFR, and
metabolic acidosis is more severe in subjects with lower compared to higher levels
of GFR [38]. This association might help explain why fracture risk among
community-dwelling adults was higher in those with reduced compared to normal
GFR [53]. For older women, a group at particularly high risk for hip fracture, there
was a progressive inverse association between GFR and hip fracture in these women
who were otherwise healthy [54]. Similar findings were reported for older women
with regard to hip but not vertebral fractures [55]. This increased hip fracture risk
for patients with reduced GFR was independent of traditional risk factors including
age, body weight, and bone density. By contrast, the risk for vertebral fractures in
this cohort was related to more traditional risk factors for fracture in this group such
as older age and low bone mineral density [55]. Other studies report that reduced
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kidney function was particularly associated with increased fracture risk in younger
(age 50—74 years) than older (>74 years) and that the risk was higher in those with
severe compared to moderate reductions in GFR [56]. Furthermore, the 3-year
cross-sectional risk of fracture for community-dwelling men and women >40 years
of age increased in a graded fashion as GFR decreased [57]. Elucidation of the rea-
sons why CKD is more strongly associated with fracture risk in hip compared to
vertebral fractures and in younger compared to older individuals will require further
study.

Conclusions

In vitro, in vivo laboratory data, and clinical data support that acid challenges to
systemic acid-base status adversely affect bone metabolism. Although some data
suggest that high acid-producing diets without metabolic acidosis can cause bone
injury sufficient to yield adverse clinical outcomes, the data are more consistent that
chronic metabolic acidosis, particularly in association with CKD, causes clinically
significant bone injury. In addition, epidemiologic studies strongly associate CKD
and its severity with increased fracture risk. Because of the association of metabolic
acidosis with CKD and the severity of CKD, these data support an important contri-
bution of the metabolic acidosis of CKD to the increased fracture rates suffered by
these patients. Unfortunately, few published studies have examined the potential
benefit of correction of metabolic acidosis upon this increased fracture risk. Until
such studies are done, it seems prudent for clinicians to follow current guidelines
that recommend alkali treatment of metabolic acidosis associated with CKD when
serum total CO, is <22 mM [58].

Returning to the Case

The research that will yield a definitive answer to this case question is still evolving.
Nevertheless, the most recent guidelines for treatment of metabolic acidosis in CKD
recommend treating patients whose total CO, is <22 mM with oral, sodium-based
alkali (sodium bicarbonate or sodium citrate) to maintain serum total CO, in a
normal range [58]. Because this recommendation is based on opinion but limited
clinical data, ongoing clinical studies will help determine if this recommendation
should be modified. Consequently, selection “a” is contrary to this recommendation
and selection “b” is the recommendation itself. Because the metabolic acidosis is
mild as typically is the case with CKD, there is no urgency to treat the patient with
intravenous bicarbonate so selection “c” is not the best choice. Some recent studies
show that base-inducing fruits and vegetables can increase serum TCO, in CKD
patients with metabolic acidosis [59, 60] but there are no published studies supporting

that this treatment improves metabolic bone disease in CKD. In addition, such diets
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increase dietary potassium and CKD patients with eGFR as low as in our patient are
at increased risk for hyperkalemia. Consequently, selection “d” is not the best choice.
Diets high in animal-sourced protein might be expected to worsen existing metabolic
acidosis. Those high in plant-sourced protein might improve metabolic acidosis if
they are base-producing proteins but as stated, such diets have not been shown to
improve the metabolic bone disease of CKD so “e” is not the best choice.
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Chapter 12
Endocrine Consequences of Metabolic
Acidosis

Donald E. Wesson

Case

A 69-year-old African American man without a previous history of diabetes mellitus
has been on three times weekly, 12-h/week, center-based hemodialysis for the past
3 years. He has had a progressive increase in fasting plasma blood glucose for the
past year and his health care team is considering starting pharmacologic hypoglyce-
mic therapy. His fasting plasma blood glucose improved only slightly in response to
appropriate dietary instructions. In addition, as his residual kidney function has pro-
gressively decreased, his pre-dialysis plasma total CO, (HCO; concentration) has
also progressively decreased with his most recent value being 16 mM. Which of the
following is the best approach to treat his apparently worsening metabolic acidosis,
particularly in light of the progressive increase in his fasting plasma glucose level?

(a) Increase the HCOj; concentration in his dialysis bath above that of the standard
bath against which he is currently being dialyzed

(b) Daily oral Na*-based alkali therapy (NaHCO; or Na* citrate) to maintain his
plasma bicarbonate concentration within the normal range (e.g., 24-29 mM)

(c) Pre-dialysis intravenous NaHCO; to increase his plasma HCOj; concentration
into the normal range (e.g., 24-29 mM) then complete his dialysis treatment as
usual

(d) A low-acid diet, e.g., one high in base-producing fruits and vegetables

(e) No effort to increase his pre-dialysis plasma HCO; concentration

We will discuss what current data support is the best of the listed management
options at the end of this chapter.
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Introduction

As detailed in other chapters of this book, metabolic acidosis is systemic process
with adverse systemic consequences that are associated with increased mortality,
even in patients whose reduced but remaining GFR is sufficient to not require
kidney replacement therapy [1]. A possible contributor to the increased mortality
associated with metabolic acidosis is increased risk for cardiovascular events [2].
The latter association assumes great importance recognizing that cardiovascular
disease is in great excess among patients with chronic kidney disease (CKD) com-
pared to similar patients without CKD [3]. Disturbances in endocrine physiology
might contribute to some of the untoward outcomes associated with metabolic aci-
dosis and this chapter will explore what is known about the pathophysiology of
some of these endocrine disturbances. Because correction of metabolic acidosis is
comparatively easy to accomplish, can be done with comparatively few side effects,
and is comparatively inexpensive, studies are ongoing to determine if this interven-
tion improves some of the untoward outcomes associated with metabolic acidosis.

Decreased Insulin Sensitivity (Increased Insulin Resistance)

Insulin resistance has been associated with the increased cardiovascular risk in dial-
ysis-dependent CKD patients [4]. Nevertheless, insulin resistance appears early in
the course of progressive decline in GFR, much before the need for kidney replace-
ment therapy [5-8]. In pre-dialysis CKD patients, the degree of metabolic acidosis
predicted the presence of insulin resistance and low serum bicarbonate was an inde-
pendent contributing variable for insulin-mediated glucose disposal rate in CKD
patients using stepwise multivariate regression analysis [8]. The latter data support a
contributing role of metabolic acidosis in CKD to the observed insulin resistance.
Earlier studies showed that patients without CKD and with baseline normal serum
acid—base parameters developed insulin resistance when given NH,Cl to induce
chronic metabolic acidosis [9]. In addition, lower serum bicarbonate was associated
with insulin resistance in patients in the National Health and Nutrition Examination
Survey (NHANES) [10]. These data suggest that correction of metabolic acidosis
improves insulin resistance but few published studies have tested this hypothesis.
One such study in dialysis-dependent CKD patients showed that oral NaHCO,
increased insulin sensitivity [11]. More studies testing this hypothesis in pre-dialysis
CKD patients are very much needed, particularly in patients with reduced GFR but
who do not require kidney replacement therapy like dialysis or kidney transplant.
Multiple mechanisms likely contribute to the impaired insulin sensitivity of
chronic metabolic acidosis. Chronic metabolic acidosis decreases insulin sensitivity
in experimental animals [12] mediated in part by reduced insulin binding to target
sights in vitro [13]. Because infused angiotensin II induces insulin resistance in
experimental animals [14] and metabolic acidosis activates the renin—angiotensin—
aldosterone system (RAAS) in this same experimental model [15], metabolic
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acidosis-induced angiotensin II activity might contribute to insulin resistance.
Oral NaHCO; reduces kidney angiotensin II levels augmented by acid retention in
experimental animals with reduced GFR [16] so correction of metabolic acidosis in
CKD patients might ameliorate the associated insulin resistance through reduction
in kidney angiotensin II.

Disturbed Parathyroid Hormone and Vitamin D and Metabolism

Metabolic acidosis enhances the calcemic response of bone to PTH [17], possibly
through augmented uptake of PTH by bone cells and by augmented PTH-mediated
cyclic AMP production [18]. Metabolic acidosis in CKD reduces vitamin D produc-
tion in experimental animals [19]. Alkali correction of metabolic acidosis in CKD
increases serum 1, 25-OH vitamin D levels despite experimentally maintained
serum levels of ionized calcium concentration and no changes in serum levels of
magnesium, phosphate, albumin, or 25-OH vitamin D [20]. By contrast, serum lev-
els of the active form of vitamin D (1, 25-OH vitamin D) were not different from
control after 9 days of metabolic acidosis induced by oral NH,Cl in patients without
CKD [21]. Additionally, the PTH-induced increase in 1, 25-OH vitamin D was also
not different [21] in these subjects with experimentally induced metabolic acidosis
but without CKD [21]. On the other hand, serum levels of this active form of vita-
min D decreased as creatinine clearance decreased [22]. These data support that
metabolic acidosis itself is not a major contributor to the low serum levels of vitamin D
in CKD patients with reduced GFR and that other factors more importantly contrib-
ute to decreased serum levels that commonly accompany reduced GFR.

Disturbed Glucocorticoid Metabolism

Chronic metabolic acidosis induced in humans with baseline normal kidney func-
tion with NH,Cl increases glucocorticoid production leading to increased serum
levels [23-25]. This increased glucocorticoid activity appears to convey the benefit
of increased kidney acid excretion in the setting of metabolic acidosis [25] but also
appears to contribute to adverse consequences associated with CKD such as dis-
turbed bone [26] and muscle metabolism [27].

Disturbed Growth Hormone Metabolism

Patients with chronic metabolic acidosis have decreased sensitivity to growth
hormone that leads to decreased levels of insulin growth factor-1 (IGF-1) [28, 29].
This insensitivity in hemodialysis-dependent CKD patients was improved by
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correction of their metabolic acidosis with oral Na* citrate [30]. Despite this relative
insensitivity, administration of growth hormone to children with renal tubular acidosis
reversed growth retardation due to the chronic metabolic acidosis [31]. In addition,
growth hormone releasing hormone (GHRH) elicits an augmented increase in plasma
levels of growth hormone in patients with chronic metabolic acidosis compared to
individuals with normal acid-base status [29].

Disturbed Thyroid Hormone Metabolism

Experimentally produced chronic metabolic acidosis in humans caused mild hypo-
thyroidism as manifest by significantly increased serum levels of thyroid stimulating
hormone (TSH) with slight but significant decreases in serum levels of free T3 and
free T4 [32]. These patients with experimentally induced metabolic acidosis also
had an exaggerated response to thyrotropin (TRH) [32]. Although a comprehensive
comparison of CKD patients with normal controls showed CKD patients with
reduced serum levels of T3 and T4, they had normal TSH and a blunted response to
TRH [33]. Together, these data suggest that although metabolic acidosis in CKD
might contribute to some of its thyroid abnormalities, other CKD-related factors
contribute to the disturbance in the pituitary/thyroid axis in CKD. In support of this,
correction of metabolic acidosis in hemodialysis-dependent CKD patients with oral
Na* citrate corrected serum free T3 levels but did not influence serum levels of free
T4 or TSH [30]. Studies are needed to examine the effect of correction of metabolic
acidosis in CKD patients with sufficient remaining GFR to not require kidney
replacement therapy.

Alterations of the Renin—-Angiotensin—Aldosterone System

Metabolic acidosis produced in experimental animals with NH,Cl increased renin—
angiotensin system activity [15]. In addition, experimental animals with the partial
nephrectomy model of CKD have increased kidney levels of angiotensin II (AII)
[16, 34] and aldosterone [35] that is mediated by acid retention associated with GFR
reduction [16, 34, 35]. Furthermore, correction of acid retention related to reduce
GFR with oral NaHCO; lowered kidney levels of All [16, 34] and aldosterone [35].

Experimentally produced metabolic acidosis in patients increased activity of the
RAAS [23, 24, 29]. In addition, patients with reduced GFR without metabolic
acidosis but who appeared to have acid retention had increased plasma levels and
urine excretion of aldosterone, each of which were reduced after oral NaHCO; [36].
Urine excretion of angiotensinogen reflects kidney levels of AIl [37] and patients
with reduced GFR and metabolic acidosis had increased urine excretion of angio-
tensinogen that was decreased after dietary acid reduction with NaHCO; or base-
producing fruits and vegetables [38]. Because GFR decline in animal models of
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CKD is mediated by AII [39] and/or through AII receptors [34] and because anti-
AlI drugs ameliorate GFR progression [40, 41], reduction of kidney AII activity by
correction of metabolic acidosis might reduce untoward effects of high AII activi-
ties, possibly including nephropathy progression.

Altered Secretion of Catecholamines

Most studies examining the effect of metabolic acidosis on catecholamine release
and serum levels have involved acute rather than chronic metabolic acidosis, and
most such studies have examined this issue using animal models. Acute metabolic
acidosis increased canine blood catecholamine levels [42] and in isolated canine
adrenal glands [43]. In one of the few published human studies, acute metabolic
acidosis induced by NH,ClI infusions directly into the duodenum did not change
plasma catecholamine levels hours later [44]. Whether longer exposure to the
described metabolic acidosis affected plasma catecholamines was not examined by
these investigators. Studies in humans examining the effects of chronic metabolic
acidosis on plasma catecholamines, and its correction, are needed.

Stimulation of Kidney Endothelin Production

Animals with metabolic acidosis and reduced GFR had increased kidney levels of
endothelin that decreased in response to oral NaHCO; [45]. Similarly, animals with
reduced GFR without metabolic acidosis but with acid retention had high kidney
endothelin levels that also decreased in response to dietary NaHCO; [35, 46]. In
addition, increased dietary acid provided as mineral acid [47] or acid-producing
dietary protein [48] increased kidney endothelin levels. Furthermore, an acid inter-
stitial fluid environment of the kidney cortex in vivo is associated with reduced GFR
and metabolic acidosis [45], is associated with reduced GFR without metabolic
acidosis but with acid retention [35, 46], and is associated with increased dietary
acid in animals with normal GFR [49]. Relatedly, decreased extracellular pH
increased endothelin release from human kidney microvascular endothelial cells
in vivo [50]. The latter studies suggest at least one cell source, microvascular endo-
thelial cells, for the increase in kidney endothelin levels in response to an extracel-
lular acid challenge. These data support an endothelin role to increase kidney
acidification in the setting of reduced GFR and metabolic acidosis [45, 51], when
GFR is reduced without metabolic acidosis but with acid retention [16], and in ani-
mals with normal baseline GFR in response to a dietary acid challenge provided by
mineral acid [47] or acid-producing dietary protein [48].

Urine endothelin excretion is a surrogate for kidney endothelin levels [47] and
urine endothelin excretion decreased in CKD patients with reduced GFR and meta-
bolic acidosis in response to improvement of metabolic acidosis with oral Na*
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citrate [52]. In addition, CKD patients with reduced GFR without metabolic acidosis
but with apparent acid retention had higher urine endothelin excretion than compa-
rable patients with normal GFR [36]. Furthermore, dietary acid reduction done with
oral NaHCO; reduced urine endothelin excretion in such patients [53], consistent
with reduced urine endothelin levels [47]. Together, these data support that patients
with metabolic acidosis associated with reduced GFR and those with reduced
GFR without metabolic acidosis but with acid retention have increased kidney levels
of endothelin.

Conclusions

Data to date show that metabolic acidosis, acid retention associated with reduced
GFR but without metabolic acidosis, and increased dietary acid in subjects with
normal baseline GFR and acid—base status can disturb multiple endocrine systems.
These systemic consequences of acid challenges to systemic acid—base status have
short-term and possibly long-term adverse consequences on endocrine systems. A
few clinical studies show that correction of metabolic acidosis or amelioration of
acid retention provides patient benefit but many more, larger, and longer term stud-
ies are needed to better determine the benefit, if any, on the endocrine disturbances
associated with metabolic acidosis.

Returning to the Case

As with many aspects of the treatment of chronic metabolic acidosis, the research
that will yield a definitive answer to this case question is still evolving. Few studies
examining the potential benefits of correction of metabolic acidosis in patients with
reduced GFR have been published. The most recent guidelines for treatment of
metabolic acidosis in CKD recommend oral Na*-based alkali (NaHCO; or Na*
citrate) to maintain plasma total CO, in a normal range (24-29 mM) in patients with
baseline total CO,<22 mM [54]. A few published studies examined the benefit of
improving metabolic acidosis in hemodialysis-dependent CKD patients. One
showed that following this guideline in hemodialysis-dependent CKD to maintain
pre-dialysis plasma total CO, at least 24 mM improved insulin sensitivity as mea-
sured by greater glucose disposal in response to insulin infusion [11]. Other inves-
tigators showed that treating hemodialysis-dependent CKD patients similarly
improved sensitivity to growth hormone [30]. Consequently, selection “b” treatment
with daily oral Na*-based alkali to keep our patient’s pre-dialysis plasma total CO,
in the normal range is the option best supported by current data.

Published studies to date have not tested the approach indicated in selection “a”
but this intervention to increase dialysate HCOj; concentration in an effort to increase
pre-dialysis plasma HCO; concentration did not reliably increase pre-dialysis
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plasma bicarbonate concentration [55] and is associated with increased mortality [56].
Selection “c” to infuse intravenous NaHCO; pre-dialysis to increase his plasma
HCO; concentration into the normal range (e.g., 24-29 mM) also has not been
examined in published studies. Nevertheless, having this done only once, three
times weekly, is unlikely to dramatically increase plasma HCO; concentrations on
non-dialysis days, something that would appear to be necessary to provide a sus-
tained benefit on endocrine systems. The low-acid diet done with base-producing
fruits and vegetables in selection “d” is an interesting approach that might have the
same benefit as daily Na*-based alkali therapy as it appears to have in small-scale
studies that have been done examining the effect of dietary acid reduction on
nephropathy progression [38]. This approach to improve insulin sensitivity in CKD
patients with metabolic acidosis has yet to be tested in published studies, however.
Because current guidelines recommend treatment of the metabolic acidosis of
CKD patients with plasma total CO,<22 mM with Na*-based alkali, selection “e”
that indicates no treatment for our patient’s metabolic acidosis is not supported by
current recommendations.
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Chapter 13
Metabolic Acidosis and Progression of Chronic
Kidney Disease

Csaba P. Kovesdy

Clinical Vignette

A 54-year-old African American male patient presents for initial evaluation of an
elevated creatinine to the Nephrology outpatient clinic. He was referred by his
primary care provider who detected a serum creatinine of 1.7 mg/dl on routine labo-
ratory testing. The patient offers no particular subjective complaints. His past medi-
cal history includes hypertension diagnosed at age 41, controlled with medications
since age 43. He is taking lisinopril 40 mg daily and amlodipine 5 mg daily. He
denies using any over-the-counter medications or health supplements. His family
history is significant for end stage kidney disease requiring dialysis in his mother
and an uncle; the etiology of their kidney disease is unclear. The patient does not
smoke, drinks alcohol socially less than once a month, and denies any illicit drug
use. He works as an accountant, is married and has two children in college, none of
whom have any chronic medical conditions. He tries to restrict salt intake in his diet.
In his younger age he had been a vegetarian, but switched back to a meat-eating diet
in the past few years. His physical exam shows a blood pressure of 132/74, a body
mass index of 28 kg/m?, and is otherwise unremarkable. Abnormal laboratory
results included a serum creatinine of 1.8 mg/dl (corresponding to an estimated
GFR of 48 ml/min/1.73 m? using the CKD-EPI formula), serum CO, (bicarbonate)
of 22 mEq/1, blood hemoglobin of 13.2 g/dl, serum phosphorus of 4.6 mg/dl, serum
parathyroid hormone of 128 pg/ml, a urinalysis showing 2+ protein on dipstick,
and a random urine protein/creatinine ratio of 1254 mg/g. His kidney ultrasound is
unremarkable except for increased echogenicity.
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Assessment

This patient presents with CKD, most likely caused by a genetic condition such as an
APOL1 mutation. Clinical care of his CKD should include measures to prevent loss of
kidney function, and management of metabolic conditions exacerbated by CKD. It is
beyond the scope of this chapter to discuss all of these interventions; we will instead
focus on addressing metabolic acidosis as it relates to progressive CKD and to inter-
ventions aimed at attenuating the loss of kidney function experienced by this patient.

Development of Metabolic Acidosis in CKD

Metabolic acidosis is a direct consequence of CKD. Kidney ammoniagenesis
decreases early in the course of CKD because of decreasing numbers of functioning
nephrons, in spite of a relative increase in single nephron ammoniagenesis [1]. In
most patients the ability of the kidneys to maximally acidify urine and to reabsorb
bicarbonate is maintained until very late stages of CKD [2, 3]. This kidney adapta-
tion, combined with buffering that occurs most likely in the bone [4, 5] explains
why most patients with even advanced CKD display only a mild metabolic acidosis
with a normal or mildly widened anion gap. In addition, serum CO, levels are typi-
cally no lower than ~15 mEq/1 [6, 7]. The role of CKD in engendering metabolic
acidosis is also apparent in epidemiologic investigations which have shown that
metabolic acidosis is increasingly common as kidney function worsens [8]. Most
recently, in a population of over 570,000 US veterans the risk of metabolic acidosis
was shown to increase linearly in patients with more advanced stages of CKD,
especially in those with estimated GFR <45 ml/min/1.73 m? (Fig. 13.1) [9].

Consequences of Metabolic Acidosis

Maintaining a normal pH is important for the normal functioning of the human body.
Depending on its severity, metabolic acidosis could have numerous adverse conse-
quences, including osteopenia [4, 5], secondary hyperparathyroidism [10], reduced
respiratory reserve, and exhaustion of body buffer systems which make patients more
sensitive to the effects of acute illnesses [11], the reduction of Na*-K*-ATPase activity
in red blood cells [12] and myocardial cells [13] which could lead to reduced myocar-
dial contractility and congestive heart failure [14], abnormal glucose homeostasis,
accumulation of beta-2 microglobulin, chronic inflammation, disturbances in growth
hormone and thyroid function [15-17], the development of protein-energy wasting
[17-22], increased cardiovascular events [23], and higher mortality [24-28]. However,
more pertinent to the question of progressive CKD and to kidney protective therapies
are the effects that metabolic acidosis have on the kidneys themselves.
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Fig. 13.1 Odds ratios (95 % confidence intervals) of metabolic acidosis (defined as proportion of
patients with serum bicarbonate of <22 mEq/l) in a population-based cohort of 570,170 US veter-
ans with non-dialysis dependent CKD stages 1-5, by CKD stage. Results are based on unpublished
secondary analysis of data from Kovesdy et al. Circulation 2012 Feb 7;125(5):677-84 [75]

Several observational studies have indicated that lower serum CO, levels are
associated with worse progression of CKD and a higher incidence of ESRD [23, 27,
29-32]. Due to their observational nature these studies could not conclude that met-
abolic acidosis is the actual cause of the worsened renal outcomes. Nevertheless,
the plausibility of such a causal effect is bolstered by the growing basic science
literature that has elucidated many of the mechanisms underlying the effect of meta-
bolic acidosis on the kidney tissue and on kidney function (Fig. 13.2). One of the
important adaptive kidney mechanisms against metabolic acidosis is ammonium
production. Studies performed several decades ago have shown that ammonium
production is associated with complement activation and increased tubulo-intersti-
tial fibrosis, suggesting for the first time that chronic activation of adaptive mecha-
nisms against metabolic acidosis could become maladaptive and lead to kidney
injury [33-37]. A second important mechanism of kidney injury in metabolic aci-
dosis was later suggested to be activation of endothelin production [38—42].
Enhanced distal nephron urinary acidification in response to an acid challenge to
systemic acid-base status occurs through an endothelin-1 (ET-1)-dependent mecha-
nism via activation of ET-B receptors. However, concomitant activation of ET-A
receptors leads to interstitial fibrosis and progressive CKD [43-46]. Endothelin also
activates aldosterone production, thus leading to further tubulo-interstitial damage [47].
Finally, metabolic acidosis directly activates the renin—angiotensin—aldosterone
system, leading among others to further kidney damage [41, 42, 48-51].
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Fig. 13.2 Putative mechanisms of action of nephrotoxicity induced by metabolic acidosis.
Adapted with permission from Kovesdy CP, Nephrol Dial Transplant (2012) 27: 3056-3062

Experimental studies suggest that interventions aimed at abrogating these pathways
are beneficial in reducing kidney damage and delaying progression of CKD. These
have included improvement in kidney histology [52], diminished kidney cyst for-
mation and interstitial inflammation in a model of polycystic kidney disease [53, 54],
and delayed progression of CKD [41] in animal experiments of bicarbonate admin-
istration. Early human studies have also shown improved biochemical and renal
histological outcomes after bicarbonate administration in the face of metabolic
acidosis [55, 56]. These studies have laid the foundation for clinical trials testing the
hypothesis that chronic bicarbonate therapy could be applied as a renoprotective
strategy and could lead to improved clinical end points in patients with CKD.

Alkali Therapy as an Effective Clinical Treatment
of Progressive CKD

The plausibility of the metabolic acidosis-nephrotoxicity link is based on observa-
tional studies and compelling basic science findings. Nevertheless, in order to deci-
sively prove the causal role of metabolic acidosis we need clinical trials showing
that its treatment can alleviate kidney damage, leading to better renal outcomes.
Besides proving the efficacy of therapeutic interventions, clinical trials are also
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needed to evaluate the safety of such interventions, and to define optimal therapeutic
regimens that best balance risks and benefits.

The feasibility of alkali therapy as a renoprotective strategy was suggested by a
small trial showing significant improvement in urinary markers of proximal tubular
damage over 26 h in response to oral sodium bicarbonate in 11 patients with mild/
moderate CKD and proteinuria [56], even though neither proteinuria, nor renal
hemodynamics or systemic blood pressure were altered by the administration of
sodium bicarbonate. Subsequently, moderately sized clinical trials have also cor-
roborated the clinical benefit of alkali supplementation on progression of CKD
(Table 13.1). In a single-center trial of 134 patients with advanced CKD (creatinine
clearance 15-30 ml/min) and serum CO, of 1620 mEq/l, oral bicarbonate therapy
(titrated from a starting dose of 600 mg three times daily to achieve a serum CO,
goal of 23 mEq/1) vs. placebo resulted in a lower rate of kidney function decline and
a lower incidence of ESRD after 2 years [57]. Another study examined 59 patients
with eGFR 20-60 ml/min/1.73 m? and baseline serum CO, of <22 mEq/l [55].

Table 13.1 Clinical trials of bicarbonate supplementation to prevent progression of CKD

Baseline Duration of
Study Population serum CO, | Therapy intervention | Results
de Brito- 134 patients with | 16-20 Oral Na 2 years Decreased
Ashurst creatinine mEq/1 bicarbonate progression of
2009 [57] clearance of vs. open label CKD in the
15-30 ml/min standard care. intervention arm:
Na flatter slope, fewer
bicarbonate rapid progressors,
titrated to and fewer ESRD
achieve
serum CO,
>23 mEq/1
Phisitkul 59 patients with | <22 mEq/l | Oral Na 2 years Decreased rate of
2010 [55] estimated GFR of citrate vs. progression in the
20-60 ml/ control Na citrate arm.
min/1.73 m? Decreased urine
endothelin and
tubular injury
markers in the Na
citrate arm
Mahajan 120 patients with | >24.5 Na 5 years Decreased rate of
2010 [58] estimated GFR mEq/1 bicarbonate progression in the
75+6 ml/ vs. NaCl vs. Na bicarbonate
min/1.73 m? and placebo arm. Decreased
macroalbuminuria urine endothelin

and tubular injury
markers in the Na
bicarbonate arm.
Decreased
albuminuria in the
Na bicarbonate
arm
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Patients were preference-randomized to 1 mEq of HCO; equivalent/kg body weight/
day sodium citrate in three divided doses (30 patients) vs. usual care (29 patients).
The primary study end point was change in urine endothelin-1 levels; secondary
end points were changes in urine markers of tubular damage and eGFR. After 24
months of therapy patients who received Na citrate displayed slower decline in
kidney function, decreased urinary endothelin-1, decreased tubular injury markers,
and decreased albuminuria. In a third study of 120 patients with hypertensive
nephropathy with baseline eGFR of 75+6 ml/min/1.73 m? and macroalbuminuria,
and a serum bicarbonate level of at least 24.5 mEq/], patients were randomized to
oral Na bicarbonate (0.5 mEq/kg lean body weight/day) vs. oral NaCl (0.5 mEq/kg
lean body weight/day) vs. placebo after matching for age, eGFR, albuminuria, and
ethnicity [58]. The primary study end point was the reduction in the rate of eGFR
decline after 5 years of follow-up; secondary end points were changes in urine
endothelin, albuminuria, and markers of tubular injury. Patients who received
sodium bicarbonate experienced significantly more favorable slopes of eGFR,
decreases in urinary markers of tubular injury and urine endothelin, and stabiliza-
tion of albuminuria. This study enrolled patients with early stage CKD and without
manifest metabolic acidosis, supporting the notion that kidney protective interven-
tions with oral alkali therapy could be applied preemptively at stages when kidney
adaptive mechanisms are fully capable of maintaining the body’s normal acid—base
balance (vide supra).

Practical Considerations

Are We Using the Right Diagnostic Tools?

The above experimental studies suggest that the deleterious effect of metabolic acido-
sis on the kidneys is not necessarily induced by a low pH-mediated biochemical
effect, but rather that it is mediated by the downstream effects of the numerous adap-
tive mechanisms the kidney uses to correct acidemia. The paradigm that chronic adap-
tive mechanisms over time become maladaptive and deleterious has important
practical consequences for the optimal diagnosis of acidosis-related kidney damage.
If a low pH is not a condicio sine qua non of metabolic acidosis-related chronic kid-
ney damage, using a diagnostic approach based on proton retention and a consequent
lowering of serum CO, may be missing a window of opportunity when acid—base
homeostasis is maintained in balance by the above kidney adaptive mechanisms, but
when kidney damage is already occurring as a result of these mechanisms.

It has been estimated that patients with frank metabolic acidosis (defined as a
serum CO, concentration <22 mEq/l) may represent <10 % of the total CKD
population [59], and hence restricting interventions of alkali therapy to this group
may deprive a substantial group of patients from a potentially beneficial therapy.
Direct measurement of one or more of the pathways responsible for acidosis-related
damage could allow for earlier diagnosis and earlier therapy. This could involve
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assessment of increased urinary ammonium (or a surrogate marker of it, such as the
urinary anion gap or urinary osmolar gap), or increased urinary endothelin levels.
Levels of urinary endothelin have been shown to decrease after alkali therapy
[55, 58], and hence this biomarker could also be used to monitor the effectiveness of
therapeutic interventions. Notwithstanding the possibility that these tests will be
used in the future in clinical practice, at the present time they are not widely available
and there is also insufficient information on how they should be applied in practice
(e.g., what are the normal ranges, and what cutoffs should trigger interventions?).

Due to the present practical difficulties with putative diagnostic markers, another
potential approach would be to intervene with alkali therapy in every patient with
CKD, not only those who have already developed frank metabolic acidosis. Proof of
this concept was provided in a small single-center clinical trial (vide supra); but
before its widespread application more investigation is needed to better delineate
the upper boundaries of serum bicarbonate levels above which alkali administration
could become deleterious (more on this later).

What Therapeutic Options Are There for the Treatment
of Metabolic Acidosis?

The kidney damage induced by metabolic acidosis can in theory be alleviated by
any measures that obviate the need for adaptive mechanisms aimed at enhancing
kidney acid excretion. This can be achieved through the administration of sufficient
base equivalents to buffer the amount of acids produced on a daily basis. Provided
a typical western diet, an average person generates approximately 1 mEq of non-
volatile acid/kg body weight/day [60]. Since a significant proportion of generated
acid results from catabolism of nutrients containing proteins, one way to benefi-
cially affect acid—base balance is through a diet composed of nutrients with a low
acid load such as fruits and vegetables, e.g., a vegetarian diet [61]. Indeed, a recent
study that compared a vegetarian diet with bicarbonate supplementation in patients
with early CKD showed that the two approaches were equivalent in their ability to
correct metabolic acidosis and to decrease biochemical markers of kidney injury
[62]. Similar results were seen in a study that compared the two interventions in
patients with advanced (stage 4) CKD [63]. Importantly, the dietary intervention did
not result in the development of hyperkalemia in the study subjects who were
selected to be at low risk for hyperkalemia, which is a significant concern in patients
with advanced CKD receiving diets rich in vegetables and fruits. Whether such a
dietary intervention is similarly safe outside of the strictly controlled confines of a
clinical trial remains to be assessed individually. In addition to the benefits related
to acid-base balance, a vegetarian diet could hold other important advantages to
patients with CKD with direct effects on the progression of CKD [64], the discussion
of which is beyond the scope of this chapter.

In patients who are unable or unwilling to change their dietary habits, or when
administration of a more precise amount of bicarbonate is desired, medications
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containing bicarbonate or its equivalents (citrate or acetate) can be applied to buffer
bodily acid production. Administration of these agents should be done with consid-
eration for patients’ individual characteristics to avoid any untoward consequences
associated with either the bicarbonate component or the cation accompanying
the bicarbonate moiety (or its equivalent). The amount administered depends on the
desired therapeutic target, for which there is currently no uniform consensus yet.
Of the most commonly used bicarbonate supplements, one 325 mg tablet of Na
bicarbonate contains 4 mEq of bicarbonate, 1 ml of citric acid/trisodium citrate
(Shohl!’s solution) contains 1 mEq of bicarbonate, and 1 ml of potassium citrate
(Polycitra) contains 2 mEq of bicarbonate. The doses of these medications need to
be titrated according to the desired serum CO, level. Professional guidelines recom-
mend correction of metabolic acidosis (defined as a serum CO, <22 mEq/l) mainly
because of its effects on protein-energy wasting [65]. However, one could argue that
maintaining higher serum CO, levels and intervening even in patients who have not
yet developed low serum CO, levels might provide clinical benefit (vide supra). Such
a strategy would have to be implemented with proper safeguards to prevent potential
deleterious consequences of bicarbonate administration, as will be discussed below.

Are There Any Deleterious Consequences of Alkali Therapy,
and How to Avoid Them?

Observational studies suggest that the association of serum CO, levels with mortality
is U-shaped, and abnormally high levels are also associated with adverse outcomes
[24-26, 28]. These associations persisted even after adjustment for the typical
comorbid conditions known to induce metabolic alkalosis (e.g., severe COPD, or
chronic heart failure). Notwithstanding the possibility of residual confounding,
metabolic alkalosis can have plausible direct adverse consequences. Acute effects
of alkalemia include hypokalemia, hypocalcemia, or hypomagnesemia, with resul-
tant cardiac arrhythmias [26, 66], which could explain the association of elevated
serum CO, with increased mortality. There are also concerns about the effect of
alkalemia on kidney function and kidney outcomes. Milk alkali syndrome is recog-
nized as a consequence of alkalemia and high calcium intake, and can result in
kidney damage and hastening of progressive CKD [67]. Under well-defined experi-
mental circumstances higher bicarbonate resulted in renal calcium deposition in
animals with elevated serum PO, levels, and metabolic acidosis had a protective
effect [68—70]. Similar effects have not been described in humans, but caution may
be advised in hyperphosphatemic patients receiving bicarbonate supplementation.
Besides the adverse consequences of CO, overloading, complications could arise
as a result of mechanisms unrelated to changes in acid-base status. The administra-
tion of citrate-containing medications could enhance the absorption of aluminum
from the gut, and could lead to aluminum-toxicity. It is thus recommended that
patients with advanced CKD not receive their bicarbonate supplements in the form
of citrate if they consume any aluminum-containing medications (such as various
antacids). The administration of various cations that accompany the bicarbonate
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moiety or its equivalents could also have deleterious consequences. Ca-containing
medications (such as Ca-acetate, Ca-carbonate, or Ca-citrate) could result in unde-
sirably high calcium intake which has been linked to cardiovascular and soft tissue
calcification in dialysis patients. Concerns have also been raised about the increased
sodium intake resulting from Na bicarbonate supplements, which could hypotheti-
cally lead to volume overload, increased blood pressure, and adverse kidney and
cardiovascular outcomes. These latter concerns have been alleviated by carefully
conducted studies suggesting that the administration of Na bicarbonate has dis-
tinctly different effects compared to equivalent amounts of common salt (NaCl)
[71-74], in that it does not result in substantial sodium retention, volume overload,
and increased blood pressure.

In summary, potential adverse consequences of alkali administration are related to
inadvertent induction of alkalemia, which could have acute and chronic complications
related to kidney function and cardiovascular events. It is thus prudent to monitor
serum CO, during therapy with bicarbonate, and withhold therapy when levels rise
above the upper limit of the normal range. Sodium loading does not appear to be a
problem with sodium bicarbonate administration. Other non-pH related adverse
effects need to be addressed according to every patient’s individual characteristics.

Management of the Clinical Case

Our patient presented with early stage CKD (stage 3A), and a borderline low serum
CO, level. While he has yet to develop frank metabolic acidosis, it is likely that he has
activated renal adaptive mechanisms to maintain normal acid—base balance. This
could be confirmed by measuring a urine anion gap or a urine osmolar gap, although
practically useable cutoffs for these tests have not been established yet for this indica-
tion. A more direct measure of activated kidney adaptive mechanism would be the
level of urine endothelin, but this is not yet available for everyday clinical use.
Alternatively, the patient could be treated empirically with a bicarbonate supplement,
targeting a high-normal serum CO,. Bicarbonate supplementation could be offered
with a prescription medication titrated to the desired therapeutic goal, or the patient
could revert to a vegetarian diet, if he feels motivated to do so. Either intervention
would require monitoring of serum CO, levels to assure that therapeutic targets are
met and that metabolic alkalosis does not develop, and of blood pressure and serum
electrolytes, to assure optimization of kidney protection and prevention of potentially
deleterious side effects (e.g., hyperkalemia or hyperphosphatemia).

Conclusions

Alterations in acid-base homeostasis happen with increasing frequency as CKD
advances. The kidneys play a pivotal role in assuring that decreasing GFR does not
result in acidemia, by activating redundant adaptive mechanisms that enhance acid
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excretion and assure a net even acid-base balance. Long-term activation of these
adaptive mechanisms can, however, result in direct nephrotoxic effects, which is
why metabolic acidosis is considered a causative factor for progressive kidney
function loss. Several small clinical trials have shown that the administration of
bicarbonate to patients with various stages of CKD is kidney protective. Due to the
limitations of available evidence overarching recommendations regarding the indi-
cation of therapy, the best method(s) of bicarbonate replacement, the optimal thera-
peutic targets, and the likelihood of the efficacy and safety of such interventions
cannot yet be made. Since bicarbonate supplementation is an affordable interven-
tion which is likely safe and potentially beneficial, individualized treatment with
various forms of bicarbonate or its equivalents should be considered in all patients
with CKD who have no contraindication for such intervention.
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Chapter 14
Management of Chronic Metabolic Acidosis

Donald E. Wesson

Introduction

Chronic metabolic acidosis is a common disorder which, even when “mild,” is asso-
ciated with untoward complications including increased mortality as detailed else-
where in this book. It is a common complication of chronic kidney disease (CKD),
an increasing health burden [1]. Renal tubular acidoses are another form of chronic
metabolic acidosis and can be idiopathic in presentation or a component of systemic
diseases like lupus which adversely affect kidney tubule function. Consequently,
chronic metabolic acidosis will continue to exact a toll on patients and continue to
challenge clinicians with its management into the foreseeable future.

Acute metabolic acidosis is most commonly seen in critically ill inpatients. Its
treatment is discussed in detail elsewhere in this book but in general, it is best treated
by correcting the underlying disorder leading to metabolic acidosis. Selected
patients might benefit from NaHCO; administration but these benefits must be
weighed against the risks associated with this intervention in some critically ill
patients.

Metabolic acidosis is a process characterized by net gain of hydrogen ion (H*)
and/or loss of base (usually HCO;). It is manifest in laboratory data by a decrease in
serum [HCOs] and a physiologic response of increased ventilation reflected by
decreased partial pressure of carbon dioxide (PCO,). Body systems can prevent or
mitigate metabolic acidosis in response to H* gain or HCO; loss by using buffers to
minimize pH/[HCO;] changes in response to the acid challenge, or by kidney excre-
tion of added H* that regenerates HCO; to replace HCO; titrated by the added H*
(see Fig. 14.1). Kidneys require a few days to excrete sufficient H* to regenerate
new HCO; to replace acute HCO; losses.
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* Endogenous H"
o Disturbed metabolism (e.g. diabetic

General Causes of Metabolic Acidosis

ketoacidosis, lactic acidosis)
o Failure to excrete metabolically

produced H' (e.g., uremic acidosis, RTA) )
* Exogenous H' (e.g., metabolic poisons) Respiratory Response
lHCO; |[— | PCO,
Loss of HCO4

*GI (e.g., diarrhea)
*Kidney (e.g., Proximal RTA

Fig. 14.1 General causes of metabolic acidosis

Metabolic acidosis might therefore occur because (1) the magnitude of added H* or
lost HCO; overwhelms normal buffering and/or normal kidney H* excretory capacity;
(2) buffering capacity is compromised; and/or (3) kidney H* excretory capacity is com-
promised or has had insufficient time to replace acutely lost HCO;. In most settings
clinicians have little opportunity to improve body buffering or increase kidney excre-
tory capacity to “correct” metabolic acidosis. Consequently, clinicians’ most common
tool to treat metabolic acidosis is to administer base and/or decrease dietary acid.

Current kidney community guidelines recommend treating chronic metabolic aci-
dosis associated with CKD by increasing dietary base using Na* citrate or NaHCO; and
doing so only for patients with serum total CO, (TCO,)<22 mM [2]. Nevertheless, the
risk for mortality, adverse cardiovascular outcomes, and the rate of GFR decline
increases in CKD patients as serum TCO, decreases due to metabolic acidosis within
ranges that include values >22 mM and even into the normal range [3—6]. Animal
models of CKD with reduced GFR but no metabolic acidosis nevertheless have tissue
H* retention [7, 8] and patients with reduced eGFR without metabolic acidosis might
also have H* retention [9]. In addition, oral K*HCO; improved mineral balance and
skeletal metabolism in post-menopausal women not known to have metabolic acidosis
[10]. Future studies will determine if dietary H* reduction benefits patients without
depressed GFR but who are ingesting the high H* diets of industrialized societies [11]
and/or benefits patients with depressed GFR but without metabolic acidosis.

Diets in industrialized societies are largely H*-producing when metabolized [11]
and dietary addition of base-producing fruits and vegetables (F+ V) reduces urine
net acid excretion (NAE) [12] consistent with reduced net endogenous H* produc-
tion [13]. In addition, F+V improve metabolic acidosis in CKD [14, 15] and so are
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a treatment option for chronic metabolic acidosis due to CKD and possibly other
disorders of chronic metabolic acidosis. Furthermore, high dietary H* can induce
metabolic acidosis in patients with low GFR but lower H* diets might not cause
metabolic acidosis in these same patients [16]. These data point out the importance
of dietary H* in patients with reduced GFR, particularly the elderly [13] and support
dietary H* reduction as an effective treatment strategy for metabolic acidosis.

Response to an Acid Challenge

Dietary H* challenges cause directional increases in serum [H*] (decreases in pH) with
directional decreases in serum [HCOs] but quantitatively large changes in dietary H*
yield quantitatively small changes in [H*]/[HCO;] [17]. Additionally, even large
changes in dietary H* elicit serum [H*]/[HCO;] changes that typically fall within the
normal range for each [17] so measuring serum [H*]/[HCO;] typically provides little
insight as to the magnitude of dietary H* or base. These data attest to the effectiveness
of body buffers and kidney excretory capacity to maintain serum [H*]/[HCOs]. On the
other hand, patients with reduced baseline GFR can have greater increases in [H*] and
greater decreases in [HCO;] in response to dietary H* challenges, even developing
metabolic acidosis in response to H* challenges that do not cause metabolic acidosis in
patients with higher GFR [16]. Consequently, clinicians are more likely to recognize
metabolic acidosis in patients with lower compared to higher GFR.

Because the increment in kidney H* excretion in response to an increment in
dietary H" is less than the increment in dietary H*, even in individuals with normal
baseline GFR, increments in dietary H* appear to induce H* retention [18]. Because
this apparent H* retention is typically accompanied by only minor increases in
serum [H*] and only minor decreases in serum [HCOs] as indicated earlier [17],
much of this retained H* titrates body buffers. Animal studies support that this H*
retention is greater with reduced compared to normal GFR [7, 8]. Because KHCO;
preserves bone mineral content in patients with normal GFR [10] and because
NaHCO; preserves eGFR in patients with reduced GFR but not metabolic acidosis
[19] who nevertheless appear to have H* retention [9], underlying H* retention in
the absence of metabolic acidosis by serum acid—base parameters might have
untoward effects that can be ameliorated through dietary H* reduction. Future stud-
ies will test this hypothesis.

Types of Chronic Metabolic Acidoses for Which Treatment
Should Be Considered

Because of its untoward consequences described elsewhere in this book, chronic
metabolic acidosis, even when mild, should be treated.
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Renal Tubule Acidoses

Proximal Renal Tubule Acidosis Patients with proximal renal tubule acidosis
(PRTA) have defective proximal tubule HCO; reabsorption with excess terminal
nephron HCO; delivery that overwhelms capacity of the distal nephron to com-
pletely reabsorb the high HCO; delivered load. Because urine NAE =urine ammo-
nium+ urine titratable acidity —urine HCO;, excess urine HCO; excretion reduces
urine NAE. These patients reach a steady-state of chronically low serum [HCO;] at
which the defective proximal tubule more completely reabsorbs the lower amount
of HCO; filtered into the nephron (because of lower serum [HCOs]). This lower
HCQO; delivery to the terminal nephron allows the functionally intact distal nephron
to effectively excrete ammonium and titratable acidity without excess urine HCO;
excretion. This steady-state scenario allows the kidney to maintain net acid balance,
i.e., match dietary intake with that excreted. The steady-state price paid is that these
patients have chronic metabolic acidosis manifest by low serum [HCO;] (with a
physiologic response to decrease PCO,).

The most concerning consequence of the chronic metabolic acidosis of PRTA
is the inhibited bone growth in children [20]. The chronic metabolic acidosis is
also associated with low bone mineral content as rickets in children and osteo-
malacia in adults and nephrolithiasis in both [21]. Treatment of metabolic acido-
sis in PRTA with large volumes of NaHCO;, typically 10-15 meq/kg body
weight/day [20, 21], is needed to maintain serum [HCO;] at a high enough level
to avoid or ameliorate these untoward consequences. Such treatment leads to
large urine HCO; losses that obligate potassium and phosphate losses that also
require replacement [20]. The large alkali requirements of patients with PRTA
cannot be met with only reducing acid-producing and/or adding base-producing
dietary constituents.

Distal Renal Tubule Acidosis Patients with distal renal tubule acidosis
(DRTA) have intact proximal tubule function and so do not deliver large HCO;,
loads to the terminal nephron. In contrast with PRTA, these patients have
defective distal nephron acidification such that they have lower excretion of
ammonium and/or titratable acidity [22, 23]. Consequently, patients with
DRTA are typically unable to completely excrete the standard dietary acid load
ingested by members of industrialized societies and so are in steady-state net
acid retention without treatment [23]. The acid retained lowers serum [HCOs]
(with a physiologic response to decrease PCO,) and so these patients have
chronic metabolic acidosis. The net acid retention causes bone disease and
nephrolithiasis [21, 24].

Because patients with DRTA have intact proximal tubule function, they do not
have the large urine HCO; losses of PRTA and so do not have the large alkali
requirements of PRTA patients. Instead, DRTA patients require alkali sufficient to
treat the described net acid retention. Individuals in industrialized societies typi-
cally ingest diets that produce about 1-1.5 meq/kg body weight/day net of acid [25]
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and so most recommendations suggest that DRTA patients receive as much alkali
daily, typically as NaHCO; [23]. Although there are no published studies describing
DRTA treatment exclusively by reducing acid-producing or adding base-producing
dietary constituents, the comparatively lower alkali requirements of patients with
DRTA suggest that dietary strategies might be used at least as adjunctive treatment
to Na* or K*-based alkali.

Chronic Metabolic Acidosis of Chronic Kidney Disease

The 2013 KDIGO guidelines [2] are the most carefully prescribed recommenda-
tions for treatment of chronic metabolic acidosis but it is not clear that these
recommendations should be applied unmodified to other etiologies of chronic
metabolic acidosis. These recommendations read as follows: “We suggest that
in people with CKD and serum bicarbonate concentrations <22 mmol/l treat-
ment with oral bicarbonate supplementation be given to maintain serum bicar-
bonate within the normal range, unless contraindicated.” The authors comment
that the indicated serum [HCOs;] below which to treat has not been rigorously
determined with large-scale studies but reflects opinions and experience of the
authors. Recommended doses range from 0.5 to 1.0 meq HCO; or its equivalent
per kg lean body weight daily. This is similar in amount to that recommended
for DRTA because the concern with the chronic metabolic acidosis of CKD is
the failure to completely excrete metabolically produced acid, mostly from
dietary intake. The treatment goal, as stated in KDIGO, is to maintain serum
HCO; in the normal range. The guidelines recommend Na*-based alkali therapy
such as Na* citrate or NaHCO; as tolerated.

General Management Strategies for Metabolic Acidosis

Increase H* Removal (Enhanced GFR or Dialysis)

Some patients with acute kidney injury (AKI) develop metabolic acidosis because
of their temporary reduction in GFR and/or because the GFR reduction was so acute
that the remaining functioning nephrons did not have time to increase per nephron
acidification as seen in experimental animals with chronic GFR reduction [26]. If
clinical interventions allow restoration of normal GFR or improved GFR above the
present low level, kidney H* excretory capacity can increase to levels sufficient to
improve or even completely correct underlying metabolic acidosis. If, however, cli-
nicians surmise that GFR will not recover or its recovery is not eminent, dialysis
might be instituted to remove H* from body fluids and add HCO; from dialysate to
treat the metabolic acidosis.
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Improve Body Buffering Capacity

Added H* to body fluids is buffered predominantly intracellularly [25, 27] with
most extracellular buffering done by hemoglobin [28] with lesser contribution from
albumin [28, 29]. Although clinicians might theoretically increase body buffering
capacity by increasing blood hemoglobin or serum albumin, these measures have
little quantitative impact.

Dietary H* Reduction

Na*-Based Alkali Therapies Sodium bicarbonate (NaHCO;) is the common alkali
salt used to treat metabolic acidosis because it is effective, relatively well-tolerated,
widely available, and inexpensive. Potassium bicarbonate is used less commonly,
except in patients who require substantial HCO; replacement (like PRTA) that is
associated with large K* losses in response to treatment. Potassium bicarbonate
should be avoided in patients with very low GFR (<25 % of normal) because of the
risk for K* retention with hyperkalemia. Because citrate is metabolized to yield
HCO;, Na citrate is often used in patients unable to tolerate K*. Use of Na* citrate
is limited by its unpleasant taste, comparatively high expense, and because it pro-
motes gastric aluminum absorption [30]. Consequently, NaHCO; is the alkali salt
upon which we will focus our discussion.

Oral NaHCOs; rapidly reacts with gastric hydrochloric acid (HCI) to form NaCl,
CO,, and H,0. Excess HCO; that does not neutralize gastric acid rapidly empties into
the small intestine and is absorbed. Reaction of NaHCO; with gastric HCI increases
gastric lumen pH, stimulating gastric parietal cells to secrete more HCl into the gas-
tric lumen. Secretion of HCI into the gastric lumen induced by the rise in gastric pH
leads to HCO; extrusion into peri-gastric capillaries and eventually into the systemic
circulation to increase ECF HCO; if it is reduced. Extracellular HCO; that exceeds
the kidney tubule maximum for reabsorption is eliminated in the urine.

Orally administered NaHCO; has had few notable side effects when given
to CKD patients [19, 31-34]. Most side effects from NaHCO; were caused by
release of CO, gas when it contacts gastric H* and consists of belching, gastric dis-
tension, and flatus. Higher doses might theoretically cause volume retention and
possibly exacerbate hypertension in patients with very low GFR. Nevertheless,
studies in which NaHCO; was administered to CKD patients at much higher than
the recommended KDIGO doses showed that NaHCO; did not increase blood
pressure or cause edema [35]. Because serum alkalization decreases ionized cal-
cium, HCO; therapy or its equivalent might theoretically cause tissue, impor-
tantly vascular, calcification. Indeed, both calcium containing and non-calcium
containing alkali salts have been associated with progressive (but not de novo)
vessel calcification [36]. On the other hand, NaHCO; therapy did not change
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serum total calcium and inorganic phosphorus concentrations or the calcium/
phosphate product in CKD patients [37]. Consequently, more studies will deter-
mine if the described benefits of bicarbonate therapy in CKD patients with meta-
bolic acidosis are counterbalanced by untoward effects of progressive and/or de
novo vascular calcification.

Adding Base-Inducing Dietary Components High dietary H* contributes to
metabolic acidosis in patients with reduced GFR [16]. Consequently, dietary H*
reduction might be accomplished by adding or substituting base-inducing foods
like fruits and vegetables to the high H* diet typical of industrialized societies.
Acid contents of many foods have been published [38] and might be used to deter-
mine how much of what foods to prescribe to CKD patients. Adding base-produc-
ing fruits and vegetables reduced urine NAE in CKD patients with reduced eGFR
but no metabolic acidosis [12] and also improved metabolic acidosis in CKD
patients whose eGFR was low enough to be associated with metabolic acidosis
[14, 15, 39]. In these studies [12, 14, 15], fruits and vegetables were prescribed in
amounts equivalent to 50 % of their calculated dietary H* load. For most patients,
this amounted to adding 2-3 cups of fruits and vegetables to their daily diets.
Patient participants in these studies were carefully selected to be at very low risk
to develop hyperkalemia in response to the increased K* load that accompanies
fruits and vegetables. Therefore, clinicians should use caution when considering
prescribing fruits and vegetables to CKD patients, particularly those with very
low GFR.

Conclusion

Metabolic acidosis is common, appears to contribute to increase mortality, and
contributes to morbidity such as decreased bone mineral content, increased
protein catabolism, and possibly enhanced nephropathy progression in CKD.
These data highlight the need to treat this syndrome that continues to increase
in prevalence [1]. Most of these untoward consequences of metabolic acidosis
can be mitigated by treating metabolic acidosis and so clinicians have an
imperative to do so. The most effective mechanism to treat metabolic acidosis
available to clinicians is dietary H* reduction that can be accomplished with
Na*-based alkali and/or with base-producing food components like fruits and
vegetables. Each of these strategies to reduce dietary H* is relatively inexpen-
sive and comparatively well-tolerated. Whether CKD patients with reduced
GFR but no metabolic acidosis or selected patients with normal GFR but eating
diets of high H* content are candidates for dietary H* reduction will be deter-
mined by further study.
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