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Overview of Hydrogen
Ions

Hydrogen ions (H") play a central role in
cellular physiology [1, 2]. Their most impor-
tant function is in the regeneration of
adenosine triphosphate (ATP) that permits
cells to perform biological work. To regener-
ate ATP, H" are first actively pumped out of
mitochondria using energy derived from a re-
dox pump; this creates an electrochemical
driving force for H' to enter mitochondria.
This proton motive force across the inner mi-
tochondrial membrane is largely due to volt-
age (inside negative) and also to a pH differ-
ence (inside alkaline). When H" diffuse into
the mitochondrial compartment, the entry
system has two components, a special H'-
ATP synthetase that is linked to a system to
convert ADP plus inorganic phosphate to
ATP. This system of linking H' transport and
ATP turnover is a fundamental one in
acid-base homeostasis. For example, the re-
verse of this reaction causes H' to be trans-
ported out of cells of the collecting duct with
the driving force being the hydrolysis of ATP
—the H pump is now an H'-ATPase using en-
ergy trapped in ATP to move H' against its
electrochemical gradient [3].

The H' concentration in all body compart-
ments is maintained at a very low level be-
cause H' bind very avidly to histidine resi-
dues in proteins. Binding of H™ to proteins
changes their charge (more positive) — this
might alter their configuration, and possibly
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their function [4]. Since most proteins are en-
zymes, transporters, contractile elements, and
structural compounds, a change in their func-
tion could pose a major threat to survival.
Notwithstanding, not all H" binding to pro-
teins results in a diminished function; for ex-
ample, H' binding to hemoglobin promotes
the release of O at the tissue level and the
converse applies in the alveoli of the lung [5].

Two quantitative aspects illustrate this deli-
cate homeostasis for H'. First, the concentra-
tion of H' in plasma is exceedingly tiny as
compared to the concentrations of ions like
bicarbonate (HCO3") (Pcos), sodium (Na")
(Pna), potassium (K") (Pk), or chloride (CI)
(Pc1). Moreover, the concentration of H' is
maintained within a very narrow range in the
extracellular fluid (ECF) (40 £ 2 nM) or in
cells (close to 80 nM in many cell types) [6].
This is even more impressive because an
enormous number of H™ are produced and re-
moved by metabolism each day [7]. In more
detail, acids are obligatory intermediates of
carbohydrate, fat, and protein metabolism.
For example, since adults typically consume
(and oxidize) 1,500 mmol of glucose per day,
at least 3,000 mmol or 3,000,000,000 nmol of
H' are produced (as pyruvic and/or L-lactic
acids) and removed daily. In an adult eating a
typical Western diet, 70 mmol or 70,000,000
nmol of these H' are added to the body. This
implies that there are very effective control
mechanisms that minimize fluctuations in the
concentration of H', thereby avoiding large
changes in the net valence on body proteins.
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Table 1. Major concepts in acid-base balance. For details, see text. Reproduced with permission [187].

Concept

Comment

1. Net H® production is revealed by
finding new anions.

2. Buffering of H* is good if H® are removed
by HCO3™ and not proteins.

3. Kidneys add new HCOs3' to the body
by excreting NH4".

4. Eliminate dietary alkali with
endogenous H* production.

5. Excrete urine at a pH of 6.0.

— The rate of turnover of ATP sets an upper
limit on the rate of ketoacid and L-lactic
acid production and removal.

— Diminished metabolic removal of ketoacids
is critical for ketoacid accumulation.

— Allow tissue PCO3 is needed for the BBS.
— Tissue PCO2 depends on the arterial PCO2,
CO2 production and blood flow rates.

— NH4" production is stimulated by a low PCT
cell pH, and is limited by PCT ATP turnover
and the presence of an alternate fuel.

— Alkali is eliminated by organic acid
production and the excretion of organic
anions in the urine as their Na™ and K* salts.

— Arguably, this is the most important
renal function in acid-base balance because
a urine pH of 6 minimizes the risk of uric acid
and CaHPO4 stone formation.

BBS = Bicarbonate Buffer System.

Overview of Acid-base
Balance

An analysis of acid-base balance must con-
sider not only acid balance but also the bal-
ance for bases or alkali.

Acid-balance

There are 3 major components to consider
in the physiology of acid balance (Figure 1).
First, during the metabolism of certain dietary
constituents, H' are produced. This produc-
tion of H' is recognized by finding of the ap-
pearance of new anions (Table 1) [2, 7]. Sec-
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ond, H" are ultimately removed from the body
largely because they react with HCO3™, form-
ing CO3 + water; the CO; so-formed is elimi-
nated via the lungs. The net result of these re-
actions is a deficit of HCO3" in the body that is
equal to the net H' load. Third, generate new
HCOs™ (without H") to replace that lost in ti-
trating these H™ [8]. This is accomplished by
excreting ammonium ions (NH4") in the
urine.

Base-balance

The diet also provides alkaline salts [9]; the
best example is the ingestion of fruits that
contain K" citrate salts. Metabolism of these
citrate anions occurs rapidly in the liver and
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Methionine

Figure 1. Acid balance. The
portion of new H* produced in
metabolism that requires renal
actions for its elimination come
from the oxidation of sulfur-
containing amino acids de-
picted as methionine oxidation
in the liver. This process re-
moves HCO3™ from the body
and adds S04 anions. The
kidney excretes these extra
S04% anions while adding an
equal quantity of HCO3" to the
body. This is achieved as equiv-
alent amounts of NH4* + S04
are excreted in the urine. Repro-
duced with permission [187].

Fimits, vegerables

Figure2. Disposal of an alkali
load. The alkali load of the diet
is derived from ingested K*
salts of organic anions for the
most part. This spectrum of or-
ganic anions is converted to
HCOg3" in the liver. Organic ac-
ids (citric acid in this example)

Intcstinal bract

are then produced by hepa- -

tocytes and its conjugate base ]
(citrate anion) will be excreted B
in the urine as a K* salt. Repro- 0
duced with permission [187].

the net result in acid-base terms is the produc-
tion of HCO3™ [7]. Removal of this HCO;3
load is achieved via production of new en-
dogenous organic acids including citric acid
[9]. The H' of these acids titrate HCO3™ and
base balance is maintained by excreting the
conjugate base of these acids (e.g., citrate™)
in the urine as their Na", K', and/or calcium
(Ca®") salts [2, 9 — 12] (Figure 2). This dis-
posal of alkali with the excretion of organic
anions minimizes the risk for kidney stone
formation. It avoids the excretion of HCO;3
which, by alkalinizing the urine, could lead to
calcium phosphate precipitation [13]. Fur-
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ther, in response to a load of alkali, renal reab-
sorption of citrate declines [14], citrate che-
lates Ca”" in the urine and therapy reduces the
risk of stone formation.

H' Production

CONCEPT 1: H' production is revealed by
finding of new anions.

Metabolic analysis of net production of
acids: Ametabolic process can span more than
one organ (Figure 3). In general, the starting
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points are dietary or stored fuels (glycogen or
triglycerides) and the final products are ATP
or storage forms of fuels [2]. From an
acid-base perspective, one can determine if
H" are produced or consumed in a metabolic
process by a quantitative examination of the
net charge or valence of its substrates and end
products [7]. H' are formed if the net charge of
the compounds produced is more anionic
than that of substrates; the converse is also
true. In this analysis, the net charge on ade-
nine nucleotides (ADP, AMP, ATP) or
NAD(P) does not need to be considered as the
conversion of ATP to ADP to do biological
work initiates the regeneration of ATP and
NAD(P).

Acid balance is maintained if the new an-
ions are metabolized to neutral end products,
or if they are excreted in the urine along with
H" or NH4". On the other hand, there is a net
gain of H' in the body if these anions are re-
tained in the body or are excreted as their Na"
or K" salts. Therefore every new anionic va-
lence retained in the body or excreted with

4

-
-

Tavew met ackioms

af inculin

§ ATE

Lay, pre s
in reqmired, Figure 3. The metabolic pro-
::uﬂm cess involved in ketoacid me-
tabolism. The metabolic pro-
cess of ketoacid metabolism
begins with activation of hor-
0 mmelidsy mone sensitive lipase (HSL) in
e adipose tissue. After a lack of
Kidney insulin for several days, the pro-
duction of ketoacids in the liver
ﬁ}' ,."' &) rises to about 1500 mmol/day.

"..

ketoacids are the brain (750
mmol/day) and the kidneys
(400 mmol/day). Reproduced
with permission [187].

l\ The main sites of removal of

Na' or K', one new H' was added (Figure 4).
Using the above analysis, the net addition of
H' to the body can be classified into 2 cate-
gories:
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Figure 4. Metabolic analysis of net production of
acids. The partial oxidation of storage triglyceride
(TG) yields H™ plus p-hydroxybutyrate anions (B--
HB"). The H" are titrated in the body by HCO3", gener-
ating water and CO> — the latter is exhaled and the
body has a deficit of HCO3™ and a gain of 3-HB". If
the B-HB" are retained in the body (point 1) or are ex-
creted as Na™ (or K¥) salts (point 2), there is a deficit
of HCO3™ that is equivalent to a net gain of H*. Re-
produced with permission [187].
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Figure 5. Physiology of NH4"
excretion. There are 2 major
steps. First, NHs" and HCO3
are produced when glutamine
is metabolized in cells of the
PCT. Second, NH4" is trans-
ferred via the medullary inter-
stitial compartment to the lu-
men of the MCD because of a
high medullary interstitial con-
centration of NHz and NH4".

— H' production during normal metabo-
lism: In effect, this means the production
of sulfuricacid (SO42' anion+2 H") from
the oxidation of sulfur-containing amino
acids and the production of phosphoric
acid from the oxidation of monovalent
phosphate diesters. These latter H' are
removed when they are excreted bound
to phosphate in the urine as HoPO4™ (ti-
tratable acid excretion). On the other
hand, H" that are produced with sulfate
(SO4%) anions during metabolism of
sulfur-containing amino acids cannot be
removed via metabolism or by excreting
SO, in the urine because the affinity of
SO4* for H' is too low at typical urine
pH values. In this case, maintenance of
acid balance requires a mechanism for the
generation of new HCO3™ without adding
H' to the body. This is accomplished by
metabolizing a neutral amino acid, gluta-
mine, to a cation (NH4") and an organic
anion (a-ketoglutarate). This anion is me-
tabolized in the kidney to a neutral end
product (CO; and/or glucose), yielding
new HCOs' thatare added to the body. For
a net gain of HCO3', NH," must be made
into an end product of metabolism by be-
ing excreted in the urine (Figure 5) [15].

— H' production during incomplete or ab-

normal metabolism: We cite 3 major ex-
amples here. First, the fastest rate of pro-
duction of H' is from carbohydrate me-
tabolism when the supply of oxygen is
inadequate to meet demands. Now L-lac-
tic acid is generated by anaerobic gly-
colysis (Table 2). Although metabolism
of the L-lactate” anion to a neutral end
product (e.g., glucose, glycogen or CO3)
removes H+, this occurs at a much slower
rate. Second, H™ production occurs dur-
ing fat metabolism if there is a relative
lack of insulin. In this case, ketoacids
(B-hydroxybutyric acid and acetoacetic
acid) are formed [16]. The degree of
ketoacidosis depends on how quickly the
brain and the kidneys remove these ac-
ids. Third, at times, compounds are in-
gested (usually alcohols or precursors of
alcohols) that can be metabolized to an-
ions at a much faster rate than these an-
ions can be converted to neutral end
products to remove these H'.

Endogenous net production of acids, a
physiological analysis: We can identify 2 ma-
jor categories of endogenous acid production.
One type of H' production requires renal net
acid excretion to eliminate these H' (e.g.,
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Table 2. Rates of production of H" and its removal. The rate of L-lactic
acid production listed in this table is that occur during anaerobic metabo-
lism, assuming an Oz consumption rate of 12 mmol/min and that the rate
of turnover of ATP is unchanged. This rate is much greater than in all
other causes of net H* addition. H* removal by metabolism of L-lactate
anions is depicted for gluconeogenesis and oxidation in the liver and kid-

neys.

Rate (mmol/min)

Production of H*

— L-lactic acid during anoxia

— ketoacids during a lack of insulin
— methanol/ethylene glycol

Removal of H*

— renal generation of new HCO3
— normal
— chronic acidosis

— metabolism (maximum in vivo rates in mmol/min)

— L-lactic acid
— ketoacids in brain and kidneys

72

(up to) 1.5
(up to) 1.0

0.03
0.15

4-8
1.0

monovalent diester phosphates and sulfur-
containing amino acids described above). H"
produced in metabolism of sulfur-containing
amino acids are eliminated by the excretion of
an equivalent amount of NH;" in the urine.
The second type of dietary-driven H" produc-
tion is part of the physiological response to
eliminate the dietary alkali (part of base bal-
ance, Figure 2, [9, 11]). This process yields
H" plus organic anions — H" titrate HCO5’,
while the organic anions are made into end
products of metabolism by being excreted in
the urine as their Na" and/or K" salts. Hence
although both types represent endogenous
H' production, they have very different
functions.

Basis for metabolic acidosis: There are 3
ways to raise the concentration of H™ in the
body — the addition of acids that yield H" (one
form of metabolic acidosis), failure to elimi-
nate CO» normally (called respiratory acido-
sis), and failure to add new HCO3" to the body
by excreting enough NHy™ (another form of

6

metabolic acidosis). In yet another condition,
H' may redistribute from the ECF to the intra-
cellular fluid (ICF) compartments without re-
quiring an overall change in the total number
of H' in the body. An example of such a shift
of H' into cells occurs in patients with a large
deficit of K'. In this case one develops an
intracellular gain of H' together with a gain of
HCO3™ in the ECF compartment [17, 18];
from the perspective of the ECF, this is called
metabolic alkalosis, but from the perspective
of the ICF compartment, it would be called
metabolic acidosis and a deficit of K (see
Chapter on K" where metabolic alkalosis is
considered in more detail).

Tools to Helpldentify Net
Production of Acids

Metabolic acidosis that is due to an over-
production of acids can be recognized by
finding the “footprints” of the added acids,
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Figure 6. Plasma anion gap. The anion gap is a calculation for “diagnostic convenience”; it reveals the “foot-
prints” of added acids. One measures only the major cation Na* and subtracts the major anions ClI"and HCO3".
The usual value is 12 mEqg/I (140 — 103 — 25); the anion that is not measured as such is primarily albumin.
When acids are added and their anions are retained in the ECF compartment, the PHco3 falls and the extra an-
ions are revealed by the larger value for the plasma anion gap. When NaHCOs is lost, the PHcos falls and there

are no extra anions; rather, the P¢) rises.

their conjugate bases (or new anions) in the
body (Figure 6) or in excreted fluids (usually
the urine). At times one can gain a helpful hint
about the nature of the added acids from ex-
amining the renal handling of their anions.

New anions in the body: New anions in the
body are detected by calculating the anion
gap in plasma (Figure 6). The concentration
of unmeasured anions in plasma (the plasma
anion gap) is the difference between the con-
centrations of the measured cation (Na") and
the measured anions (CI" and HCO3") in plas-
ma (Equation 1). K' is not commonly in-
cluded in this anion gap calculation because
its concentration is low relative to that of Na.
The usual normal range for the plasma anion
gap is 12 £ 2 mEq/I and this reflects for the
most part, the net anionic valence of albumin
in plasma. In some laboratories, this value
may be closer to 6 or 8§ mEq/l due to higher re-
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ported values for Cl” because of different ana-
lytical techniques for measurement of CI'.

Plasma anion gap = Pna— (Pc1 + Prcos) =
12+2mEq/l (1)

If the value for the plasma anion gap is
higher than expected for the anionic valence
on albumin, this suggests that acids have ac-
cumulated (Figure 6, middle panel). There
are, however, some potential pitfalls to con-
sider when evaluating the plasma anion gap.
The net anionic charge on albumin accounts
for most of this “gap”. Ata plasma pH of 7.4
and a concentration of albumin is 40 g/l or
4 g/dl, its valence is close to 12 mEq/l (when
the valence on K is ignored) [19]. Therefore
alow concentration of albumin in plasma will
cause the “baseline” value for the anion gap in
plasma to be lower; as a clinical short cut, for
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every 10 g/l decline in albumin concentration,
one should anticipate a 3 —4 mEq/1 fall in the
“baseline” value for the plasma anion gap.

Another cause for a low anion gap in plasma
is the presence of unusual cations in plasma
such as myeloma proteins. Although hyper-
calcemia or hypermagnesemia will in theory
lower the value for the plasma anion gap, the
change in their concentrations is rarely high
enough to make a significant change in the
plasma anion gap; the same is true for other
cations such as lithium. A low plasma anion
gap can be due to overestimation of ClI” (e.g.,
bromism).

Renal handling of new anions: The renal
handling of anions produced in association
with H™ has an important effect on the magni-
tude of the rise in the plasma anion gap as
compared to the decrease in the Pucos [20].
One can utilize the renal handling of these an-
ions to help recognize which acid was pro-
duced. For example, if the new anions are re-
tained in plasma, this implies that there was
little excretion of these anions in the urine.
For the most part, this means either a low rate
of filtration (low GFR), protein binding,
and/or avid reabsorption of these new anions
by the kidney (L-lactate anions, ketoacid an-
ions, and to a lesser extent, D-lactate anions).
On the other hand, metabolic acidosis due to a
high rate of production of acids can be associ-
ated with a near-normal anion gap in plasma if
the accompanying anion is largely excreted in
the urine; an example is the production of
hippuric acid and excretion of the anion, hip-
purate as its Na' or K salt (e.g., in glue sniff-
ers [21]).

Plasma osmolal gap: This tool is used pri-
marily to detect uncharged, low molecular
weight precursors of acids. In practice, the
calculation of the plasma osmolal gap is used
to detect toxic alcohols (methanol and ethyl-
ene glycol). The plasma osmolal gap is de-
fined as the difference between the measured

8

and the calculated plasma osmolality (Posm).
The calculated Posm is the sum of twice the
plasma P, plus the concentration of glucose
(Pciu) and of urea (Purea) in plasma, all in mM
terms (Equation 2). To convert to mM terms,
divide the BUN in mg/dl by 2.8 and the Pgyy in
mg/dl by 18.

Plasma osmolal gap =
Measured Posm— ((2 X PNa) + Purea+ PGiu) (2)

To use this calculation, one must presume
that there is no error in measurement of Pna
(e.g., due to hyperlipidemia). Ethanol will
also be detected by the calculation of the plas-
ma osmolal gap. Therefore one should not
think that methanol or ethylene glycol is ab-
sent simply because there is a history of con-
sumption of ethanol. At times, compounds
such as mannitol, or very high concentrations
of ions such as Mg”" may cause a high value
for the plasma osmolal gap. When there is
methanol or ethylene glycol toxicity, the val-
ue for the plasma osmolal gap is usually con-
siderably greater than 25 mOsm/kg H»O.

Buffering of H'

CONCEPT 2: In physiological buffering, H"
are to be removed by the bicarbonate buffer
system and not by proteins.

In the traditional view, the role of buffering
is to minimize the change in the concentration
of H" when an acid or alkali is added to a solu-
tion. From a physiological perspective, how-
ever, the main role of buffering is to force H"
to bind to HCO3™ rather than to proteins [4].
Binding of H' to intracellular proteins could
be detrimental to cellular function because
this changes the charge on these proteins
which could alter their tertiary structure and
may thereby affect their function. Therefore,
while it is customary to rely on measurements
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Figure 7. Role of the tissue
PCOz in the selection of ICF
buffers. As shown in the top
portion of the figure, when the
tissue PCO falls, the H* con-
centration in cells will decrease
and these H* will be removed
by HCO3". This will reduce the
quantity of H" bound to intra-
cellular proteins (H®PTN™). As
shown in the bottom portion of
the figure, there will be a rise in
the cell and venous PCO;
when the blood flow rate is
slower (2.5 vs 5 I/min), as may
be the case in a patient with a
contracted ECF volume. This
higher cell PCO2 forces H to
bind to proteins. The converse
occurs when the ECF volume
is re-expanded.

in plasma (pH, PCOa, Prco3’) to assess the
acid-base disturbance, it is also important to
recognize that events in the ECF, and espe-
cially in arterial blood, may not reflect the
acid-base status in the ICF compartment.

Several factors determine the degree of
binding of H to intracellular proteins (Figure
7). The first step for buffering of H' in cells is
that they must cross cell membranes. Buffer-
ing by intracellular HCO3™ can only occur if
the tissue PCO; falls (Equation 3).

H'+HCO; &> H,CO3>H,0+CO,  (3)

Distribution of H" Between the
ECF and ICF

This issue will be considered in some detail
because it also provides the basis to under-
stand why hyperkalemia develops in patients
with certain types of metabolic acidosis [22].
To shift K" out of cells, the mechanism of entry
of H' into cells should cause a less negative
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voltage in cells. H™ move across cell mem-
branes by passive entry of electroneutral free
acids or by carrier-mediated transporters for
monocarboxylate acids. With regard to the for-
mer, diffusion must be very slow because the
concentration of free acids with pK values in
the 2 — 4 range are very low at the pH of body
fluids. Hence specific transport systems that
permit H' to cross cell membranes are the
most important pathways to understand (Fig-
ure 8).

H" do not appear to enter cells by ion chan-
nels because if H™ or HCO;3™ ion channels
were present and open in cell membranes, the
ratio of the concentration of H' in the ICF and
ECF compartments would be similar to that of
K. Therefore the concentration of H' in the
ICF compartment would be 30 — 40 times
higher than that in the ECF compartment —
i.e., the pH of the ICF compartment would be
close to 1.5 pH units lower than the ECF
while measured values are close to 0.3 pH
unit [6]. Three pathways are available for
electroneutral H movement.
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(i) The monocarboxylic acid transporter
(MCT): The MCT catalyzes, for example,
the cotransport of L-lactate” or B-HB™ anions
plus H' across cell membranes [23]. Because
flux through this cotransporter is electroneu-
tral, it does not cause a change in the resting
membrane potential. Therefore this form of
transport of H' does not lead directly to a shift
of K" across cell membranes.

(ii)) The Na'/H" exchanger (NHE): A sim-
ple examination of existing concentrations of
Na'and H' in the ECF and ICF compartments
indicates that the NHE must be largely inac-
tive in vivo because it is appreciably dis-
placed from its electrochemical equilibrium
(Na" concentration in the ECF compartment
is higher (140 vs ~ 14 mM) and lower H' con-
centration is lower (40 vs 80 nM) in the ECF
compartment). When NHE does become ac-
tive, the only direction for net movement of
H' is from the ICF to the ECF compartment
[24]. Hence NHE is not directly involved in
buffering of an ECF H' load.

(iii) The chloride (CI')/HCQO3™ anion ex-
changer (AE): This AE catalyzes an elec-
troneutral exchange of anions [25]. Exit of
HCOj leads to the accumulation of CI in the
ICF compartment. Since all cells have CI’
channels in their membrane [26], the rise in
the ICF CI” concentration in conjunction with

10

Figure 8. Pathways for net
H* transport across cell mem-
branes. The circle represents a
cell. Given the large net ICF
negative voltage across cell
membranes and the 2-fold H*
concentration difference, H* or
HCOj3" ion channels could not be
in an open configuration (open
ovals above the dashed line).
Rather, there are 3 possible
transport systems, as shown by
the shaded ovals, which could
lead to the net transport of H*.
Abbreviations: NHE = Na'/H*
exchanger; MCT = monocar-
boxylic acid transporter; AE =
CI'/HCOg3 anion exchanger.
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the usual negative voltage forces CI to exit
from cells (Figure 9). This export of negative
voltage when CI ions exit causes a less nega-
tive voltage in cells. As a result, K" will exit
from cells if K channels are open. The net ef-
fect of this flux through the AE is the export of
K" and HCO;3" from cells. Thus a shift of K*
out of cells would occur in response to an in-
organic acid load or a non-monocarboxylic
organic acid load such as citric acid [27].

Buffering of H' by Intracellular
Proteins

Pucos: When the Pucos is very low, there is
little HCO3" in the ECF compartment to buf-
fer newly added H'™ so most of these H" will
now be bound to intracellular proteins. Hence
when the Prcos is very low and if there is a
possibility that it may decline even further,
this may be an indication to administer
NaHCOs. In this regard, it is also important to
note the impact of very small absolute
changes in the Pucos when this concentration
is very low to begin with. For instance, if the
fall in the Pyco3 is only 2 mM, but it fell from
4 mM to 2 mM, there is a doubling (100%
rise) of the plasma H' concentration and a fall
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Figure 9. NHE and NE adjust the cell voltage and the Pk. The circles represent cells with their usual net neg-
ative ICF voltage. Because of the higher Na* concentration outside cells and the higher H" concentration in
cells, the NHE catalyzes H* exit and Na" ion entry into cells in an electroneutral fashion (left portion). This
transport requires activation by insulin or intracellular acidosis. When Na* ions are exported by the
Na-K-ATPase, the voltage in cells becomes more negative. The net effect is to shift K¥ ions into cells. As
shown on the right, because of the much higher CI" ion concentration outside cells, the AE catalyzes HCO3"
exitand CI ion entry into cells in an electroneutral fashion. The combination of flux through the AE and the CI
ion channel tends to decrease the negative ICF voltage and cause intracellular acidification and ECF
alkalinization. This transporter required activation but the mechanism is not clear. The net effect is to shift K*

ions into cells.

in plasma pH of 0.3 units if the arterial PCO>
remains unchanged (which is likely to be the
case as hyperventilation is probably already
maximal). In contrast, a fall in the Prcos of 2
mM from 25 mM to 23 mM will cause only a
10% rise in the plasma H" concentration.

Arterial PCO3: A high value for the arte-
rial PCO; can have profound effects on the
ICF pH in a patient with metabolic acidosis.
For CO; to diffuse out of cells, intracellular
PCO» will have to be somewhat higher than in
the capillaries. The arterial PCO; depends on
the balance between CO» production and its
removal from the body by ventilation (Figure
7). Thus the arterial PCO, will be higher in a
patient who cannot increase ventilation ap-
propriately. In this case, mechanical ventila-
tion is the most effective means to lower the
intracellular pH and thereby minimize the
binding of H" to intracellular proteins. There
are several ways to assess this ventilatory re-
sponse to the presence of metabolic acidosis
(Table 4). Use the approximately 1 : 1 ratio
between the fall in Pycos from the normal
value of 25 mM and the fall in arterial PCO»

Malluche et al. - Clinical Nephrology, Dialysis and Transplantation -

from 40 mmHg [28]. We emphasize that these
are not meant to be exact values.

CO; production: As an isolated event, a
rise in CO; production rate will increase the
capillary PCO,. Similarly, a low arterial PCO»
may also reflect a lower rate of production of
CO; in patients who have a fixed degree of
ventilation [29].

Venous PCO;: The impact of a higher ve-
nous PCO; on the degree of buffering of H'
by intracellular proteins is illustrated in Fig-
ure 7. If the venous PCO is high, the intra-
cellular PCO, will be even higher, which
shifts the equilibrium of Equation 3 to the left,
raising the H' concentration in the ICF so that
more H™ will bind to proteins. Three factors
could lead to an elevated venous PCOy; first,
a high PCO; of arterial blood; second, a
higher rate of metabolic production of CO»;
third, the quantity and the concentration of
CO; that each liter of blood must carry will
rise if there is a reduced rate of blood flow to
an organ. It follows that in the setting of meta-
bolic acidosis associated with reduction in
ECF volume (Table 3), a very important mea-
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Table 3. Metabolic acidosis classified according to extracellular fluid volume status.

Metabolic acidosis with a reduced “effective” circulating volume
— type A L-lactic acidosis (venous volume may not be reduced)
— diabetic or alcoholic ketoacidosis
— gastrointestinal loss of NaHCO3
— metabolic acidosis and excessive loss of Na* in the urine
— e.g. overproduction of hippuric acid in glue-sniffers

Metabolic acidosis with a near-normal or expanded ECF volume
Increased anion gap

— ketoacidosis of fasting or due to hypoglycemia

— toxic alcohol ingestions (methanol, ethylene glycol)

— overproduction of D-lactic acid

— renal failure

Normal anion gap
— low NH4" excretion (e.g. distal RTA)
— proximal RTA

Table 4. Expected responses to primary acid-base disorders.

Disorder Response

Metabolic acidosis — For every mM fall in Prcos from 25 mM, the arterial PCO2
should fall by 1 mmHg from 40 mmHg.

Metabolic alkalosis — For every mM rise in PHcos from 25 mM, the arterial PCO>2

should rise by 0.7 mmHg from 40 mmHg.

Respiratory acidosis

Acute — For every mmHag rise in arterial PCO2 from 40 mmHg, the
plasma H* concentration should rise by 0.77 nM from 40 nM.

— Alternatively, for every 2-fold increase in arterial PCOo,

the PHcos should increase by 2.5 mM.

Chronic — For every mmHg rise in arterial PCO> from 40 mmHg, the
plasma H* concentration should rise by 0.32 nM, or the Pxcos
should rise by 0.3 mM from 25 mM.

Respiratory alkalosis

Acute — For every mmHg fall in the arterial PCO2 from 40 mmHg, the
plasma H* concentration should fall by 0.74 nM from 40 nM.
Chronic — For every mmHg fall in arterial PCO2 from 40 mmHg, the

plasma H* concentration should fall by 0.17 mM, or the Prxcos
should fall by 0.4 mM from 25 mM.

12
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sure to correct the intracellular acidosis may
in fact be the aggressive restoration of the ef-
fective circulating volume.

Hypokalemia: Hypokalemia may be pres-
ent in some patients with metabolic acidosis
(e.g., patients with distal renal tubular acido-
sis (RTA) or those with diarrhea or glue sniff-
ing). As K shift from the ICF into the ECF
compartment, electroneutrality must be main-
tained. This could be achieved if the K are lost
from the ICF along with intracellular anions
(phosphate), or if K™ enter and extracellular
cations (Na" and/or H") exit. To the extent
that there is a net exit of K™ and entry of H',
the degree of intracellular acidosis will be-
come more severe and now more H' should
be titrated by intracellular proteins. Hypo-
kalemia may also affect the intracellular H"
concentration by causing respiratory muscle
weakness; the hypoventilation could cause a
rise in arterial and thereby the tissue PCOa,.

Excretion of NH4+

CONCEPT 3: Generation of new HCO3
without H™ occurs when NH, " is excreted.

To generate new HCO3", glutamine, must
be metabolized in the cells of the proximal
convoluted tubule (PCT) to yield NH4" and
the a-ketoglutarate (a-KG) anion [15]. Me-
tabolism of a-KG to neutral end products
(CO» or glucose) yields HCOj that are added
to the body. Nevertheless, for a net gain of
HCO»3', NH,;" must be made into an end
product of metabolism by being excreted in
the urine (Figure 5). The rate of excretion of
NH;" can be influenced by 2 major factors, its
rate of production in the PCT and its rate of
transfer to the final urine.

Production of NH4": Several factors influ-
ence the rate of production of NH4". It is im-
portant to recognize that there is a 1- to 2-day
lag period before acidosis augments renal
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ammoniagenesis. In response to chronic met-
abolic acidosis, the rate of excretion of NH4"
can increase to more than 200 mmol/day [30,
31]. Hypokalemia also stimulates ammonia-
genesis as it causes intracellular acidosis [32].
The converse is true for hyperkalemia. There
is an upper limit on the rate of NH4" produc-
tion in cells of the PCT set by the rate of re-
generation of ATP in these cells [33]. ATP is
utilized in PCT cells primarily to provide the
energy for the reabsorption of filtered Na"
[34]. Hence patients with a low GFR filter
less Na" and they have a lower rate of reab-
sorption of Na' in the PCT. This lessens the
need to regenerate as much ATP so the rate of
production of NH4 " is lower in these patients.
Rarer causes of a low rate of production of
NH,;" are low levels of glutamine in plasma
(malnutrition) [35] or if another fuel is oxi-
dized by the cells of the PCT for regeneration
of ATP (e.g., an excessive supply of ketoacids
or fatty acids as in patients receiving total
parenteral nutrition) [36]. Patients with iso-
lated proximal RTA may have a lower rate of
NH4" production due to an alkalinized PCT
cell pH, the underlying pathophysiology in
this condition [37].

Transfer of NH3 into the urine: NH4" pro-
duced in cells of the PCT is secreted into its
lumen, at least in part, by replacing H' on the
Na'/H'" exchanger (NHE-3), making it a
Na'/NH4" exchanger [38]. Reabsorption of
NH4" in the medullary thick ascending limb
(mTAL) of the loop of Henle (LOH) occurs
when NHy" replaces K* on the Na*, K, 2
Cl cotransporter [39]. This provides the “sin-
gle effect” for the medullary recycling of
NH4 " required for the establishment of a high
concentration of NHs" and NH; in the
medullary interstitium (Figure 5). The func-
tion of this medullary interstitial NH4/NH;
system in our opinion is to prevent the excre-
tion of urine with too low a pH [40]. An im-
portant factor that influences the transfer of
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NHjy4 from the medullary interstitial compart-
ment to the urine is the secretion of H' in the
distal nephron. This H' secretion provides the
luminal substrate for an NHs/H™ ion ex-
changer [41]. This NHs/H" exchanger re-
sults in the net addition of NH3 into the lumen.

H' secretion in the distal nephron is medi-
ated primarily by an H'-ATPase, but it may
also occur by an H'/K "-ATPase. Distal H' se-
cretion by the H'-ATPase is an electrogenic
process that tends to create a lumen positive
voltage [42]. Because the lumen of the MCD
can only maintain a small positive voltage
[43], for H' secretion to continue, either an
anion (like CI') must be secreted along with
H' or a cation like Na’ or K must be reab-
sorbed.

H" secretion also occurs by an H/K'-
ATPase, but only if H" acceptors are available
in the lumen of the distal nephron. These
luminal H" acceptors are HCO3;™ and NHs.
Luminal HCO3 can be high if its reabsorption
by upstream nephron segments was dimin-
ished or if HCO3” was secreted into the lumen
of the MCD by a CI/HCO3" anion exchanger
[25]. In this latter circumstance, there is a net

R i

" - Stones 5

of citrate

Driven
by high
excretion

reabsorption of K™ and CI'; hence this combi-
nation of ion exchangers may be important
for K™ homeostasis under conditions of K
depletion [44]. If both the H'/K "-ATPase and
the CI/HCO3™ anion exchanger were active
simultaneously, the urine PCO, should be
very high. When NHj3 is available to accept
H' secreted by the H'/K -ATPase, its overall
function could be to reabsorb K and/or ex-
crete NHy4 .

Importance of the Urine pH to
Avoid Kidney Stone Formation

All the water-soluble waste products and all
the ions and water ingested in excess of needs
must be excreted in the urine without forming
precipitates. One of the most important renal
physiological functions is to excrete urine
with a composition that makes ions and or-
ganic materials sufficiently soluble to avoid
kidney stone formation. Key to this aim is to
have independent regulation of the urine pH —
select a value that is close to 6.0 to achieve
this aim [45] (Figure 10). Excreting urine at

Ca-phosphate

Figure 10. Urine pH and kid-
ney stones. The safest urine
pH to avoid kidney stones is
close to 6. Below this value,
uric acid stones are most likely
to form. Ca-phosphate stones
precipitate in alkaline urine. By
driving NH4" excretion with a
high distal H" secretion, a con-
siderable quantity of H* can be
eliminated at a urine pH close
t0 6.0. By excreting organic an-
ions rather than HCO3', a con-

Incidence of Kidney Stones

Urine pH

siderable quantity of HCO3
can also be eliminated at a
urine pH close to 6.0 (see Fig-
ure 2).
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this pH must not sacrifice acid-base balance.
This in turn means that with a large, chronic
acid load, the excretion of NH," should be
maximally high ataurine pH of close to 6 (see
reference Kamel et al. 1998 [46] for more dis-
cussion). Similarly, when an alkali load is in-
gested, it must be excreted without obligating
a large excretion of HCO3™ and thereby a high
urine pH [9, 11] — this latter topic will be dis-
cussed in more detail when CaHPOj4 stones
are considered below.

Avoiding uric acid kidney stones: Uric
acid is the waste product of purine metabo-
lism [47]. The free acid form, uric acid, rather
than total urates is the critical component for
kidney stone formation because uric acid is
sparingly soluble in water (Equation 4). Be-
cause the pK of uric acid in the urine at 37°C is
close to 5.3 [47], precipitation of uric acid can
be avoided without increasing the urine vol-
ume by raising the urine pH to 6 at the same
total urate excretion rate [48].

Urate’+H' <> Uricacid (pK 5.3) 4)

Avoiding CaHPO; kidney stones: All the
ionized Ca®" absorbed from the GI tract of an
adult is excreted in the urine in steady state
[49]. The chemistry of Ca>* and HPO4” in the
urine is the same as in the body [50], but with
one exception. A metabolic equivalent of
HCOs' in acid-base terms, citrate [14], can
chelate ionized Ca®’ in the urine, forming a
soluble ion complex and thereby minimize
the risk of CaHPO4 kidney stone formation.
This excretion of citrate rises with an alkali
load [14], a time when urine H,POj4” is con-
verted to HPO4*™ — i.e., when the urine pH
rises towards the pK of the phosphate buffer
system (pH 6.8). In this context, the body dis-
poses of the usual alkali load of the diet by
forming an organic acid such as citric acid [9,
11]. The H' of citric acid titrate HCO3". The
citrate anions rather than an appreciable

amount of HCOj3 are excreted in the urine so
that the urine pH remains close to 6.0 without
sacrificing acid-base balance [48] (Figure
10). Excreting citrate rather than HCO3; when
there is a dietary alkali load chelates Ca’" in
the urine, lessening the risk of Ca-containing
kidney stones in alkaline urine [51].

Tests Used at the Bedside to
Estimate NH4+ in the Urine

The first step to evaluate the renal response
to chronic metabolic acidosis in a patient is to
examine the rate of excretion of NH4 . Since
most routine biochemical laboratories do not
provide a direct assay for the concentration of
NH," in the urine (Unna), clinicians usually
employ the following indirect tests to esti-
mate Unna. To convert the Unns to an excre-
tion rate, one needs to know the urine flow
rate or divide the Unpy by the urine creatinine
concentration. Normal adults excrete close to
20 mg of 200 umol of creatinine per kg body
weight [52].

The urine net charge: The sum of the con-
centrations of urinary cations and anions must
be equal. The major urine cations are Na", K,
and NH4", and the major urine anion is CI” (al-
though there are also modest concentrations
of S04, phosphate, HCO3™ and organic an-
ions). The urine net charge provides a qualita-
tive estimate of the Unna providing that the
major anion excreted with NH; " is CI” (Equa-
tion 5, Figure 11). Hence if the Unna is appro-
priately high, the Uc; should be appreciably
greater than the sum of the Una + Uk, and the
urine net charge is said to be negative. On the
other hand, with a low Unps, the Ugy is less
than the sum of the Un, + Uxk. In this case, the
urine net charge is said to be positive, suggest-
ing that a defect in NH4 " excretion is at least
contributing to the pathogenesis of metabolic
acidosis. Be careful. This will not be true if an
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Urine Net Charge : Urine Osmolal Gap
! Figure 11. Use of the urine
' Measured  Urea + 2(Na"+K')  net charge and urine osmolal
> L gap to reflect the concentration
A ) Urea of NH4" in the urine. The urine
NHY net charge is shown in the left
4 MH_:‘;r + A7 portion of the figure and the
1z Crsm - urine osmolal gap is shown in
Kt Cl Kt + A the right portion of the figure.
The components needed to
Na+ Nat + A calculate the Unn4 are depicted
by the clear areas. Repro-

anion other than CI accompanied Unns. Some
examples of these non-CI” urine anions are
hippurate, 3-HB, salicylate, organic anions,
and anions of drugs such as penicillin-type
antibiotics given in high dosage. In such cases,
one must use the urine osmolal gap to esti-
mate Unua.

Urine net charge =Una + Uk —Uq (5

The urine osmolal gap: The urine osmolal
gap is the best indirect test to estimate the
Unmns. The rationale for the urine osmolal gap
is also depicted in Figure 11. The major
osmoles in the urine are urea and electrolytes;
occasionally, glucose may be present in the
urine in high concentrations. The contribu-
tion of electrolytes is approximately equal to
twice the sum of the concentrations of the ma-
jor cations, Na', K" (since each cation is ac-
companied by an anion). Therefore, the total
urine osmolality (Uosm) can be approximated
as shown in Equation 6 in which the concen-
tration of all the substances in the urine is
given in mM terms as described earlier. A sig-
nificant difference between the measured and
calculated Uysm indicates the presence of an
NH," salt in the urine. The Ungg is half the
urine osmolal gap. The rate of excretion of
NH," is then obtained by multiplying this ap-
proximate concentration by the urine flow
rate or estimated from the urine creatinine
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duced with permission [187].

concentration and its excretion rate [52]. If
this is substantially less than 3 mmol
NH, /kg/day, then the kidneys are at least a
contributing factor to the degree of metabolic
acidosis because there is a lower than ex-
pected rate of excretion of NHy".

Calculated Uosm = Utrea+ UG +2 Una +2 Ux
c. Unpg = 0.5 x
(measured Uosm — calculated Ugsm) (6)

Tests to Detect the Basis for thg
Low Rate of Excretion of NHy

Use of the urine pH: In patients with
chronic metabolic acidosis, a low rate of ex-
cretion of NH4" could be due to decreased
availability of NH3 in the medullary inter-
stitium or decreased H' secretion in the distal
nephron (Figure 12). The basis for low NH4"
excretion can be deduced from the urine pH
(Figure 13). A low value for the urine pH
(< 5.3) suggests a defect in NHy /NH3 avail-
ability in the renal medullary interstitium
whereas a high urine pH (> 7) suggests that
the limiting step is H' secretion in the distal
nephron (Equation 7) [53 — 57].

H'+NH;3<>NH;" (7)
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Figure 12. Use of the urine pH to detect UnH4. As shown on the left, dur-
ing acute metabolic acidosis, the rate of excretion of NH4" is only modestly
higher while the urine pH is low. This is because there is enhanced distal
H* secretion, but a time lag before the rate of renal production of NH4" is
augmented. In contrast, during chronic metabolic acidosis shown on the
right, the rate of renal production of NH4" is so high that the availability of
NHj3 in the medullary interstitial compartment provides more NH3 in the lu-
men of the MCD than H" secretion in this nephron segment. Therefore
note the much higher NH4* excretion rate at a urine pH of 6. Reproduced
with permission [187].

HY + NH, — NH}
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Figure 13. The urine pH reveals the basis for the low UnH4. Adecreased
availability of NH4*/NHj3 in the medullary interstitial compartment is the de-
fect shown on the left side of the figure by the dashed arrow. Its main fea-
tures are a low excretion of NH4* and a high urine H* concentration (low
urine pH). A defect in distal H" secretion is shown by the dashed arrow in
the right side of the figure. Its main features are a low excretion of NH4" and
alow urine H* concentration (high urine pH). Reproduced with permission
[187].

Test for the Capacity to
Synthesize NH4 " in the PCT

Once one knows that the rate of excretion
of NH4" is low in a patient who has a low
urine pH, one can assess the rate of produc-
tion of NH4 " in vivo by measuring the rate of
excretion of NH4" following the administra-
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tion of a loop diuretic [58]. At peak diuresis,
the rate of NH4 " excretion in a normal adult is
close to 60 pmol/min and this reflects the ca-
pacity for renal ammoniagenesis. A lower
peak rate of NH4" excretion would imply a
low rate of production of NH;" in PCT cells
[37, 59].
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Tests to Evaluate H' Secretion

A low rate of excretion of NH4 " in a patient
with metabolic acidosis could be due to a de-
fectin H' secretion in the PCT and/or the dis-
tal nephron.

Tests to Evaluate the Secretion of H'
in the PCT

Some patients have metabolic acidosis as-
sociated with a lower than normal capacity to
reabsorb filtered HCO3™ [60]. Usually the site
of the defect in renal H' secretion is in the
PCT, but at times, it may also involve the dis-
tal nephron. Notwithstanding, these patients
also have a reduced rate of excretion of NH4 "
and this is a very important cause of their met-
abolic acidosis. To detect a defect in H' secre-
tion in the PCT, one generally measures the
rate of excretion of HCOj3™ and/or its reab-
sorption after an infusion of NaHCO3. An-
other test that helps in this assessment is the
rate of excretion of citrate at a given pH of
plasma.

Fractional excretion of HCO3; (FEnco3):
The bulk of filtered HCO3" is reclaimed (reab-
sorbed indirectly) in the PCT [61], but an ap-
preciable portion (close to 15%) is normally
reclaimed by H' secretion downstream in
the nephron. To perform this test, enough
NaHCOs is infused to raise the Phcos to 25
mM. At this point, if the FEncos exceeds
15%, there is a defect in H' secretion [61, 62].
A high FEncos could be expected if there is a
very large defect in H secretion in the PCT or
asmaller defectin PCT H' secretion plus a re-
duced distal capacity for H' secretion.

Citrate excretion: The rate of excretion of
citrate seems to reflect the pH in PCT cells
with a higher rate of citrate excretion if these
cells have a more alkaline pH in PCT cells.
The rate of excretion of citrate is very low
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during all forms of metabolic acidosis except
in patients with the isolated form of proximal
RTA where there is an appreciable degree of
citraturia despite metabolic acidosis [63].
This led to the speculation that an alkaline
PCT cell is the underlying lesion causing low
HCO5™ reabsorption, low NH4" production,
and citraturia in these patients [37]. The rate
of excretion of citrate in children and adults
consuming their usual diet is close to 400
mg/g creatinine [14, 64]. To ensure that
citraturia reflects an alkaline PCT cell rather
than a component of a more generalized PCT
dysfunction (Fanconi syndrome), citraturia
should disappear following a small additional
acid load [65].

Tests to Evaluate the Secretion of H'
in the Distal Tubule

Ifthe PCO> in alkaline urine is 70 mmHg or
higher, a major defect in distal H" secretion is
unlikely [66] (Figure 14). Nevertheless, there

HCO,

URINE PCO,

Figure 14. The urine PCO2. When NaHCO3 is
given, there is a large delivery of HCO3" to the distal
nephron so this HCO3" is virtually the only H* accep-
tor in its lumen. Because there is no luminal car-
bonic anhydrase (CA), the HoCO3 formed will be de-
livered downstream and form CO3 plus water. Thus
if the Upcoz is appreciably higher than the plasma
PCO, this provides evidence for distal H* secre-
tion. Reproduced with permission [187].
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are other factors such as a poor renal concen-
trating ability (low medullary interstitial
PCO») that may cause the urine PCO; to be
lower despite an intact distal H" secretion [67].

Detecting Mixed Acid-base
Disorders

More than one acid-base disturbance can be
present at one time. We shall illustrate how to
identify the simultaneous presence of several
acid-base disturbances from the history,
physical examination, and laboratory results
(Figure 15).

Clinical example: A 24-year-old person
had severe diarrhea that resulted in a deficit of
NaHCOs (Figure 15B). Because of the con-
tinuing loss of Na', his ECF volume became
markedly contracted. As a result of the very
low circulating volume, there was not enough
oxygen delivery to tissues to meet their de-
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mand so anaerobic production of ATP was
stimulated. This results in a net production of
L-lactic acid. This accumulation of 10 mmol
of L-lactate anion per liter of plasma should
raise the plasma anion gap by 10 mEq/1 (Table
4, Figure 15C). Simultaneously, the 10 mmol
of H" added per liter will lower the Prcos by
10 mmol/l (Equation 8).

10 L-lactate’ + 10 H" + 15 HCO3 <> 10CO, T
+10H,0+ 10 L-lactate” + 5 HCO3 (®)

Continuing with this scenario, the release
of aldosterone (due to a contracted ECF vol-
ume) stimulates the excretion of K' [68]. Asa
result, a deficit of K™ occurs and this could
lead to muscular weakness. If the respiratory
muscles are involved, there may be an inabil-
ity to lower the arterial PCO; to the expected
degree. In summary, by working backwards
beginning at the far right of Table 5, each of
the 3 acid-base disorders can be identified.

— Respiratory acidosis: The PCO; in blood

should be as low as possible (less than 20
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Table 5. Identification of a mixed acid-base disorder. For details, see text. The value for albumin in plasma
is 4 g/dl (40 g/l), a normal level which does not change throughout the course of iliness in this patient. Hypo-
ventilation in this case is due to a deficit of K*. H®L = L-lactic acid.

Plasma Normal Loss NaHCO3 Gain HeL Effect of
(10 mM) (10 mM) hypoventilation

pH 7.40 7.30 713 6.83

HCO3" mM 25 15 5 5

Anion gap mEq/l 12 12 22 22

PCO2 mmHg 40 30 15 30

mmHg) with such a low value for the
Pucos (5 mM). Hence the arterial PCO;
is too high for this clinical setting.

— Metabolic acidosis due to a gain of acid:
The elevated value for the anion gap of
10 mEqg/1 with a normal concentration of
albumin in plasma suggests that 10 of the
20 mM fall in Prco3 was due to the added
L-lactic acid.

— Metabolic acidosis due to loss of NaHCOs:
The fact that the fall in the Prcos is much
greater than the rise in the plasma anion
gap suggests a deficit of NaHCOs3. This
deficit of NaHCO3 is even larger than what
is apparent from this calculation because
of the significant ECF volume contraction
(HCOs3" concentration vs HCO3™ content,
Table 10).

Clinical Disorders

Metabolic Acidosis

Definition: In metabolic acidosis, there is a
fall in the plasma pH and Pucos. Because
other primary acid-base abnormalities may
coexist, the plasma pH and/or Pucos may not
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be low. For example, if respiratory alkalosis is
also present, the pH will be higher; if meta-
bolic alkalosis is also present, the Pucos and
plasma pH may not be low. Therefore clues
from the history and physical examination to-
gether with additional laboratory data (plas-
ma anion gap) must be integrated to know
whether metabolic acidosis is present.

Clinical Classification

We divide the causes of metabolic acidosis
into two subgroups, those with overproduc-
tion of acids and/or those in which there is a
loss of NaHCO3 (Table 6).

Overproduction of acids: When an acid
(HA) is added to the body, the vast majority of
H' are buffered by the bicarbonate buffer sys-
tem (BBS) [4] and this leads to the loss of
HCOs™ together with a gain of new anions
(A") (Figure 4). Quantitatively, for every mEq
of HCOj3' lost, there will be an equivalent net
gain of A". Factors such as the volume of dis-
tribution of anions versus H', a change in the
ECF volume, and the renal handling of these
anions will affect the 1 : 1 ratio between the
fall in the Pucos and the rise in plasma anion
gap (Table 7). With a decrease in the ECF vol-
ume, the concentration of both new anions
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Table 6. Mechanisms responsible for the development of metabolic acidosis.

A) Acid gain

(i) With retention of anions in plasma:
— L-lactic acidosis (hypoxia, problems with pyruvate metabolism)
— Ketoacidosis (relative insulin lack and low GFR or CNS function)
— Toxic alcohol ingestion (e.g., methanol, ethylene glycol)
— D-lactic acidosis (and other organic acids produced by gastrointestinal bacteria)
— Ingested acids
— Pyroglutamic acidosis

(ii) With a high rate of excretion of anions in urine:
— Glue-sniffing (hippuric acid overproduction)
— Diabetic ketoacidosis with excessive ketonuria

B) NaHCO3 loss
(i) Direct
— Loss via the Gl tract (e.g., diarrhea, ileus, fistula)
— Loss in the urine (proximal RTA or low carbonic anhydrase Il or IV activity)*
(ii) Low urinary excretion of NH4" (look at urine pH to categorize further)
(a) Low urine NH3 (urine pH ~ 5) = Problem with PCT ammoniagenesis:
— Decreased GFR, hyperkalemia, alkaline pH in PCT cells, decreased glutamine
availability, fuel competition (e.g., TPN)
(b) Defect in net distal H® secretion (urine pH often ~ 7):
— H* ATPase defect or alkaline a-intercalated cells (e.g., carbonic anhydrase Il deficiency)
— H" back-leak (e.g., amphotericin B)
— T HCO;3  secretion in the collecting ducts (anion exchanger trafficking disorder)
(c) Problem with both distal H* secretion and NH3 availability (urine pH ~ 6):
— Diseases involving the renal interstitial compartment

*These patients also have a low rate of excretion of NH4".

Table 7. Content vs concentration of HCO3™ in the ECF compartment. An 8-year-old 20 kg female
presented with an extremely high Pgjy (2,000 mg/dl, 110 mM), a venous plasma pH of 7.19, a PHco3s of 25
mM, and a severely contracted ECF volume (2 vs her normal 4 1) [69]. Metabolic acidosis is present because
of the reduced content of HCO3™ in her ECF compartment (H" + B-HB™+ HCO3™ — T anion gap + CO2 + H20).
Reproduced with permission [187].

ECF PHcos ECF HCO3™ content Plasma anion gap
()] (mM) (mmol) (mEg/l)

Normal state 4 25 100 12
Hyperglycemia 2 25 50 24

and HCOj3” will rise. Thus there will be a larger In most cases where metabolic acidosis is
increase in the unmeasured anion gap and a associated with an increased value for the an-
smaller fall in the Puco3 [69], disturbing the ion gap in plasma, there is an overproduction
expected 1 : 1 ratio in these parameters. of acids where many of the anions produced
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along with H' are retained in the ECF. The
major exception to this rule is renal failure be-
cause in this setting, metabolic acidosis is
present with an increase in the plasma anion
gap, but there is no excess production of ac-
ids. On the other hand, metabolic acidosis
caused by an excessive production of acids
need not be accompanied by a significant rise
in the anion gap in plasma if the accompany-
ing anion is rapidly excreted in the urine (e.g.,
hippurate anion in glue sniffing [21]).

There are many different causes for the de-
velopment of metabolic acidosis, each having
a specific implication for therapy. In most
cases, the rise in the concentration of H' per
se is not the major threat to survival; those
causes associated with acute potentially life-
threatening consequences are listed in Table
8. Many of the causes of metabolic acidosis
and an increased plasma anion gap are associ-
ated with a reduced “effective” ECF volume
(diabetic ketoacidosis (DKA), alcoholic keto-
acidosis, and most cases of type A L-lactic aci-
dosis, Table 3). Should one find a relatively
normal ECF volume, the basis for the meta-
bolic acidosis is usually renal failure, toxic al-
cohol ingestion (methanol or ethylene gly-
col), or possibly excessive production of ac-
ids such as D-lactic acid by bacteria in the
gastrointestinal (GI) tract.

Loss of NaHCO3

In this type of metabolic acidosis, almost no
new anions are present in plasma. There are 2
major groups for this type of metabolic acido-
sis, one is the direct loss of NaHCO3 and the
other is an indirect loss of NaHCO3 due to a
low rate of excretion of NH; " (Figure 4).

Loss of NaHCO3 via the GI tract: The
most common site for the loss of NaHCOs is
via the GI tract. While NaHCO3 may be lost in
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diarrhea fluid, for an appreciable degree of
chronic metabolic acidosis to be sustained,
there is usually a simultaneous defect in NHy "
excretion by the kidney. In more detail, ina 70
kg adult with chronic metabolic acidosis and
normal kidneys, the rate of excretion of NHy "
would be close to 200 mmol per day. If 1 liter
of diarrhea solution contains 50 mmol of
HCOj5', this GI loss would have to be about
4 liters per day to cause a continuing fall in the
Prcos. The deficit of Na” would be enormous
and life-threatening without a large input of
NaCl. Hence it follows that chronic acidosis
in this setting implies either a very large or an
acute GI losses, a renal problem with NH4"
excretion (e.g., due to low GFR), and/or over-
production of organic acids via the GI tract
(Equation 9) [70, 71].

Na® + HCOs + H' + D-lactate” — Na™ +
D-lactate”+ CO, + H>O 9

Indirectloss of NaHCOj3: A low rate of ex-
cretion of NHy " is the key finding in patients
with distal RTA [56]; it is also a prominent
feature in certain patients with proximal RTA
[37]. In a patient with metabolic acidosis,
with no increase in the plasma anion gap, and
a low rate of excretion of NH4™ (Figure 15,
left-hand side), the basis for low NH;" excre-
tion can be deduced from the urine pH. If the
urine pH is greater than 7, one should suspect
a defect in H' secretion. The PCO; in alkaline
urine can be used to assess distal H' secretion
(Figure 14) [66] and the FEnco3 can be used
to assess proximal H' secretion. A high rate of
excretion of citrate in a patient with metabolic
acidosis suggests that an alkaline PCT cell
could be the cause of diminished PCT H' se-
cretion [37]. In contrast, if a patient had simi-
lar findings to the above, but had a low value
for the urine pH (e.g., < 5.3), this would sug-
gest that there is a defect in NH3 availability in
the renal medullary interstitial compartment
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Table 8. Threats to life in association with metabolic acidosis.

Setting of acidosis

Threat to life

Clinical clues

L-lactic acidosis due to

low cardiac output (shock) H* load

Renal failure Hyperkalemia
Distal RTA, Hypokalemia
diarrhea,

treatment of DKA

Methanol or Toxic products

ethylene glycol intake

DKA or,
alcoholic ketoacidosis

“Energy crisis”,

Low ECF volume,
rarely acidosis per se

Low plasma pH, high plasma
anion gap, high PLactate

Low GFR,
high plasma anion gap

Normal plasma anion gap,
arrhythmias,
muscle weakness

History,
high plasma anion gap,
high plasma osmolal gap

Type 1 diabetes mellitus,
ethanol, Py,
ketoacid screen

(Figure 13). The usual causes for the low
NH;/NH3 are a low GFR and/or hyper-
kalemia. In their absence, we would look for
low levels of glutamine in blood and/or a high
level of fat-derived fuels (e.g., patients on to-
tal parental nutrition) because these fuels
compete with glutamine as the source for re-
generation of ATP in the cells of the PCT. If
none of these is present, we would suspect an
alkaline proximal cell pH. This entity of an al-
kaline proximal ICF pH remains speculative
because there are no hard data in humans and
suitable experimental models in animals are
lacking.

Loss of “Potential” HCO3"

In some patients, there is excessive loss of
the conjugate base of the acid in the urine (or
in stool). While overproduction of acids is the
major basis for the acidosis in these patients,
yet the loss of these anions in the urine repre-
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sents the loss of potential HCO3" as their me-
tabolism could have resulted in the removal
of H" (Figure 4, [72]).

Likelihood of a Major Threat to
Life

Disorders that cause metabolic acidosis can
harm patients through a variety of mecha-
nisms (Table 8). We shall consider 4 major
categories:

Very Fast Rate of Production of H"

In essence, the only condition associated
with extremely rapid net production of acid is
L-lactic acidosis due to hypoxia (Table 2).
The threat here is that ATP may not be regen-
erated quickly enough. Quantitatively, the
rate of acid addition can be approximated by
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Table 9. Causes of metabolic acidosis associated with hyperkalemia. Specific disorders causing hyper-
kalemia in patients with metabolic acidosis are described. In addition, if tissue necrosis has occurred in a pa-
tient with metabolic acidosis, hyperkalemia may also be present.

Cause Pathophysiology Total K* content
Renal failure Low renal excretion of K* (and NH4™) High

Low aldosterone Low renal excretion of K™ (and NH4") High

bioactivity

DKA Insulin deficiency leads to shift Low

of K out of the ICF

noting the rate of increase in the plasma anion
gap and the rate of excretion of anions in the
urine.

H' Binding to Intracellular Proteins

The important factors here are not only the
magnitude of H™ load, but also the tissue
PCO; as this determines the distribution of
buffering of H' load between the BBS and
intracellular proteins. A high venous PCO»
implies that the tissue PCO; is also high and
that more H' are buffered by intracellular pro-
teins. Hence it follows that in the setting of
metabolic acidosis associated with a low car-
diac output, a very important measure to cor-
rect the intracellular acidosis is aggressive
restoration of the cardiac output (Figure 7). In
addition, if the arterial PCO; is not low
enough, mechanical ventilation is essential.

Coexisting Problems of K" Balance

Many of the risks associated with metabolic
acidosis may come about through associated
disturbances of K balance. Both hyperkale-
mia and hypokalemia may occur (Table 9).
We shall be succinct here because issues con-
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cerning K" are discussed in the accompany-
ing Chapter on K.

Hyperkalemia may be involved in the etiol-
ogy of metabolic acidosis, because hyper-
kalemia impairs NH, " excretion [32]. In con-
trast, if metabolic acidosis is seen in the set-
ting of renal failure, a low excretion of K and
hyperkalemia may be present. Hyperkalemia
is commonly seen in the setting of DKA de-
spite the total body K" deficit, because K"
tend to shift out of cells during insulin defi-
ciency [73]. Finally, tissue necrosis or
ischemia can lead to both L-lactic acidosis
andrelease of K" from cells. Regardless of the
pathophysiology, hyperkalemia can be life-
threatening due to cardiac arrhythmias, and
must be aggressively treated. Fortunately, one
of the measures employed in the therapy of
DKA, insulin, enhances K~ entry into cells,
and therefore reduces the degree of hyper-
kalemia.

Hypokalemia may occur either in associa-
tion with the chronic metabolic acidosis of
distal RTA, diarrhea, or metabolic acidosis
caused by toluene (e.g., glue sniffing). Hypo-
kalemia may also occur as a complication of
insulin therapy in patients with DKA. Be-
cause insulin causes K to enter cells (Figure
9), it may unmask the total body K" deficit
and lead to the life-threatening complications
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Table 10. Factors to consider in the use of NaHCOs3.

A. Factors favoring the use of NaHCO3
Hyperkalemia.
— PHcos less than 5 mM.

into brain cells and to favor its urinary excretion).

Absence of an anion that can be metabolized into HCO3" (longer term consideration).
Low likelihood that kidneys will be able to excrete NH4" at a high rate (longer term issue).
Independent benefit likely to arise (e.g., in salicylate overdose to limit entry of salicylate

— High net rate of H™ production (e.g., inability to rapidly reverse hypoxic L-lactic acidosis).
B. Factors that suggest a danger for the use of NaHCO3

— Hypokalemia.

— Coincident use of insulin in a patient with a large K* deficit.

Elevated ECF volume.
Hypernatremia (minor).

of acute hypokalemia, particularly cardiac
arrhythmias.

Specific problems related to the cause of
the acidosis: In fact, in some of the causes of
metabolic acidosis, the acidosis serves as a
marker or a “symptom” of a serious underly-
ing disease (e.g., methanol or ethylene glycol
toxicity, Table 8). Clearly, these underlying
processes must be addressed with specific
therapy to avoid the adverse consequences
that are independent of the acidosis.

Management

The management of a patient with meta-
bolic acidosis requires a consideration of both
general measures that are applicable to most
patients as well as attention to specific issues
relative to the cause of the disorder. We shall
focus initially on the use of alkali because the
use of mechanical ventilation was considered
earlier, and treatments to deal with hyper-
kalemia or hypokalemia will be considered in
the Chapter on K.

One cannot draw a definitive conclusion as
to whether NaHCO3 should or should not be
used to treat a patient with metabolic acidosis
because there are no firm data upon which to
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base this conclusion. Suggestions for and
against the use of NaHCOj3 are summarized in
Table 10.

Arguments Favoring the Use of
NaHCO3

It seems intuitively obvious that at some
point, too many H' may become bound to
proteins and compromise cellular functions.
For example, myocardial contractility in vitro
[74] and binding of adrenaline to its receptors
are decreased when the fall in pH is large [ 75];
these effects may be reversed by lowering the
concentration of H'. Notwithstanding, the ad-
ministration of NaHCO3 does not seem to en-
hance the contractility of the ischemic myo-
cardium in vivo [76].

There are data in experimental animals that
mighthelp. The administration of a large dose
of NaHCO3 appeared to be beneficial in the
setting of hypoxic L-lactic acidosis in rats in-
duced by ventilation with a hypoxic gas mix-
ture. The survival period in these rats was ex-
tended even though NaHCO3 led to an en-
hanced rate of production of L-lactic acid
[77]. If these data apply to humans with
hypoxia-induced L-lactic acidosis, the admin-
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istration of NaHCO3 might be viewed as a
temporary measure that “buys time” to allow
for more direct interventions to deal with the
underlying cause(s) for the metabolic acido-
sis to be employed. Nevertheless, one must
not administer too much NaHCOj3 because it
may lead to the development of pulmonary
edema unless very high rates of Na' removal
could be achieved.

In a patient who has metabolic acidosis due
to a low rate of excretion of NH4 ", metabolic
acidosis will persist unless NaHCOs is given.
In this case, one must give enough NaHCO3
to titrate H' that have accumulated, then
maintain that person on enough alkali to
match the net positive H' balance (usually 20
— 40 mmol/day in an adult).

Arguments Against the Use of
NaHCO3

Increased production of CO;

When NaHCO3 is administered, HCO3 re-
acts with H and CO, is produced. Some have
argued that this represents an important dele-
terious effect of HCO; therapy because this
CO; can enter cells and cause a paradoxical
acidification of the ICF. This is a circular ar-
gument because if the source of the H that ti-
trate the administered HCO53” is H™ bound to
intracellular proteins (Figure 7), the ICF
should have been alkalinized and not acidi-
fied. In contrast, if the source of these H' was
due to the production of ATP in the process of
anaerobic glycolysis, stimulation of L-lactic
acid production by alkali could also be bene-
ficial because it was accompanied by the con-
version of ADP to ATP [77]. A possible acute
danger in this latter case could occur if some
of the CO; produced was retained because
pulmonary function was not adequate or
mechanical ventilation was not appropriately
adjusted.

26

Concern about the possible adverse effects
of enhanced production of CO, following
therapy with NaHCOj in the acidotic patient
prompted the development of carb-bicarb
(Na2CO;@2(NaHCO3)). The titration of
4 mmol of H' by NaHCOj3 leads to the pro-
duction of 4 mmol of CO,, whereas similar
buffering with carb-bicarb leads to the pro-
duction of 3 mmol of CO». Since metabolic
production of CO; is normally close to 10
mmol/min, and the rate of alkali administration
might be close to 4 mmol/min during very ag-
gressive alkali therapy, the difference in CO»
production rate in fact will only be from 14 to
13 mmol/min with NaHCO; versus
carb-bicarb, a trivial difference. There has
been only limited clinical experience with
this agent in patients with a severe degree of
metabolic acidosis, the only setting in which
it is rational to test it.

Failure to Detect Back-titration of
Non-bicarbonate Buffers

Another argument against the use of
NaHCOs or carb-bicarb to treat patients with
a severe degree of metabolic acidosis comes
from experiments in rats. The administered
alkali to rats pretreated with HCI failed to
yield an acute and significant back-titration of
non-bicarbonate buffers [78]. This, however,
could have been because of a rise in tissue
PCOs.

Fall in Concentration of Ionized Ca>"

This occurs because addition of HCOj3
leads to very rapid production of carbonate
and precipitation of CaCOs. It has been sug-
gested that a fall in concentration of ionized
Ca*" in the interstitial fluid compartment might
depress myocardial contractility [79]. Never-
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theless, this might be more apparent than real
if the HCO3™ administered does not raise the
Phucos markedly. If this were to be a problem,
itshould have been very obvious in situations
where carb-bicarb was used because with
carb-bicarb, carbonate is added directly.

Hypokalemia

Hypokalemia could be a problem when
NaHCO:s is given, especially if there is total
body K" depletion as seen in patients with
DKA [80 — 82], glue sniffers [21], or certain
patients with distal RTA. The presence of a
low Pk should prompt one to avoid the use of
NaHCOg3, at least until the Pk has returned to-
ward the normal range, or only to use it along
with an appropriate amount of K to avoid a
cardiac arrhythmia (see accompanying Chap-
ter on K").

ECF Volume Overload and
Hypernatremia

This is only a problem in patients with met-
abolic acidosis who have an expanded ECF
volume (patients with renal failure), in patients
with a compromised circulation (cardiogenic
shock), or those where enormous amounts of
alkali might be used (e.g., hypoxic lactic aci-
dosis). Hypernatremia may be produced
and/or exacerbated if hypertonic NaHCO3 is
given.

Enhanced Production of L-lactic
Acid

When NaHCOs is given to patients with
L-lactic acidosis, the rate of production of
L-lactic acid increases. This however may be
considered beneficial if it reflects an in-
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creased rate of regeneration of ATP in vital or-
gans [77], and if the H" so-produced are ti-
trated by the BBS and not by intracellular
proteins.

Rebound Metabolic Alkalosis

In metabolic acidosis due to overproduc-
tion of H" and anions (L- or D-lactate, or
B-hydroxybutyrate and acetoacetate), the aci-
dosis will be improved when these anions are
metabolized to HCOs3". If all the anions are
converted to HCO3™ and the patient also re-
ceived NaHCOs3, the final plasma Prcos
could be higher than normal if renal excretion
of HCOs3 did not occur [83]. The main clini-
cal significance of rebound metabolic
alkalosis is primarily when patients are being
weaned from a mechanical ventilator, and the
impact of HCO3” on the renal excretion of K,
which can further exacerbate hypokalemia
[84].

Recommendations

One must individualize the decision for
each patient, balancing potential benefits ver-
sus adverse effects. None of these factors is an
absolute indication or contraindication, but
by examining each of them, it should be pos-
sible to make a reasonable decision. If the de-
cision is made to administer NaHCOs, an
equally difficult issue is how much to give
and how fast it should be given. It is important
to recognize that as the baseline Pucos falls, a
progressively greater amount of added H' are
buffered on intracellular proteins. Therefore,
when NaHCO:s is given, the hope is that much
of it will titrate these intracellular H', and will
effectively disappear as CO; and water, and
therefore the increment in the Pucos will be
small. Moreover, CO; removal by the lungs
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Table 11. Ketoacid turnover during chronic fasting. Values are presented as mmol/day.

Ketoacid metabolism Organ Turnover
— Net production Liver 1500
— Oxidation Brain 750
Kidney 250
Muscle, etc. 200
— Conversion to acetone ? 150
— Excretion Kidney 150

Table 12. Causes of ketoacidosis.

1. Diabetic ketoacidosis

— usually Type 1 or IDDM; rarely Type 2 or NIDDM

— damage to B-cells of the pancreas
— pancreatic destruction as in hemochromatosis

2. Alcoholic ketoacidosis

— low insulin due to low ECF volume (a-adrenergic effect)

— metabolism of ethanol to ketoacids

— lower oxidation of ketoacids in brain (sedative effect of ethanol), and kidneys (low GFR)

3. Low stimulus to pancreatic p-cells because of hypoglycemia

— starvation

— low production of glucose in the liver (e.g. glycogen storage disease or inhibition of

gluconeogenesis)

4. High production of acetic and butyric acid by Gl bacteria together with inhibition of

hepatic acetyl-CoA carboxylase.

must keep up with the increment in CO2
production.

A decision needs to be made on the initial
target Prcos when a patient has an extremely
low baseline Pycos. A reasonable target is ei-
ther to double the Pycos or to aim for an abso-
lute value of 5 — 6 mM. Ifthe Pucos rises from
2 to 4 mM and the PCO> remains unchanged,
the pH will rise by 0.3 units. Nevertheless,
one cannot make an accurate assessment of
the amount of NaHCOj3 to give because the
volume of distribution HCO3" is unknown.
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Specific Causes for Metabolic
Acidosis

The list of causes of metabolic acidosis is
provided in Table 6.

Ketoacidosis

Ketoacids are a fat-derived fuel destined
for oxidation in the brain. The main signal for
their formation is a relative lack of insulin
(Figure 3). There are 3 major causes of keto-
acidosis (Table 12). In biochemical terms,
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Figure 16. Metabolism of
acetyl-CoA in the liver. There
are two major sources of acetic
acid and thereby hepatic ace-
tyl-CoA, ethanol and acetic ac-
id produced during the bacte-
rial fermentation of poorly
absorbed carbohydrates. Pro-
duction of acetyl-CoA from
these precursors bypasses the
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one must appreciate why there was a relative
lack of insulin to favor ketoacid production
and why the rate of removal of ketoacids was
diminished. Production occurs in the liver
whereas removal is largely the result of oxi-
dation in the brain and kidneys (Table 11).
The time course of events in patients with dia-
betic ketoacidosis (DKA) has an interesting
feature. Towards the end-stage, the degree of
ketoacidosis becomes more severe, and very
quickly. Because there is little leverage to in-
crease the rate of ketogenesis appreciably due
to the control exerted by the limited rate of
turnover of ATP in hepatocytes [85, 86], for
ketoacidosis to worsen rapidly, there must be
a major decline in the rate of utilization of
ketoacids.

Brain: A decrease in the rate of turnover of
ATP in the brain will lead to a decreased rate
of oxidation of ketoacids. Should general an-
esthetics or sedatives be administered, or if
coma be present, the degree of ketoacidosis
will be more severe.

Kidney: If the GFR is very low, less Na"
will be of filtered and this will decrease the re-
absorption of Na' and thereby the renal need
for regeneration of ATP. In quantitative terms,
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a low GFR can lead to the failure to remove
several hundred mmoles of ketoacids per day.

Summary: One can appreciate why the
natural history of DKA has a steep deteriora-
tion late in its course because of coma and
prerenal failure.

Diabetic Ketoacidosis

DKA is the metabolic consequence of a
lack of actions of insulin and it is character-
ized by the accumulation of glucose and
ketoacids in the body [16]. The precipitating
illness and the complications of this meta-
bolic disturbance can be life-threatening. The
changes in the hepatic metabolism that lead to
overproduction of ketoacids are depicted in
Figures 3 and 16.

Clinical Presentation

DKA may be the first indication of
undiagnosed type 1 diabetes mellitus in chil-
dren. The precipitating causes include an
intercurrent illness (gastroenteritis, pancre-
atitis, infections), and situations where coun-
ter-regulatory hormones may be present in
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excess (e.g., thyrotoxicosis, surgery, stress,
pregnancy, and hyperadrenocorticism). With
repeat episodes of DKA, failure to take insu-
lin can be an important etiologic factor.
Rarely, DKA occurs in older patients with
type 2 diabetes mellitus when there is an un-
usually large decrease in the rate of oxidation
of ketoacids due to impaired level of con-
sciousness and a very low GFR.

The clinical manifestations are the ex-
pected consequences of the major biochemi-
cal changes, hyperglycemia, glucosuria, and
ketoacidosis.

Hyperglycemia: Early signs and symp-
toms represent exacerbations of the classic
features of diabetes mellitus in poor control —
thirst, polydipsia, polyuria, weakness, leth-
argy, and malaise.

Glucosuria: Hyperglycemia causes an os-
motic diuresis with loss of Na' and water, re-
sulting in ECF volume contraction, low blood
pressure, postural hypotension, and tachycar-
dia.

Ketoacidosis: Metabolic acidosis results in
an increased rate and depth of breathing (air
hunger, Kussmaul respiration). The conver-
sion of acetoacetic acid to acetone imparts the
characteristic fruity odor to the breath.

Other findings: Not all the clinical find-
ings, however, are completely explained in
terms of biochemical aberrations. The state of
consciousness does not correlate well with
the concentration of ketoacids in blood. A
much better correlation was found between
the level of stupor and coma and the Posm that
in turn reflect the low circulating volume (and
possibly, the higher PCO; in cells of the brain,
Figure 7).

Another feature of DK A that remains unex-
plained is hypothermia, even in the presence
of infection. This together with the fact that
leukocytosis is a common finding in these pa-
tients may at times obscure an underlying
infection.
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Anorexia, nausea, vomiting, and abdomi-
nal pain are frequent nonspecific gastrointes-
tinal complaints, especially in children. These
symptoms, together with abdominal tender-
ness, decreased bowel sounds, guarding, and
leukocytosis, may be severe, mimicking an
acute abdominal emergency. Rebound ten-
derness is usually (but not universally) absent
— the presence of hyperglycemia and keto-
nemia should signal the correct diagnosis.
The cause for the abdominal pain is not en-
tirely clear, but in some cases it may be related
to hypertriglyceridemia and pancreatitis.

Signs and symptoms of the disorder that
precipitated DKA should be appreciated — in
fact, these may dominate the clinical picture.

Laboratory Evaluation

Hyperglycemia, ketonemia, glucosuria,
and ketonuria are the 4 hallmarks of the labo-
ratory diagnosis of DKA.

Hyperglycemia: The degree of hypergly-
cemia varies markedly — the Pgi, usually ex-
ceeds 250 mg/dl (14 mM). Higher Pgyy, values
are seen if there is a marked reduction in the
GFR (usually with oliguria) or if the patient
has consumed a large quantity of carbohy-
drate, for example, in the form of sweetened
soft drinks to quench thirst (usually with
polyuria) [87]. If the ECF volume is markedly
contracted, not only will there be an exagger-
ated degree of hyperglycemia, but glucosuria
may be reduced considerably because the fil-
tered load of glucose may not exceed the tu-
bular capacity for its reabsorption. In rare
cases, hyperglycemia may be less marked for
other reasons (e.g., a reduced rate of gluco-
neogenesis secondary to the intake of ethanol
or biguanides or exaggerated renal glucos-
uria).

Ketoacids: In DKA, serum ketones are
usually strongly positive in a dilution of 1 in
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Table 13. Typical deficits in a patient with DKA.
Quantity Comment Danger
Na* 3 — 9 mmol/kg Restore Na deficit, Cerebral edema if early
but not too quickly and too rapid
K* 4 — 6 mmol/kg Must await insulin Initial hyperkalemia
action to shift K* > 1.5 h, hypokalemia
into cells
Examine Pk
Water Usually many Half ICF, half ECF Do not repair water
liters deficit too early

Can be > 500 mmol
of H* buffered

Bicarbonate

If increased anion
gap, need not give
NaHCO3 unless

Strong opinions
held, but not backed
up with clean data

very severe acidosis

8. However, only acetoacetate and acetone
yield a positive reaction with the nitroprus-
side test (Acetest) used for clinical screening
for ketoacids. If there is an increase in the
NADH" : NAD ratio, as occurs with hypoxia
or ethanol oxidation, ketoacids will be pre-
dominantly in the form of B-hydroxybutyric
acid which is not detected by these clinical
tests; a specific enzymatic analysis will be
necessary to measure f3-hydroxybutyric acid.
If the urinary excretion of ketoacid anions is
larger than expected, as may occur with the
intake of acetylsalicylic acid, or if there is a
defect in reabsorption of ketoacid anions by
the PCT, a hyperchloremic type of metabolic
acidosis will be present [88].

Sodium: In patients with DKA, there is a
large deficit of Na™ (3 — 9 mmol/kg body
weight, Table 13). This is the result of the os-
motic diuresis.

Plasma Na" concentration: Much atten-
tion is given to the possibility that glucose
will draw water out of cells and thereby, lower
the Pna. This occurs only when the addition of
glucose is hyperosmolar to plasma. In con-
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trast, when glucose is added as a solution that
has an osmolality similar to or lower than the
Posm, there is no shift of water from cells. In
this circumstance, the Px, will be lower than
seen with hypertonic glucose addition for an
identical rise in Pgyy [89]. Therefore calcula-
tions based on the expected shift of water and
thereby an expected fall in P, for a given Pgyy
should not be done because the assumptions
made are not valid [90 — 92]. Therefore we
calculate the effective Posm (Equation 10) to
help clinical decision-making with regard to
the appropriate tonicity of fluid therapy [93].
Corrections should be made for major
changes in the Px.

Effective Posm = 2 X Pna + PGiu
(inmM terms) (10)

Potassium: In patients with DK A and good
renal function, there is always a decrease in
the total body content of K, usually in the
range of 4 — 6 mmol/kg body weight (Table
13). Despite this deficit of K, the Px is usu-
ally increased to the mid-5 range [94] because
K" has shifted from the ICF to the ECF
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Table 14. Content of HCo3™ in the ECF compartment in a patient with DKA. The example given is a 70-kg
person who has an ECF volume of 15 L when normal (top line) and 12 L while in DKA (bottom line). The con-
tent of HCOg3' is decreased by 75 mmol in DKA. Despite this loss, there is a 1:1 relationship between the fall
in PHcos and rise in Pg-Hg because of an equivalent loss of 8-HB with Na* and/or K* in the urine. This repre-

sents the indirect loss of NaHCO3.

Plasma ECF volume ECF content
PHcos Pp-HB HCO3™ Ketoacids HCO3™ + Ketoacids
mmol/I mmol/I liters mmol mmol mmol
normal 25 0 15 375 0 BiS
DKA 10 15 12 120 180 300

compartment due to the lack of insulin (Fig-
ure 9) [73].

Prcos: In patients with DKA, the Pucos is
low because H" were added to the ECF along
with B-hydroxybutyrate and acetoacetate an-
ions. Nevertheless, there is also an indirect
loss of Na" and HCO3 — this loss occurs early
in the course of DKA because there is a lag
period before there is a large increase in the
rate of excretion of NH4" [15]. As a result,
ketoacid anions are excreted in the urine with
Na" or K” and hence the indirect loss of
NaHCOs (Figure 4). This component of the
metabolic acidosis may not be appreciated
because there is often a 1 : 1 relationship be-
tween the fall in Pycos and the rise in the
plasma anion gap. This quantitative relation-
ship occurs because concentrations rather
than the content of HCO3™ in the ECF com-
partment are considered (Table 14). This
component of the HCO3” deficit becomes evi-
dent during therapy as the ECF volume is ex-
panded [69, 95, 96].

PCO;: There should also be a predictable
degree of hypocapnia depending on the de-
gree of metabolic acidosis (Table 4). Since
hypothermia may occur in patients with
DKA, one must take this into consideration
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when interpreting the PCO, and PO, values
reported by the laboratory because the mea-
surements are made at 37°C.

GFR: Since patients with DKA often have
avery low ECF volume, their GFR will be re-
duced whereas the concentrations of urea
(Purea) and creatinine (Pcreat) Will be elevated
in plasma. The Pyrea (BUN) is less reliable as
an index of the GFR because it is also influ-
enced by protein intake, tissue catabolism,
rate of gluconeogenesis, catabolic drugs, and
urine flow rate. Notwithstanding, there may
also be errors in the measurement of creati-
nine depending on the method used. Higher
Pereat values are reported with the picric acid
method if the level of AcAc is elevated [97]
whereas lower Perear values are reported with
severe hyperglycemia if the enzymatic assay
for creatinine is performed on the Kodak
analyzer [98].

Treatment of the Patient with DKA

DKA is a medical emergency that demands
urgent treatment. Mortality is influenced by a
number of factors that include its precipitat-
ing cause, the age of the patient, the level of
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consciousness, and the severity of the bio-
chemical abnormalities. In children, the lead-
ing cause of morbidity and mortality is the de-
velopment of cerebral edema (discussed
later) [99, 100]. Other causes of death are in-
fection, vascular thrombosis, and shock.
Early diagnosis, a better design of therapy,
and dealing with the underlying causes of
DKA may reduce the mortality rate. Our em-
phasis will be on the threats to the patient’s
life during therapy of DKA (Table 15). Treat-
ment will be discussed under the following
headings: body fluid compartments, insulin,
bicarbonate, predisposing factors and how to
avoid complications of therapy.

Body Fluid Compartments

Focus on the ECF volume: The ECF vol-
ume should be re-expanded quickly only if
there is a hemodynamic emergency. It is very
difficult to assess the degree of ECF volume
contraction on clinical grounds [101 — 103].
The following laboratory findings can help to
provide a quantitative assessment of the pa-
tients’ ECF volume [69]. The hematocrit (ra-
tio of red blood cells (RBC) volume/blood
volume) is particularly useful if the patient is
not anemic. For example, if the initial hema-
tocrit were 60%, this would suggest that the
plasma volume is contracted by more than
50% (Equation 11). Moreover, the ECF vol-
ume is contracted to a greater degree than the
plasma volume because the volume of RBC
should remain constant (in the absence of a
severely abnormal Pn,) and Starling forces
should expand the plasma volume at the
expense of the interstitial volume [69].

Normal: 0.40 =2 1RBC volume/5 1blood vol-
ume (3 1 plasma + 2 1 RBC)

Patient: 0.60 =2 1 RBC volume/3.3 1 blood vol-
ume (1.3 Iplasma+21RBC) (11)
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Table 15. Complications to avoid during therapy.

On admission
— Shock
— Aspiration pneumonitis
— Thrombotic episodes
— Hyperkalemia with cardiac arrhythmias

From 1.5 h onwards
— Hypokalemia with cardiac arrhythmias

From 6 h onwards
— Neuroglucopenia

From5-15h
— Cerebral edema

Anytime
— Complications of the underlying illness
— Lack of insulin actions

We also find 2 other indices helpful to mon-
itor changes in the effective vascular volume
[69]. First, if the venous PCO; is appreciably
higher than the arterial PCO, (> 10 mmHg), it
suggests a slower blood flow rate past cells
drained by that venous system (same CO;
production, but CO is carried away in fewer
liters of blood, Figure 7). Second, a rise in
urine output usually signals an increase in the
GFR and thereby a higher filtered load of glu-
cose and a larger osmotic diuresis. With the
initial urine output rise, the rate of intrave-
nous infusion should be increased by a similar
volume to maintain the slow and steady re-ex-
pansion of the ECF volume.

The next decision concerns the composi-
tion of the infusate. There is still some dispute
about which is the most appropriate intrave-
nous solution to use. We strongly favor the
initial administration of 0.9% saline (154 mM
NaCl) to avoid a large fall in the effective Posm
(Equation 10). When the Pgyy falls below 250
mg/dl (15 mM), glucose should be added to
the infusate. Further fluid therapy is deter-
mined by the clinical assessment, biochemi-
cal measurements, and calculated and/or
expected losses.
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Focus on the ICF volume: The deficit of
ICF water should be replaced much more
slowly. Once the hemodynamic emergency is
dealt with, one can now safely switch to half
isotonic saline in adults with DKA because
cerebral edema is not common in these pa-
tients. The goals for ICF therapy differ in chil-
dren with DKA as discussed later in the sec-
tion on complications of therapy.

Insulin: Insulin plays a central role in ar-
resting ketogenesis, but this is rarely an ur-
gent aspect of therapy because the maximum
possible rate of ketogenesis is only ~ 1
mmol/min [86]. In our view, the only emer-
gency action of insulin needed is its effect to
decrease the Pk by accelerating a shift of K
into cells in a patient with a significantly ab-
normal EKG due to hyperkalemia. While in-
sulin will help lower the Pgyy, its hypo-
glycemic effects are minimal early in therapy.
Rather, the P, will fall initially as a result of
re-expansion of the ECF volume (dilution)
and glucosuria (decrease the glucose pool
size) [104]. 6 — 8 hours after therapy began,
insulin will increase the rate of oxidation of
glucose (because competing fat fuels are no
longer available) and by promoting the
synthesis of glycogen [87].

Low-dose, short-acting insulin regimens
are now commonly used. Given the uncer-
tainty of absorption by other routes, the
intravenous route is advisable. A typical dose
in adults is 0.1 Units/kg as an intravenous
bolus, followed by a constant infusion of 0.1
Units/kg/h. A bolus of insulin should not be
used in children because it may lead to brain
cell swelling [93]. The putative mechanism
involves activation of the Na'/H" exchanger
in brain cell membrane with a resultant gain
of ICF solutes (Na") [105].

Insulin therapy has potentially detrimental
effects that should be anticipated and avoided.
The major ones are hypokalemia (at 1 — 3 h)
and hypoglycemia (at 6 — 10 h). The former
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risk is discussed below and the latter one is
minimized by infusing glucose when the Pgyy
falls to 250 mg/dl (~ 15 mM).

Potassium: Typically, the Px on presenta-
tion in patients with DKA is in the mid-5
range [94]. A lower Pk indicates that a rather
severe K" deficit exists and patients are at
higher risk for cardiac arrhythmias, paralytic
ileus, and muscle weakness that may also in-
volve respiratory muscles after insulin is
given. Once therapy has commenced, the Px
falls rapidly, often within the first hour. This
is due primarily to the uptake of K" into the
ICF (replacing Na” and H"). Minor contribut-
ing factors are the loss of K" in the urine, cor-
rection of the acidosis, and dilution from re-
expansion of the ECF volume.

The initial aim of therapy is to ensure a nor-
mal Pk during the acute stages of therapy. Re-
plenishing the total deficit of K' in the body
will take time because it requires the re-accu-
mulation of intracellular anions (primarily or-
ganic phosphates). K should be given as in-
travenous KCI, but only when the Px is <5.0
mM. Typical regimens are: give 20 mmol
K '/hour if the Pk is 4 — 5 mM; give 40 mmol
K /hour if the Pk is 3.0 — 4.0 mM, and 40 — 60
mmol K'/hour if the P is < 3.0 mM. The
EKG as well as the Px can be used to monitor
the rate of replacement of K.

While itis prudent to consider the urine out-
put, patients with oliguria may still need a
supplement of K if their Py is distinctly low.
When DKA has been corrected, oral sup-
plementation of K (and phosphate, usually
from diet) should be continued over several
days to replenish the deficits in the intra-
cellular compartments.

Because hypokalemia is also a complica-
tion of therapy with NaHCO;3, if a patient
presents with a low Pk and acidosis that is
severe enough to require treatment with
NaHCO:s, one could make a case for with-
holding insulin for an hour or so until suffi-
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cient K™ and HCOj3™ have been administered.
Since the rate of net ketoacid production is ~ 1
mmol/min [86], withholding insulin for that
hour will not have a major impact on the de-
gree of acidosis because more HCO3™ than
this can be given.

NaHCO3

Early therapy: NaHCOj3 is rarely needed.
Nevertheless, it is difficult to resist giving
NaHCOs3 when the Pucos is < 5 mM espe-
cially if there is a source of loss of NaHCO3".
Asevere degree of hyperkalemia is also a pos-
sible indication for the use of NaHCO:s.

Later therapy: After the ketoacidosis has
been largely reversed, some patients may
have a lingering hyperchloremic type of met-
abolic acidosis due in part to a low rate of ex-
cretion of NH;". These patients may need to
ingest NaHCOs to raise their Prcos.

Phosphate

The usual deficit of phosphate is 1.5 — 2.5
mmol/kg body weight (Table 13). While only
close to 10% of patients have hypophos-
phatemia at presentation, once therapy is in-
stituted virtually every patient becomes pro-
foundly hypophosphatemic. There are no
controlled studies documenting the absolute
benefits of the acute replacement of phos-
phate. A number of theoretical consider-
ations, however, suggest that it may be bene-
ficial to replace some of the deficit of phos-
phate early in therapy. The rate of infusion of
phosphate should not exceed 50 mmol/8 h.
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Complications Observed During
Therapy

While hypokalemia, hypoglycemia, re-
lapse of ketoacidosis, and thrombotic events
may occur, we shall focus on cerebral edema
in this section.

Cerebral edema: Typically, DKA is first
diagnosed in childhood. Cerebral edema is
more common during therapy in the first epi-
sode of DKA, possibly because there was a
delay in suspecting that this may be the diag-
nosis by family members. Cerebral edema oc-
curs in ~ 1% of cases and it is the major cause
of mortality in this setting [99, 100]. Even
though most children with cerebral edema
survive, many are left with significant neuro-
logical deficits. Even those who seem to be
neurologically intact may have subtle cogni-
tive and behavioral deficits.

Cerebral edema is the result of a rise in
brain water and hence intracranial pressure
because of the fixed volume of the skull. At
the clinical level, typically, the child who de-
velops cerebral edema appears to be recover-
ing normally from DKA, but takes a rapid
turn for the worse close to 5 — 15 h after the
onset of therapy. Nevertheless, 1/20 children
developed cerebral edema prior to receiving
therapy — a possible reason for this was dis-
cussed in reference [89]. The warning signs
of impending cerebral edema are often subtle,
including new onset of drowsiness and/or ir-
ritability that can progress rapidly to a disor-
dered state of consciousness that may
terminate with respiratory arrest and death.

While CT or MRI imaging will confirm this
diagnosis, we are very reluctant to send pa-
tients suspected of having cerebral edema for
these studies because they need extremely ur-
gent medical treatment that cannot wait for
even a few minutes. Moreover, they need to
be observed very carefully and the imaging
department does not have the facilities to do
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Table 16. Anticipated results of therapy of DKA.

— Will fall 5.5 mmol/I (100 mg/dl) over each of the first 6 hours. Reasons for

Glucose:

fall are dilution (early), glucosuria (mid-time) and metabolism (late).
Sodium: — Rise in the Pna of 1.6 mmol/l per 100 mg/dl (5.5 mmol/l) decline

in Pgiu owing to a shift of water into the ECF.
Potassium:

— Sudden fall over 1 — 2 hours owing to shift of K into cells when insulin acts.

— This is the best early indicator of the biological actions of insulin.

Bicarbonate:

— Will not rise for several hours.

— The PHco3s will be close to 16 — 18 mmol/l once
ketoacidosis largely disappears (6 — 8 hours later).

— The Quick test may actually become more positive, despite less ketoacidosis

Ketoacids: — Slow steady decline over 8 hours to 1 mmol/l range.
— Serum quick test for ketones will be positive much longer.
owing to conversion of H®B-HB to H®AcAc.
Anion gap: — Fall in parallel with ketoacids, will return to normal in 8 — 12 hours.

Complications: - See Table 15.
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Figure 17. Risk factors for cerebral edema. The
solid rectangle represents the skull. The 2 risk fac-
tors for swelling of brain cells are shown on the left
and include a higher concentration of glucose
and/or its metabolites in the brain due to rapid lower-
ing of the Payy (site 1) and activation of the Na* : H*
exchanger (NHE) by insulin (site 2). The factors
causing expansion of the ECF volume are shown on
the right and could be the result of a less restrictive
blood brain barrier (site A), a fall in the colloid os-
motic pressure (COP) in plasma (site B), and/or the
excessive administration of saline (site C). Repro-
duced with permission [187].
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this. Even when one has the results of the im-
aging studies, changes in the clinical state can
occur so rapidly that this result may not mirror
the current status in a timely fashion.

Pathophysiology of Cerebral Edema

A more detailed view of the pathophysiol-
ogy of cerebral edema will be considered un-
der the following headings (Figure 17).

Factors related to an expansion of the
ECF compartment of the brain: One can
think of these as early or later events. The
early factors might include a less restrictive
blood brain barrier (BBB), the use of an initial
bolus of saline, especially if there is not a
hemodynamic reason to give it, and an initial
decline in the colloid osmotic pressure of
plasma. In more detail, although somewhat
controversial, there is evidence of subclinical
cerebral edema before therapy is instituted
when CT scans of the brain were examined
[106— 108]. This may be the result of'a less re-
strictive BBB that permits the intracranial
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ECF volume to increase, effectively bypass-
ing the protective mechanisms that normally
exist to prevent a rise in intracranial pressure.
The initial bolus of saline will be distributed
on first pass in the blood volume and cause a
sudden rise in hydrostatic pressure and a fall
in the colloid osmotic pressure of arterial
blood. In addition to the fall in albumin con-
centration, the colloid osmotic pressure could
decrease due to a fall in the Donnan force in
plasma, possibly the result of a less anionic
charge on albumin associated with rapid
re-expansion of the ECF volume [109].
Hence Starling forces together with a less re-
strictive BBB could act in concert to expand
the volume of the intracerebral ECF compart-
ment further. The message we derive from
these analyses is: a large bolus of saline
should not be given unless there is frank
hemodynamic collapse in children with
DKA.

Factors associated with a rise in brain
cell volume: There are two factors to con-
sider, a fall in the effective Posm and a rise in
intracellular osmoles. Firts treatment regi-
mens that have been associated with cerebral
edema usually cause a significant fall in the
effective Posm (Equation 10). A rapid fall in
the Pgiy, may predispose to cerebral edema by
allowing the shift of water into brain cells (a
compartment with an osmolality that de-
creases less rapidly than the effective Pogm).
As partial compensation for the high effective
Posm in a patient with DK A, the brain seems to
accumulate osmoles such as sorbitol, fruc-
tose, taurine and glutamine that minimize the
degree of water shift out of brain cells. Once
the Posm falls, however, these organic osmoles
cannot be removed rapidly from brain cells
and they will attract water, contributing to the
development of cerebral edema [110]. Sec-
ond, one should avoid an initial bolus of insu-
lin because it may cause an increase in the
number of particles in cells of the brain [105].
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In more detail, insulin activates the Na'-H"
exchanger in the cell membrane (Figure 9).
By causing an increase in the entry of Na " into
brain cells along with the exit of H' that were
bound to intracellular proteins, there will be a
net increase in the number of particles in the
ICF, and this will draw water into these cells.

The Pnais typically much higher in children
for a given degree of hyperglycemia (i.c.,
with a Pgyy of 50 mM (900 mg/dl), the Pxa is
usually in the 125 — 130 mM range in adults
[81, 104] but closer to 140 mM in children
[93, 111]. We speculate that this could reflect
the higher GFR early in type 1 diabetes mel-
litus leading to a higher rate of glucosuria for
the same degree of hyperglycemia. Moreover,
the Una + Uk in this urine is close to '/3— '/
isotonic saline (plus glucosuria). Hence there
would be a larger excretion of electrolyte-free
water in children.

Issues for Therapy

The best strategy is to prevent cerebral
edema from developing. This can probably be
achieved by avoiding therapies that will
over-expand the ICF and ECF volumes of the
brain. We would not administer a bolus of in-
sulin to treat DKA in children. The initial sa-
line infusion should be targeted to avoid cir-
culatory collapse — we would not otherwise
give a bolus of saline. Once the patient is
hemodynamically stable, the Na' deficit
should be replaced slowly, with an upper limit
of 6 —9 mmol/kg depending on the initial im-
pression of the degree of ECF volume con-
traction (use the hematocrit if possible) [69].

In children, we use isotonic saline to avoid
a fall in the effective Posm (Equation 10). The
target value for the Py, in the first 5— 15 hours
is that which keeps a constant effective Posm.
Adding KCIl, to isotonic saline is a good
choice when the patient is undergoing a rapid
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Figure 18. Fall in the effective plasma osmolality
and the development of cerebral edema. For details,
see text. Arise in the Pna is needed to prevent a fall in
the effective Posm when there is a fall in the Pgiu. The
Pna must rise by '/, the fall in the Pgyy to maintain a
constant Posm of 330 mOsm/kg H20.

glucose-induced osmotic diuresis because
this will defend the effective Posm when the
Pgu falls. There is evidence to suggest that
maintaining a constant “effective” Posm at the
expense of hypernatremia may protect against
cerebral edema [93]. This can be accom-
plished by permitting the Py to rise by half the
fall in Pgp in mM terms (Equation 10),
thereby keeping the effective Posm constant
(Figure 18). As mentioned earlier, the Pn, in
children with DKA who have a Pgp, of 50 mM
(900 mg/dl) is usually close to 140 mM [93,
111]. When this Pg, falls by 30 mM (540
mg/dl), the Pna would have to rise by 15 mM
to 155 mM to keep the effective Posm constant
(Equation 10). To achieve this aim, the intra-
venous solutions must have the same effec-
tive osmolality as the Posm in an oliguric pa-
tient or as the urine when the patient has a
large urine output.

If signs of cerebral edema did develop,
hypertonic saline or mannitol should be in-
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fused rapidly to reverse cerebral edema by
drawing water out of the brain [112]. Our aim
would be to give enough hypertonic solutes to
see a prompt clinical response. Usually, this
would require an increase in the effective Posm
of 10 mOsm/kg H,O (administer 10 mmol of
mannitol or 5 mmol of hypertonic NaCl/l
body water using the clinical response as your
guide).

Precipitating Events

During therapy for DKA, it is also neces-
sary to treat any precipitating event or accom-
panying illness. Although clinical rhabdo-
myolysis is uncommon, enzymes of muscle
origin (CPK, AST, and LDH) are often ele-
vated in plasma. Thrombotic events in veins
due to a slow blood flow rate should also be
anticipated.

Alcoholic Ketoacidosis

Alcoholic ketoacidosis is seen following
binge drinking of large amounts of ethanol
complicated by poor food intake and vomit-
ing (usually due to alcohol-induced gastritis)
[113, 114]. The lack of food intake and the
ECF volume depletion lead to suppression of
insulin secretion via an a-adrenergic effect
[115]. This combination of hormonal changes
both increases lipolysis in adipose tissue
(stimulation of hormone-sensitive lipase) and
diminishes hepatic lipogenesis (inhibition
of hepatic acetyl-CoA carboxylase (ACC))
(Figure 16).

Ethanol, the principal carbon source for the
formation of ketoacids, is metabolized in the
liver to produce acetyl-CoA. Constraints set
by the rate of turnover of ATP in hepatocytes
limits the rate of oxidation of acetyl-CoA to
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produce ATP [85, 86]. This, together with the
inhibition of the synthesis of fatty acids in
liver (inhibition of ACC by the low insulin
and high circulating counter-insulin hor-
mones such as adrenaline and glucagon),
leads to the rapid formation of ketoacids. The
acidosis may be quite severe and have a rela-
tively rapid onset, with ketoacid anion levels
of up to 20 mM; it is associated with an in-
crease in the anion gap in plasma. Establish-
ing the diagnosis of alcoholic ketoacidosis
may not be straightforward. One reason is
that there are frequently coexisting acid-base
disturbances that result in the blood pH being
normal or even alkalemic in up to 50% of pa-
tients. Metabolic alkalosis commonly occurs
as a result of the vomiting, and respiratory
alkalosis may occur due to stimulation of
ventilation by alcohol withdrawal or aspira-
tion pneumonia.

The second difficulty in diagnosis is that
there is occasionally a falsely low or perhaps
negative screening test for ketones [116]. The
nitroprusside reagent reacts with acetoacetate
and acetone. Acetoacetate is in equilibrium
with B-HB in a reaction catalyzed by the
enzyme [-hydroxybutyrate dehydrogenase
(Equation 12). This isan NAD -NADH linked
reaction and the ratio of end products depends
on the NAD/NADH ratio which in turn re-
flects the redox state in liver cells. In alco-
holic ketoacidosis, the NAD/NADH ratio in
the liver is often more reduced than usual due
in part to the metabolism of ethanol (which
generates NADH) or to tissue hypoperfusion
as a result of the marked degree of ECF vol-
ume contraction. In this setting, the more re-
duced NAD'/NADH ratio increases the
amount of B-hydroxybutyrate relative to that
of acetoacetate so that the screening test for
ketones may be falsely low.

AcAc +NADH+H" <> B-HB +NAD" (12)
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The diagnosis of alcoholic ketoacidosis is
therefore suspected in light of the clinical sit-
uation and laboratory abnormalities noted
above. A key finding is that the Pgi, is not
very elevated as it would be in DKA. Attimes
it is difficult to distinguish alcoholic
ketoacidosis from methanol or ethylene gly-
col poisoning as the primary cause of acido-
sis. This diagnosis is very important to make
because therapy differs. Both can cause meta-
bolic acidosis, a high anion gap in plasma, an
elevated value for the plasma osmolal gap,
and a near-normal Pgy,. Nevertheless, there is
one clinical clue that can help — if the ECF
volume is not very contracted, one would sus-
pect methanol or ethylene glycol overdose. A
direct assay for methanol and ethylene glycol
is needed to establish the diagnosis.

Treatment of Alcoholic Ketoacidosis

The treatment of alcoholic ketoacidosis is
usually straightforward. Isotonic saline is re-
quired to correct the marked degree of ECF
volume depletion [113]; if the Pgyy, is defi-
nitely low, a small quantity of glucose should
be added to raise the Pgiy to the high-normal
range. The higher Pgi, should now stimulate
insulin secretion and thereby, diminish the
rate of ketoacid production. Attention must
be paid both to K and phosphate depletion,
which are common in this disorder. Treatment
with NaHCOs is rarely required because the
degree of acidemia is usually mild and the net
production of ketoacids can be reversed
quickly with appropriate intravenous fluid
therapy. One must bear in mind that a defi-
ciency of thiamin might be present in a patient
who is malnourished so this vitamin must be
given with the initial therapy in this setting.

The prognosis is usually excellent; in one
case series only about 50% of the patients re-
quired hospital admission, and the mortality

1-3 - Update 2 (2005) 39

1.3



Chapter | - Clinical Nephrology and Hypertension

Table 17. Causes of L-lactic acidosis.

Type A (hypoxic)

— circulatory failure (cardiogenic shock or
secondary to sepsis)

— severe hypoxemia (lung problem or high
altitude)

— severe anemia

— excessive demand for oxygen (e.g.
generalized seizure, vigorous exercise)

Type B (compromised metabolism of L-lactate)
— a variety of diseases that severely affect the
liver

inhibition of gluconeogenesis (e.g. by ethanol)
inborn error of metabolism affecting pyruvate
dehydrogenase, the tricarboxylic acid

cycle, or the electron transport system
thiamine deficiency

riboflavin deficiency or low bioactivity
isoniazide (vitamin Bg deficiency)

rate was only 1% including problems related
to underlying lesions such as pneumonia and
pancreatitis [114].

Ketoacidosis of Prolonged Fasting

Ketoacidosis of fasting is usually a mild
disorder with a Pucos that is characteristically
close to 18 mM and an anion gap that is less
than 19 mEq/1 (suggesting that the accumula-
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tion of ketoacid anions is not more than 7
mM). The rate of production of ketoacids is
close to that in DKA, but the rate of produc-
tion is matched by the removal of ketoacids
by oxidation in the brain and kidneys plus
their excretion with NH4" in the urine [46].
The Pgyy is usually close to 60 mg/dl (3 mM).
Specific treatment for this form of ketoaci-
dosis other than re-feeding is not required be-
cause it is rapidly cured by intake of carbo-
hydrate.

L-lactic Acidosis

L-Lactic acidosis may be classified into
two major categories depending on whether
or not the supply of oxygen is matched to tis-
sue demands for energy metabolism. In type
A L-lactic acidosis, the production of L-lactic
acid is increased and its removal impaired be-
cause of tissue hypoxia (Figure 19). In con-
trast, in type B L-lactic acidosis, hepatic re-
moval of L-lactate is impaired for reasons
other than hypoxia [117] (Table 17).

Type A Lactic Acidosis

Type A L-lactic acidosis is particularly frus-
trating to treat because its underlying cause

Figure 19. Biochemistry of
L-lactic acidosis. The major
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L-lactic acid can also accumu-
late when the ability to metabo-
lize L-lactate is compromised.
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may be extremely difficult to reverse. Exam-
ples include cardiogenic shock, septic shock,
and multiple organ failure. It is also important
to recognize that the rate of net L-lactate pro-
duction may be extremely rapid, resulting in
severe acidosis very quickly. It is widely be-
lieved that the accumulation of the L-lactate
anion per se is not harmful and is important
only as a sign of serious metabolic dys-
functions. Nevertheless, the L-lactate anion
can chelate ionized Ca®" [118 — 120], an ion
that is critical for myocardial contraction
[121]. In addition, Veech and Fowler [122]
have suggested that a higher NADH/NAD " ra-
tio can impair metabolism. Therefore there are
theoretical reasons to suspect a primary role
for the L-lactate anion in the poor outcome.

Hypovolemic shock: L-lactic acidosis
caused by hemorrhage or extensive loss of
Na-rich fluid (diarrhea, etc.) is the easiest of
the causes to treat. Infusion of isotonic saline
is the most appropriate initial therapy for
most patients. In patients with severe hypo-
albuminemia, colloids, such as albumin or
plasma, may also be given. Whether one
should add NaHCOs to the initial intravenous
fluid depends on the factors discussed earlier
— the severity of the acidosis, the respiratory
compensation, the Pk, and probably most im-
portant, the likelihood of rapid reversal of the
underlying cause of the hypovolemia. Usually,
correction of hypovolemia will correct tissue
hypoxia and rapid reversal of the L-lactic aci-
dosis due to metabolic conversion of the ac-
cumulated L-lactate anions to HCO3" should
be anticipated (~ 4 — 8 mmol of L-lactate may
be removed per minute via oxidation or
gluconeogenesis [2]).

Cardiogenic shock: This is much more
difficult to manage, because the underlying
cause of the tissue hypoxia — low cardiac out-
put — is often difficult to reverse rapidly. Key
issues to consider in patients with this diagno-
sis are ensuring that left ventricular filling
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pressure is adequate (which usually requires
pulmonary capillary wedge pressure mea-
surement) and that readily treatable causes of
cardiogenic shock such as pericardial tam-
ponade are not overlooked. The use of ino-
tropes, afterload reducing agents, and/or an
intraaortic balloon pump may be required.
The administration of NaHCOs3 is often of
limited use because of constraints imposed
by ECF volume expansion and pulmonary
edema.

Septic shock: L-lactic acidosis in a patient
with sepsis is a grave prognostic finding.
Treatment of the underlying infection with
appropriate antibiotics, surgical drainage of
an abscess if present, optimization of intra-
vascular volume, and the use of inotropic
agents are all essential, but often futile once
multiple organ failure is present.

Use of dichloroacetate: One approach to
treatment of patients with L-lactic acidosis is
to use dichloroacetate (DCA) [123]. DCA ac-
tivates the pyruvate PDH and thereby facili-
tates pyruvate (and therefore L-lactate) re-
moval via metabolic conversion to acetyl-
CoA and then to CO» and water. This may al-
low for more regeneration of ATP per molec-
ular of Oz consumed because now glucose or
L-lactate rather than fatty acids are selected as
the fuel to be oxidized [124]. DCA may have
beneficial effects on myocardial function via
a similar mechanism.

Early reports on the use of DCA in critically
ill patients with L-lactic acidosis were some-
what encouraging. Notwithstanding, a pro-
spective, randomized controlled trial of 252
patients with L-lactic acidosis, the majority of
whom had sepsis and multi-organ failure,
failed to show clinically significant benefit of
DCA [125]. The results are not surprising
considering that 18 mmol of H' are produced
when 18 mmol of ATP are regenerated by an-
aerobic glycolysis, but only 1 mmol of H is
removed when the same amount of ATP is re-
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generated by the aerobic oxidation of L-
lactate [2]. Therefore one cannot overcome a
rapid rate of production of L-lactic acid by en-
hancing its rate of removal unless anaerobic
glycolysis is inhibited. Furthermore, as
pointed out before, L-lactic acidosis per se
maybe an epiphenomenon that reflects the
presence of serious metabolic dysfunctions.

Type B L-lactic Acidosis

Hepatic disease: L-lactic acidosis is fre-
quently seen in patients with acute hepatic ne-
crosis with liver failure, such as that caused
by viral hepatitis. It may also be seen as a
more stable, chronic L-lactic acidosis where
L-lactate removal is impaired in patients, for
example, with malignancy that have liver
metastases or infiltration with or without a
large tumor burden outside the liver. The
mechanisms that contribute to the L-lactic ac-
idosis in these patients include replacement of
a sufficient number of liver cells with tumor
cells to impair L-lactate removal, production
of metabolites by tumor cells such as the
amino acid tryptophan that may lead to inhi-
bition of hepatic gluconeogenesis, and/or the
fact that tumor cells produce a quantity of
L-lactic acid that exceeds the hepatic capacity
to remove it in this setting.

Administration of NaHCOj to patients with
type B L-lactic acidosis due to liver disease
may have negative effects. First, the NaHCO3
may increase L-lactate production (from glu-
cose) by de-inhibiting phosphofructokinase-
1 in malignant cells. Thus if the source of this
glucose is ultimately from gluconeogenesis, a
considerable amount of lean body mass may
be lost [126]. Second, if for instance 150
mmol of NaHCOj3; were given along with 1 1
of DsW, the 276 mmol of glucose provided
could be converted to 552 mmol of H' (2
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L-lactate- and 2 H' per glucose), a quantity
that exceeds the 150 mmol of HCO3" given.

Thiamin deficiency: Thiamin (vitamin By)
deficiency is a specific example of type B
L-lactic acidosis that merits emphasis. Thia-
min is an essential cofactor of the PDH com-
plex, an enzyme required for the regeneration
of ATP from glucose [2, 127]. A special cir-
cumstance where the effect of thiamin defi-
ciency can be very acute occurs when keto-
acids were the main brain fuel (alcoholic
ketoacidosis), but ketoacids disappeared
when insulin levels rise (restoration of ECF
volume, especially if hyperglycemia is also
present). The target organ for a deficit of thia-
min is the brain for two reasons: first, the
brain is dependent on glucose as its energy
fuel, and therefore flux through the PDH must
occur in order to have ATP regeneration (un-
less ketoacids are present); second, there are
very high rates of ATP turnover in certain ar-
eas of the brain. Hence, one can anticipate
two hazards from a deficiency of thiamin, a
local deficit of ATP, and a consequent local
H" accumulation in an organ with limited
buffer capacity. This may help explain why
Wernicke-Korsakoff syndrome develops in
these patients. Treatment is obviously thia-
min replacement before the ketoacid concen-
tration in plasma falls to very low levels.

Thiamin deficiency is most often seen in al-
coholics who are poorly nourished, but it has
also been described in patients receiving total
parenteral nutrition when thiamin was not
supplemented. The clinical manifestations of
the L-lactic acidosis due to thiamin defi-
ciency are confusion, hypotension, tachycar-
dia, tachypnea and signs of congestive heart
failure.

Ethanol: The acidosis observed in patients
who have consumed large quantities of etha-
nol is frequently multifactorial. One compo-
nent that may be observed in addition to
ketoacidosis is L-lactic acidosis. The degree
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of L-lactic acidosis is usually mild (< 5 mM)
because it reflects the more reduced
NADH/NAD" ratio due to ethanol metabo-
lism that is largely restricted to the liver. A
more severe degree of L-lactic acidosis sug-
gests that there is L-lactic acid overproduc-
tion caused by hypoxia (resulting from shock
due to gastrointestinal bleeding, for exam-
ple), thiamin deficiency, seizures (alcohol
withdrawal, delirium tremens, and/or a CNS
lesion), or L-lactic acid underutilization due
to severe liver disease. The management of
this situation is mainly supportive, including
normalization of the ECF volume and provi-
sion of thiamin. Once ethanol is completely
metabolized, NADH levels will fall, L-lactate
will be converted to pyruvate, and thereby to
either glucose and/or CO, and water. This
will lead to the regeneration of HCO3", and
the resolution of the L-lactic acidosis.

Biguanides: Biguanides are frequently
used for patients with type 2 diabetes to lower
the Pgiu. Initially, phenformin was the drug
that was used, but because it led to the devel-
opment of L-lactic acidosis [128], its use was
curtailed. Currently, metformin is the drug of
choice in this class — it does not seem to be a
single cause of L-lactic acidosis [128b].
Biguanides, are lipophylic weak acids that
can cross the mitochondrial membranes and
cause uncoupling of oxidative phosphory-
lation in a fashion similar to dinitrophenol.
The reason for the higher likelihood of L-lac-
tic acidosis with phenformin than metformin
is that phenformin has a larger hydrophobic
end. Certain conditions lead to higher blood
levels of these drugs, including renal insuffi-
ciency, reduced liver function or alcohol
abuse, and heart failure and therefore, pa-
tients with these conditions are more predis-
posed to serious L-lactic acidosis with this
class of drugs.

Antiretroviral drugs: L-lactic acidosis
has been reported in patients with HIV infec-

tion treated with various antiretroviral agents.
The agent most frequently associated with
L-lactic acidosis is zidovudine [129], but
didanosine, stavudine, lamivudine, and indi-
navir have also been implicated. Antiretro-
viral drug therapy is associated with mito-
chondrial myopathy as well as hepatic stea-
tosis. Either muscle or liver involvement
could, in theory, explain the L-lactic acidosis.
Initially, mitochondrial myopathy, as mani-
fested by ragged-red fibers and mitochondrial
DNA depletion, was thought to be the main
mechanism of L-lactic acidosis. Because the
L-lactic acidosis did not become much more
severe with exercise [129], we suspect that a
more likely mechanism of the lactic acidosis
might be the massive hepatomegaly and
steatosis (Figure 20). This view was sup-
ported by the fact that a small dose of ethanol
markedly increased the degree of L-lactic
acidosis [129].

Riboflavin deficiency and/or tricyclic
antidepressants: The active metabolites
formed from vitamin B, (riboflavin), flavin
mononucleotide (FMN) and flavin adenine
dinucleotide (FAD), are components of the
mitochondrial electron transport system, the
principal pathway to regenerate ATP, and for
the enzyme, glutathione reductance. Ribofla-
vin must be activated via an ATP-dependent
kinase to produce FMN and FAD (Figure 21).
This kinase is inhibited by tricyclic antide-
pressant drugs, such as amitriptyline and
imipramine [130]. The activity of the kinase
is decreased in hypothyroidism. Decreased
activity of this kinase in a patient with myx-
edema crisis was associated with pyro-
glutamic acidosis [131]. Patients who con-
sume a diet that is poor in B vitamins and take
this class of antidepressants, can develop a
chronic form of L-lactic acidosis. The reason
that this is a chronic steady state L-lactic acido-
sis is still not clear.
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Figure 20. L-lactic acidosis and anti-retroviral drugs. The major basis for
L-lactic acidosis is due to a problemwith L-lactic metabolism in the liver.
While alower activity of the mitochondrial electron transport systemis pos-
sible, we favor the hypothesis that a large replacement of liver paren-
chyma by triglyderides (hepatic steatosis, depicted by the gray ovals)
could explain why there is a reduced rate of L-lactic acid removal and a

sensitivity to ethanol-induced L-lacitc acidosis.

The diagnosis is suspected by the history,
and riboflavin deficiency is supported by
finding a low activity of glutathione reductase
in erythrocytes (a flavoprotein-dependent en-
zyme). Riboflavin supplementation leads to a
prompt reversal of the metabolic acidosis in
these patients suggesting that the defect is via
competitive inhibition that is overcome by
high riboflavin levels [132, 133].
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Figure 21. L-lactic acidosis and riboflavin defi-
ciency. Riboflavin (vitamin B2) must be activated to
FMN or FAD to become an active component in the
electron transport system, the mitochondrial path-
way to regenerate ATP. Either a deficiency of ribofla-
vin or inhibition of its kinase by tricyclic antidepres-
sant drugs can lead to low levels of FMN and/or
FAD.
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Isoniazide: Prolonged convulsive seizure,
regardless of cause, can lead to L-lactic acido-
sis. The seizure disorder induced by isonia-
zide is interesting because of its mechanism
and clinical importance (Figure 22). Of note,
the incidence of tuberculosis is rising world-
wide and isoniazide is frequently used for its
therapy.

The mechanism of the seizure and L-lactic
acidosis may be the result of the formation of
an isoniazide-vitamin Bs complex, pyridoxal-
-isonicotinoyl-hydrazone, via a non-enzyma-
tic reaction. This results in a rapid develop-
ment of vitamin B (pyridoxine) deficiency
state [134]. Pyridoxal phosphate is a cofactor
for the enzymatic reaction of glutamic acid
decarboxylase in which glutamate is con-
verted to gamma amino butyric acid (GABA).
GABA is an inhibitory neurotransmitter.
Therefore a deficiency of GABA could result
in increased excitability and thereby lead to a
seizure [135].

Patients on chronic hemodialysis are at in-
creased risk of isoniazide-induced toxicity
because they tend to be deficient in vitamin
Bg due to the efficient removal of this vitamin
by hemodialysis. Vitamin Bg deficiency can
be suspected by finding a low activity of
alanine aminotransferase in erythrocytes.
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Figure 22. L-lactic acidosis
due to the metabolism of isoni-
azide. For details, see text. The
major cause of L-lactic acido-
sis is a seizure due to vitamin
Be deficiency (site 1). A minor
contributor to the development
of lactic acidosis could be
the chelation of iron (site 2) that
diminishes the L-lactic acid re-
moval rate, ETS electron
transport system.

There are two factors that contribute to the
degree of L-lactic acidosis (Figure 22). First,
the deficiency of vitamin Be is responsible for
isoniazide-associated seizure and thereby
L-lactic acidosis. This is supported by the fact
that there is a rapid and almost invariable ces-
sation of seizure and recovery from L-lactic
acidosis in response to a large dose of intrave-
nous vitamin Bg [136 — 138]. The recom-
mended dose of vitamin Bg for treatment of
isoniazide toxicity is the same gram amount
as the isoniazide dose ingested. If the amount
of isoniazide is unknown, the recommended
approach is to give 5 g of pyridoxine in 500
ml of fluid over 2 hours [138]. The second
factor that could contribute to the degree of
L-lactic acidosis is iron deficiency caused by
chelation of iron by the isoniazide-vitamin Be
complex. This could result in an electron
transport defect and hence higher production
of L-lactic and also a slower rate of its re-
moval via gluconeogenesis because of the
need for iron as a cofactor in both processes.

Methanol Poisoning

Methanol is metabolized by hepatic alcohol
dehydrogenase. It is, however, a poor sub-
strate for this enzyme and therefore high lev-
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els of methanol are needed for an appreciable
rate of methanol metabolism. The molecular
weight of methanol is only 32, so subjects do
not need to ingest a large number of grams of
methanol to produce an appreciable quantity
of toxic metabolites. One can suspect that
methanol is present from the history and the
laboratory findings of a large plasma osmolal
gap or metabolic acidosis accompanied by a
large increase in the anion gap in plasma
[139]. Note that the osmolal gap in plasma is
due to methanol whereas the anion gap in
plasma is due to formate anions. Therefore,
later in the disorder when methanol has been
largely oxidized, the plasma osmolal gap will
not be elevated, but a high anion gap type of
metabolic acidosis may be present.

The consequences of methanol ingestion
may be classified as those arising from the ef-
fects of methanol itselfand those of its metab-
olites. Methanol causes inebriation like etha-
nol. The serious toxicity of methanol arises
from its metabolism to yield formaldehyde.
Further metabolism of formaldehyde yields
formic acid; however, acidosis is not usually
the major concern. Formaldehyde is highly
toxic to the central nervous system resulting
in progressive coma and thalamic hemor-
rhage. The enzyme retinol dehydrogenase is
located in the retina and it can catalyze the
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conversion of methanol to formaldehyde and
this leads to optic neuritis and blindness.

There may be difficulties in diagnosing
methanol poisoning. In many cases, the origin
of the ingested methanol is not recognized
(e.g., substitution of methanol for ethanol in a
recreational setting), so that clinical suspicion
of the diagnosis may be lacking. Because
methanol has such a low affinity for alcohol
dehydrogenase, methanol toxicity can be de-
layed if ethanol is also ingested. Conse-
quently, if one relies on finding metabolic aci-
dosis, the diagnosis may be missed early on,
even though plasma methanol levels are high.
Accordingly, if there is the slightest suspicion
that methanol may have been consumed and
the plasma osmolal gap is significantly ele-
vated, specific assays in blood for methanol
should be undertaken. Another clue is that
metabolic acidosis is present when the ECF
volume is not appreciably contracted.

Treatment of Methanol Poisoning

First and foremost, the rate of metabolism
of methanol to toxic end products should be
slowed by giving ethanol or an inhibitor of
alcohol dehydrogenase, 4-methylpyrazole
(fomepizole, Antizol). The methods for ad-
ministering Antizol and ethanol are described
in the section on ethylene glycol.

Prognosis: The prognosis in methanol poi-
soning is closely related to the pH at presenta-
tion, with almost 100% mortality seen when
the pH is less than 6.80. It is likely that the
mortality is not caused directly by acidemia
itself, but that the severity of acidosis reflects
the generation of formaldehyde that causes
the central nervous system toxicity. There-
fore, although acidosis should be aggres-
sively treated, the removal of methanol and its
metabolites is the key to successful treatment.
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Ethylene Glycol Poisoning

Ethylene glycol (automobile antifreeze,
molecular weight 62) is readily available and
is highly toxic. Like methanol, ethylene gly-
col is metabolized by the liver alcohol dehy-
drogenase to a variety of toxic end products.
Patients with ethylene glycol poisoning have
similar findings to those with methanol poi-
soning — CNS depression, increased anion
gap metabolic acidosis and increased plasma
osmolar gap. They differ in that they will of-
ten develop acute renal failure and pulmonary
edema. The diagnosis may be suspected with
the above findings plus abundant oxalate crys-
tals in the urine, and confirmed by an assay that
quantitates ethylene glycol in blood.

Treatment of Methanol and Ethylene Glycol
Poisoning

The principles of treatment of ethylene gly-
col poisoning are virtually identical to that for
methanol. They include administration of
ethanol to achieve blood concentrations of
about 20 mM (100 mg/dl) in order to reduce
ethylene glycol metabolism, and removal of
ethylene glycol and its metabolites by hemo-
dialysis. One could administer fomepizole, an
inhibitor of hepatic alcohol dehydrogenase,
instead of ethanol. The major difference in
treating ethylene glycol poisoning is that
when acute oliguric renal failure is present,
ECF volume overload or pulmonary edema
may limit the amount of NaHCOj3 that can be
administered so early dialysis is critically
important.

Ethanol administration: Maintenance of
a plasma ethanol level of about 20 mM (100
mg/dl) nearly completely inhibits methanol
and ethylene glycol metabolism. Since etha-
nol distributes throughout total body water,
administer a bolus 0of 0.6 g of ethanol per kg of
body weight to increase its plasma level by 1
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mg/ml (100 mg/dl). The maintenance dose
should be equal to the expected metabolic re-
moval rate for ethanol; at a plasma level in ex-
cess of 3 mM (14 mg/dl) — the hourly amount
of ethanol removal is about0.11 g per kg body
weight [140]. In an alcoholic patient, the
amount of ethanol metabolized is expected to
be about 50% higher, and hence about 0.16 g
of ethanol per kg body weight should be in-
fused hourly. In a patient on hemodialysis,
one can increase the rate of infusion of etha-
nol or add ethanol to the dialysis bath to
achieve a concentration of 20 mM. The only
way to ensure an optimal ethanol plasma level
is to measure ethanol levels frequently and
adjust its rate of infusion.

Administration of fomepizole (4-methyl-
pyrazole): The target level of fomepizole in
humans is 100 — 300 pwmol/1 (8.6 —24.6 mg/1)
to assure near-complete inhibition of hepatic
alcohol dehydrogenase. Its plasma half-life
varies with the dose, even in patients with
normal renal function. Fomepizole distrib-
utes rapidly in total body water. With multiple
doses, fomepizole augments its own metabo-
lism by inducing the cytochrome P450 mixed-
function oxidase system; this effect increases
the elimination rate by about 50% after about
30 —40 hours. The side effects of fomepizole
include headache, nausea, dizziness, and al-
lergic reactions (rash and eosinophilia). Ve-
nous irritation and phlebosclerosis occur if
the drug given is undiluted; therefore it
should be diluted with at least 100 ml 0f0.9%
sodium chloride or DsW.

The loading dose is 15 mg/kg, followed by
10 mg/kg q2h for four doses, then 15 mg/kg
ql2h (because of the P-450 enzyme induc-
tion) thereafter until the toxic alcohol level is
less than 20 mg/dl. All doses should be ad-
ministered as a slow intravenous infusion
over 30 minutes. Fomepizole is dialyzable
and the frequency of dosing should be in-
creased to q4h during hemodialysis.
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Salicylate Intoxication

The most common acid-base disturbance
associated with salicylate intoxication is re-
spiratory alkalosis due to central respiratory
stimulation [141]. Metabolic acidosis may
complicate the picture, however, especially in
children. Because toxic levels of salicylate
are considerably less than 10 mM (140 mg/dl),
the elevation of the plasma anion gap in salic-
ylate-associated metabolic acidosis is caused
by the accumulation B-HB, sometimes L-
lactate anions, and other unidentified organic
anions in addition to a small contribution by
salicylates. Acidemia is uncommon because
of coexisting respiratory alkalosis.

Treatment of Salicylate Intoxication

Treatment of salicylate intoxication is aimed
at increasing urine salicylate excretion and
preventing the accumulation of salicylates in
brain cells. Salicylate is a weak organic acid
that is transported across cells and renal epi-
thelia, in its undissociated form. Alkalinizing
the urine reduces salicylate reabsorption by
the kidney and this may enhance its excretion;
similarly, alkalinizing the ECF tends to pre-
vent salicylate accumulation in cells, so
acidemia should be avoided.

Alkalinizing the urine can be achieved with
NaHCO; administration. The major risk of this
therapy is excessive elevation of blood pH
because of coexistent respiratory alkalosis
and the risk of worsening pulmonary or cere-
bral edema. If the blood pH exceeds 7.55 as a
result of this therapy, one dose of acetazola-
mide (250 mg) should be given to induce bi-
carbonaturia. Although acetazolamide causes
an acid disequilibrium pH in the lumen of the
PCT, it still promotes salicylate excretion
[142]. One must avoid larger doses of aceta-
zolamide as this may induce significant meta-
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bolic acidosis. Of more importance, aceta-
zolamide will bind to albumin and displace
bound salicylates thereby increasing its toxic-
ity [143]. Acetazolamide also causes exces-
sive losses of K" in the urine due to inducing
bicarbonaturia.

In severe intoxications complicated by the
adult respiratory distress syndrome, cardio-
vascular instability, evidence of cerebral
edema, and possibly with severe elevations in
salicylate level per se (greater than 6 mM),
hemodialysis is the treatment of choice; if
hemodialysis is not available, peritoneal di-
alsis may be used.

Metabolic Acidosis due to
Glue-sniffing

Patients who sniff glue for its intoxicating
properties absorb a significant quantity of
toluene (methylbenzene). Toluene is metabo-
lized via a series of reactions in the liver to
hippuric acid that provides the load of H"
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Figure 23. Metabolic acido-
sis due to the metabolism of
toluene. The metabolism of tol-
uene occurs in the liver. Itis ini-
tiated by cytochrome P450,
and then benzoic acid is pro-
duced via alcohol and aldehyde
dehydrogenases. Hippuric acid
is produced due to conjugation
with glycine (all represented as
site 1 for simplicity). The H are
titrated by HCO3" for the most
part (site 2). The hippurate an-
ion is secreted by the PCT and
excreted in the urine, initially
with NH4" (site 4) and then with
Na® and K* when the capacity
to excrete NH4" is exceeded
(site 5). The excretion of hip-
purate anions with Na* and/or
K* (and not NH4") is the main
reason for the metabolic acido-
sis.

(Figure 23). Despite the production of the
hippurate anion, the plasma anion gap is gen-
erally not significantly elevated because the
kidney, both via filtration and more impor-
tantly by tubular secretion, very efficiently
excretes hippurate. As aresult, there is the de-
velopment of a hyperchloremic type of meta-
bolic acidosis. Together with the anion excre-
tion, variable amounts of urinary excretion of
Na' and K" may be seen, leading to a degree
of ECF volume contraction and hypokalemia,
both of which aggravate the degree of intra-
cellular acidosis (Figure 7). Even though
there is an enhanced rate of excretion of
NH,', this does not result in a negative urine
net charge (i.e., Una+k > Ucy, Figure 11) be-
cause of the very high rate of excretion of the
hippurate anion. The presence of NH4" and
hippurate in the urine could be detected by the
presence of a significant urine osmolal gap
(Figure 11). Thus the clinical features of tolu-
ene intoxication include metabolic acidosis,
near-normal plasma anion gap, normal plas-
ma osmolal gap, ECF volume contraction,
hypokalemia, lower than expected BUN and
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ahighurine osmolal gap. It had formerly been
thought that glue-sniffing was a cause of dis-
tal RTA [144], but the high rate of excretion of
NH," in response to the metabolic acidosis in
many of these patients means that they do not
have distal RTA. Some patients may have an-
other reason for a low rate of excretion of
NH4' (e.g., alow GFR) so they have two rea-
sons for the metabolic acidosis, excessive
overproduction of hippuric acid and a low
rate of NH;" excretion. If the GFR is low
enough, there may now be a high anion gap in
plasma [21].

Treatment of Metabolic Acidosis
due to Glue-sniffing

The treatment of toluene inhalation re-
quires that each of these clinical features be
addressed. When the inhalation of toluene
stops, ultimately the production of hippuric
acid will be diminished, but there can be a lag
of 1 —3 days before there is little hippuric acid
generation because of the large volume of dis-
tribution of toluene [21]. Hypokalemia and
ECF volume contraction need to be corrected
with the administration of KCI and saline, ac-
cording to their severity. If metabolic acidosis
is particularly severe, consideration should be
given to the use of NaHCOj3 because there is
no anion present in the body that can be me-
tabolized to HCOj3". The major caveat to the
use of NaHCO3 in this setting is that coexist-
ing K" depletion could be severe. Given the
risk of a cardiac arrhythmia, the Px must be
raised first to the low 3 range before NaHCO3
is administered because of the concern that
NaHCO3 may exacerbate hypokalemia.

Malluche et al. - Clinical Nephrology, Dialysis and Transplantation -

Organic Acid Load from the GI
Tract (D-lactic Acidosis)

Certain bacteria in the gastrointestinal (GI)
tract may convert carbohydrate (cellulose and
fructose) into organic acids. The three factors
that make this possible are slow GI transit
(blind loops, obstruction), change of the nor-
mal flora (usually with antibiotic therapy),
and the supply of carbohydrate substrate to
these bacteria (foods containing fructose or
sorbitol [145] (Figure 24, [70]). The most
prevalent organic acid is D-lactic acid [71].
Humans metabolize this D-isomer somewhat
more slowly than L-lactate, but acidosis per
se rarely is life-threatening. Although hu-
mans lack the enzyme D-lactate dehydro-
genase, metabolism of D-lactate occurs via the
enzyme D-2-hydroxy acid dehydrogenase.

There are three additional points that should
be noted with respect to D-lactic acidosis.
First, the usual clinical laboratory test for lac-
tate is specific for the L-lactate isomer. Hence
the usual laboratory measurement for lactate
will not be elevated. Second, GI bacteria pro-
duce amines, mercaptans, and other com-
pounds that may cause the clinical symptoms
related to CNS dysfunction (personality
changes, gait changes, confusion, etc.).
Third, some of the D-lactate will be lost in the
GI tract or in the urine (if the GFR is not too
low) [146, 147]. Hence the degree of rise in
the plasma anion gap may not be as high as
expected for the fall in the Phcos.

Treatment should be directed at the GI
problem. The oral intake of fructose and
complex carbohydrates should be decreased.
Antacids should be avoided to decrease the
rate of fermentation. Insulin may be helpful
by lowering the rate of oxidation of fatty acids
and hence permit a higher rate of oxidation of
organic acids (Figure 25). Antibiotics could
be considered to change the bacterial flora.
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Figure 24. Organic acid production in the Gl tract. Bacteria are normally
segregated from dietary sugar by Gl “geography”. For overproduction of
D-lactic acid, bacteria in the lower Gl tract must mix with sugars. The sup-
ply of sugar is critical for organic acid production. Bacteria migrate up to
and proliferate in the small intestine. When provided with sugar in this
“friendly environment”, fermentation produces a variety of organic acids
and noxious alcohols, aldehydes and amines; more are produced if more
alkali is supplied. There must also be enough mucosal surface area to
transport these acids into the body and cause the high plasma anion gap;
otherwise the H* produced might simply destroy luminal HCO3™ from the
secreted NaHCO3 and lead to the loss of Na* plus D-lactate in the stool (a
normal anion gap type of metabolic acidosis). The degree of the acidosis
also depends on the rate that these organic acids can be oxidized and/or

converted to glucose or fat (primarily in the liver).

Pyroglutamic Acidosis

The list of causes of metabolic acidosis
with a high anion gap in plasma does not usu-
ally include pyroglutamic acidosis (PGA) be-
cause it was thought to represent primarily
rare inborn errors of metabolism in the gluta-
thione synthesis pathway (defects in 5-oxo-
prolinase or in glutathione synthetase, Figure
26) [148, 149]. Notwithstanding, there have
been an increasing number of case reports
where PGA accumulated and caused meta-
bolic acidosis with an increase in the anion
gapinplasma[131, 150 —152]. When plasma
levels of PGArose to the 5— 10 mM range, the
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24-h urine contained 50 — 150 mmol of PGA
[131, 150, 151]. The question raised by these
observations is, what is responsible for the
accumulation of PGA?

Key to the understanding of the accumula-
tion of PGA is the fact that the reduced form
of glutathione (GSH) feeds back to inhibit the
enzyme (y-glutamylcysteine synthetase) that
catalyzes the first step in the cycle that leads
to the synthesis of glutathione, the conversion
of glutamate to y-glutamylcysteine (Figure
26) [153].

A major function of reduced glutathione is
to detoxify reactive oxygen species (ROS). In
this process, the reduced form of GSH is con-
verted to its oxidized form (GS-SG) (Equa-



Figure 25. Strategies for ther-
apy in D-lactic acidosis. There
are two families of organic acids
depending on whether they yield
pyruvate or acetyl-CoA, bypass-
ing pyruvate as a metabolic pro-
duct. Organic anions that cannot
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Figure 26. Production of pyroglutamic acid. The pathway begins with glutamate, a key intermediate in
transamination reactions. When there are low levels of reduced glutathione (e.g., due to combination with a
metabolite of acetaminophen), the production of y-glutamylcysteine is stimulated. If the y-glutamylcysteine
so-formed accumulates, pyroglutamic acid will be formed. In addition, if 5-oxyprolinase is inhibited,
pyroglutamic acid will also accumulate. As described in the text, a diminished ability to detoxify ROS is likely to
be more important than the acidosis in this setting. Reproduced with permission [187].
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tion 13). Hence when ROS accumulate, the
concentration of GSH declines and this leads
to an accelerated formation of y-glutamyl-
cysteine (y-GC). This y-GC will be converted
to PGA by the enzyme y-glutamylcysteine
cyclotransferase when its concentration rises
(Figure 26). Components of the glutathione
cycle reside in different compartments of the
cell [1]. This adds to the complexity of under-
standing the regulation of this feedback sys-
tem.

2 GSH+ROS — GS-SG +Inactive ROS  (13)

PGA can be synthesized from glutamate
when an internal peptide bond forms between
its y-carboxyl group and the free a-amino
group (i.e., if glutamate is free or the N-termi-
nal amino acid is a peptide or protein) as long
as the latter’s y-carboxyl group is in an acti-
vated state. A number of drugs have been
identified as potential causes of PGA acidosis.
Some like acetaminophen, after conversion to
a metabolite N-acetyl-p-benzoquinonimide
(NAPBQI), decrease the concentration of
GSH, thereby driving the synthesis of y-glu-
tamylcysteine, and thereby PGA (Figure 26).
Other drugs (e.g., the antibiotic flucloxacillin
[150] and the anticonvulsant, vigabatrin
[154]) may inhibit 5-oxoprolinase. A third
mode of action could be with drugs or inborn
errors of metabolism (e.g., G6PDH defi-
ciency) that result in a diminished concentra-
tion of NADPH, the cofactor that reduces
GS-SG to GSH [1] (Equation 13).

Acid-base aspects: Applying concept 1 to
this pathway, H™ will only accumulate when
the precursor of pyroglutamic acid is gluta-
mine providing that the NH4" so-formed is
metabolized to urea in the liver (Equation 14).

Glutamine — Glutamate® + NHy —
Pyroglutamate + NHs " — Urea+H'™  (14)
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Renal Acidosis

As described in Table 6, renal disorders
may cause metabolic acidosis with either a
normal or an increased anion gap in plasma.
Most causes have in common a reduced rate
of NH;" excretion [56]; in contrast, with a re-
cent onset of proximal RTA, the excretion of
HCO3™ may also contribute to the degree of
metabolic acidosis. Whether the plasma an-
ion gap will be elevated or not depends pri-
marily on the GFR. For example, ifthe GFR is
very low, anions such as phosphate and SO4*
need to have higher concentrations in plasma
to be excreted at their usual rate. This in turn
leads to arise in the plasma anion gap (Figure
6), but it does not usually exceed 22 mEq/1 or
about 10 mEq/l above normal. In this semi-
quantitative interpretation, it is important to
examine the concentration of albumin in plas-
ma because this is the most important constit-
uent of the normal plasma anion gap and
hypoalbuminemia is not an uncommon find-
ing in this group of patients. The possible mo-
lecular basis for a low rate of excretion of
NH,4" (Figure 5) or a high rate of excretion of
HCO3" is shown in Figure 27.

Clinical Approach to a Patient with HCMA

Patients who have HCMA can be divided
into three broad categories based on the rate
of excretion of components of net acid (Table
18). Our approach to patients with HCMA
starts with an assessment of the rate of excre-
tion of NH4" (Figure 28). A low rate of excre-
tion of NHy4 " is the key finding in patients with
distal RTA; it is also expected in patients with
proximal RTA and an alkalinized PCT ICF
pH. In the latter group, the low rate of excre-
tion of NH4" is usually due to a diminished
rate of production of NH4" because of exces-
sive distal delivery of HCO3™ from the PCT. If
an assay of urine NH4" is not available, the



3 Halperin et al. - Disorders of Acid-base Balance

o]

Co,

."I N z-
—e NalHCD3}3

: -~ H*ATPase

Figure 27. Molecular components for H* and HCO3" transport in the nephron. The events in the PCT are
shown in the left portion of the figure and the events in the collecting duct (CD) are shown in the right portion
of the figure. Carbonic anhydrase (CA) is depicted by the small solid circles. Abbreviations: NHE = Na*/H*
exchanger in the PCT; NBC = Na(H003)32" exit step in the PCT; AE = CI'/HCO3" anion exchanger.

urine osmolal gap should be used to reflect
this excretion rate (Figure 11).

If the rate of excretion of NH4" is high in a
patient with HCMA (e.g., overproduction of
B-hydroxybutyric acid) (Figure 28), a renal
component to the acidosis could be present if
there is a large loss of the metabolizable j3-
hydroxybutyrate anions in the urine [155]. It
should be clear that the main cause of the met-
abolic acidosis in this patient is overproduc-
tion of organic acids; nevertheless, the sever-
ity of the acidosis may be aggravated by the
presence of a renal lesion that leads to the loss

Metabaolic Acidosis with
low NH ; excretion

of organic anions (potential HCO3") in the
urine. An excessive rate of excretion of or-
ganic anions in the urine is suspected if the
sum of Na" + K" + NH4" in the urine greatly
exceeds that of CI” (Figure 11).

In a patient with HCMA and a low rate of
excretion of NHy4 ", the basis for low NH4 ' ex-
cretion can be deduced from the urine pH. If
the urine pH is greater than 7, one should ex-
amine the secretion of H' in the PCT (reab-
sorption of HCO3") and in the distal nephron
(Figure 28). We recommend examining the
PCO; in alkaline urine to detect whether there

Whad 5= uirire pH"

L ]

Figure 28. Approach to pa-
tients with HCMA. If there is a

. H}-pcrlul-a-nn'-.:

v L Gkl
low rate of excretion of NHa™, pial: fud fuels
the urine pH is helpful to deter- ' Proximal RTA

mine whether a low distal
and/or proximal H* secretion or
a low NH3 availability was the
cause for the low rate of NH4"
excretion.
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is a defect in distal H' secretion. If urine
PCO; is < 70 mm Hg, a primary H ATPase
pump defect or an alkaline a-intercalated col-
lecting duct cell pH (e.g., CA11 deficiency)
should be suspected. This latter lesion also in-
volves the PCT, causing proximal RTA. If
urine PCO; > 70 mm Hg, suspect a back leak
of H' from the collecting duct or a defect
causing distal HCOj3  secretion (e.g., a
mis-targeted CI/HCO3™ anion exchange.

HCMA with a low rate of excretion of NHs "™
and a low value for the urine pH (the actual
value is difficult to define precisely, but we
consider a low value to be less than 5.3) sug-
gests that there is a reduced availability of
NH,"/NHj3 in the renal medullary interstitial
compartment (Figure 12). The usual causes
for the low NH4"/NH; subgroup are a low
GFR or hyperkalemia (Table 18). In their ab-
sence, we would look for low levels of
glutamine [158], the substrate in plasma for
renal ammoniagenesis, and/or a high level of
fat-derived fuels (e.g., patients on TPN), be-
cause these fuels may compete with
glutamine as the source for regeneration of
ATP in cells of the PCT [159], and hence lead
to a lower rate of production of NH4". Patients
with proximal RTA also have a low rate of ex-
cretion of NHy . This could be due to an alka-
line PCT cell or it could be part of a general-
ized PCT cell dysfunction (the Panconi syn-
drome [156, 157]). Both of these groups of
patients will have hypercitraturia despite the
presence of metabolic acidosis. In the former
group, the hypercitraturia is due to an alkaline
PCT cell and may disappear if an acid load
were administered. In the latter group, the
hypercitraturia is part of the generalized PCT
cell transport defects.
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Loss of NaHCO3 in the Urine

The initial mechanism for the acidosis in
patients with proximal RTA is the loss of
HCO3" in the urine. In contrast, once a steady
state supervenes, chronic metabolic acidosis
is sustained because the rate of NH, " excre-
tion is much lower than expected in this set-
ting [30, 31]. As mentioned above, these pa-
tients will have hypercitraturia despite having
metabolic acidosis. The defect in proximal
HCO3" reabsorption can be demonstrated by
finding a FEnco3 that exceeds 10 — 15% dur-
ing NaHCO3 loading. This, however, need
not be performed because the diagnosis is
usually evident when large doses of NaHCO3
fail to the Pucos the normal range. Proximal
RTA can occur as an isolated defect [160] or
as part of a generalized proximal tubular cell
dysfunction (Fanconi’s syndrome with a
glucosuria, phosphaturia, aminoacidosis,
uricosuria and citraturia among others) [ 156].
The major causes of proximal RTA in adults
include increased blood levels of monoclonal
immunoglobulins found in patients with mul-
tiple myeloma and patients who use the car-
bonic anhydrase inhibitor, acetazolamide. In
contrast, cystinosis [161] and the use of
ifosfamide [ 162] are the most common causes
of proximal RTA in children. The hereditary
isolated proximal RTA is a rare autosomal re-
cessive disease that can present with ocular
abnormalities such as band keratopathy, cata-
racts and glaucoma [163]. Mutations in the
gene encoding for the Na(HCO3)32' co-
transporter (NBC1) has been identified in
these families. The autosomal dominant form
may be caused by mutations in the gene for
NHE [164].

Recently, the use of Chinese herbs was de-
scribed as a cause of the Fanconi’s syndrome
[165]. Typical Chinese herb nephropathy is
associated with acellular interstitial fibrosis
and tubular atrophy. Some of these patients
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have a profound degree of hypokalemia with
muscle paralysis as the presenting feature
[166]. Hypokalemia in other causes of the
Fanconi’s syndrome is usually absent or mild
in degree.

The pathological mechanisms of Fanconi’s
syndrome due to Chinese herb remain un-
clear. Aristolochic acid found in the Chinese
herb has an inhibitory effect on calcium-
dependent phospholipase A>. This may in
turn lead to a defect in energy-producing
or energy-linked transporting mechanisms
and/or have a direct toxic effect on the
brush-border membrane of the tubular cells
that may cause renal tubule injury with the
resultant Fanconi’s syndrome.

From a therapeutic standpoint, the acidosis
in these patients is usually mild and complica-
tions due to the acidosis are minor. These
facts alone argue against alkali therapy in
adults. In addition, if exogenous NaHCO3 is
given, as the Pycos rises temporarily, but its
excretion will also rise markedly. A large in-
crease in delivery of Na" and HCOj  to the
CCD may augment the secretion of K [84],
resulting in hypokalemia and possibly nephro-
calcinosis. In contrast, alkali therapy is useful
in children to prevent growth retardation
[167].

Cause of a Low Rate of Excretion of NH, ™

Renal failure: As the GFR falls, the syn-
thesis of NHy4 " declines in the PCT due to ATP
turnover constraints [33]. Metabolic acidosis
is therefore a common finding with advanced
renal insufficiency, although the degree of ac-
idosis is variable. It is rarely severe enough to
require urgent therapy with NaHCO3. On the
other hand, chronic metabolic acidosis may
contribute to fatigue and anorexia, and also
skeletal muscle wasting [168] and bone dis-
ease [169]. Therefore it is reasonable to give
oral NaHCO:s to these patients to maintain the

Malluche et al. - Clinical Nephrology, Dialysis and Transplantation -

Phcos close to 20 — 25 mM making certain
that the Na" load does not lead to hyperten-
sion or congestive heart failure. With the on-
set of dialysis therapy, acid-base balance is
maintained by the addition of NaHCO3 or a
metabolic precursor of HCO3 (e.g., acetate,
L-lactate) added to the dialysis fluid.

Distal RTA (classical RTA): The hallmark
of distal RTA is a low rate of excretion of
NH;" in a patient with chronic metabolic aci-
dosis, a normal value for the anion gap in
plasma, and a GFR that is not markedly re-
duced [56]. Having defined these compo-
nents, the next step is to find out why the rate
of excretion of NHy " is lower than expected in
this setting. We rely on the urine pH at this
pointto separate the patients into 3 categories,
those with a primary problem with NH3 avail-
ability (urine pH less than 5.3), those where
there is a structural lesion in the renal medulla
that compromises both medullary NH3 avail-
ability and distal H' secretion (urine pH close
to 6), and those with a defect in net distal H'
secretion (urine pH close to 7). In this latter
group, the low rate of excretion of NHy" is
due primarily to reduced distal H" secretion
per se and/or to an excessive amount of
HCOj3™ delivered to or secreted in the distal
nephron (Figure 29). Generalized medullary
damage with a urine pH that s close to 6 is the
most common clinical subgroup [53]. Auto-
immune disorders (such as Sjogren’s syn-
drome and rheumatoid arthritis, hyper-
gammaglobulinemia) are the most common
causes of distal RTA with a very high urine pH
in adults [56]. RTA in patients with Sjogren’s
syndrome seems to be due to a defectin H' se-
cretion in the distal nephron. In some of these
patients, there was an absence of the
H'-ATPase pump in intercalated cells of the
collecting tubule as revealed by an
immunocytochemical analysis of tissue ob-
tained by renal biopsy [170]. It is not known
how the immune injury leads to the loss of
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H'-ATPase activity. It has also been sug-
gested that the defect may be due to
autoantibodies against carbonic anhydrase II,
as high levels of these antibodies were de-
tected in some patients. If these antibodies
could enter cells, one would also expect to
find a defect in H' secretion in the PCT.
Ifosfamide, an analog of cyclophosphamide,
is also a cause of proximal and distal RTA in
both children and adults [162].

Hereditary RTA is most common cause in
children [171]. Familial distal RTA is inher-
ited in both dominant and recessive patterns.
The autosomal dominant form is associated
with mutations in the gene encoding for the
AE [172]. Red blood cells of these individu-
als display normal AE polypeptide abun-
dance. These mutant forms show only a mod-
est reduction in function and do not have a
dominant negative effect when expressed in
heterologous systems. It is not clear how
these mutations lead to the phenotype of dis-
tal RTA. In vivo defects in stability, traffick-
ing or sorting of these mutant anion ex-
changers are possible mechanisms. In Cauca-
sians, AE1 has not been associated with the
recessive form of distal RTA; however, AE1
mutations are the major cause of recessive
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NaHCOg3 in upstream nephron
segments (site 1) or via secre-
tion in the MCD via AE (site 2),
exceeds the usual H* secretion
by the H'-ATPase in the CCD
and MCD (site 2). Second, as
shown to the right of the
dashed line, those where there
is a high medullary NH3 con-
centration (due to enhanced
PCT production of NH4", site 5)
exceeds the secretion of H™ by
the H'/K* ATPase in the MCD
(site 4).

distal RTA in Thailand, Malaysia and Papua
New Guinea [173]. In those Southeast Asian
patients in whom distal RTA is associated
with ovalocytosis, compound heterozygotes
of AEI1 plus distal RTA mutations with the
in-frame deletion ovalocytosis mutation were
found [174]. Altered targeting of the mutant
AE1 was suggested in one patient with distal
RTA and Southeast Asian ovalocytosis be-
cause of a high U-B PCO, in alkaline urine
[175].

Mutations in the gene encoding for the Vi
subunit B1 of the apical membrane vascular
H'-ATPase have been described to cause
autosomal recessive distal RTA and bilateral
sensorineural hearing loss [176]. Recessive
distal RTA without deafness due to mutations
in the a Vo subunit of the H'-ATPase have
also been reported [ 177]. Mutations in the cy-
toplasmic carbonic anhydrase II are inherited
in autosomal recessive fashion [178]. Patients
with this disorder exhibit osteopetrosis, cere-
bral calcification and defect in H' secretion in
both the PCT and the distal nephron.

While nephrocalcinosis may be a conse-
quence of distal RTA, hypercalciuria and
nephrocalcinosis seem to be the primary
events leading to distal RTA in patients with
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Dent’s disease [179]. Dent’s disease is char-
acterized by low molecular weight protein-
uria, hyperphosphaturia, hypercalciuria. The
CIC-5 chloride channel has been identified as
the mutated gene in patients with Dent’s
disease [180].

RTA with hypokalemia: Distal RTA is of-
ten complicated by hypokalemia [181] (the
high luminal concentration of HCO3 stimu-
lates net secretion of K in the CCD [84], see
Chapter on K for more discussion). If distal
RTA is present with a severe degree of hypo-
kalemia (Px <2 mM), symptoms of muscle
weakness or even paralysis might be present
[182]. Of greater importance, there is a dan-
ger of a cardiac arrhythmia, especially if the
EKG is significantly abnormal. Even if the
degree of metabolic acidosis is severe, the ad-
ministration of alkali alone could cause
movement of K" into cells, worsening the de-
gree of hypokalemia with resultant cardiac ef-
fects and/or acute respiratory acidosis. In this
circumstance, there is a better strategy for
therapy. KCI should be given first; larger
amounts can be given safely by the oral or by
a nasogastric tube than intravenously provid-
ing that the patient can absorb this K" load —
i.e., that bowel sounds are present. Glu-
cose-containing solutions should be avoided,
since they may stimulate insulin release,
which may cause an acute shift of K" into the
cells. Although the addition of K -sparing di-
uretics such as amiloride will reduce the on-
going urine K loss, their quantitative effect is
very small and they may provoke hyper-
kalemia later on; hence we do not recommend
their use in this setting. Administration or
larger amounts of NaHCOj3 should be delayed
until the Pk is above 3.0 mM. In the absence
of serious hypokalemia, one then asks, how
much alkali is required? The answer is not
easy to deduce. One must ultimately give
enough NaHCOs to bring the Pyco3 to the nor-
mal range. Thereafter, the dose of NaHCO3

needed can be deduced. Since the daily normal
acid load from the diet is usually about 70
mmol/day [7]. Since urine net acid excretion
is usually reduced but not absent, consider-
ably less NaHCOj is usually required. Sup-
plemental K" is often needed as well.

Distal RTA with hyperkalemia: In some
classifications, this is called type IV RTA. We
do not think that this nomenclature is particu-
larly helpful and prefer a classification that is
based on pathophysiology (see reference
Kamel et al. 1997 [56] for more discussion).
Reduced excretion of NH4" is commonly as-
sociated with hyperkalemia [32]. Hyper-
kalemia leads to reduced excretion of NHs"
primarily because it inhibits ammoniag-
enesis. This subtype of low excretion of NH4"
is recognized by finding a low urine pH (usu-
ally < 5.3) (Figure 30). A more detailed dis-
cussion of hyperkalemia can be found in the
Chapter on Potassium in this book.

Therapy depends on the pathogenesis of the
hyperkalemia and on the patients’ ECF vol-
ume status. In patients with hypoaldosteron-
ism due to adrenal disease, ECF volume and
blood pressure are usually reduced and al-

H'+NH, ————» NH}
ooy ————— N
Maw) Mo}

w + NH,— NH
{high) (high)

Figure 30. Types of incomplete renal tubular acido-
sis. The top line depicts the normal state. There are
two major causes of a high urine pH. First, there is oc-
cult distal RTA due to low distal H" secretion in con-
junction with the ingestion of a net alkali load (line 2).
Second, there is an over-production of NH4" in the
PCT due to an acidified PCT cell, the result of a
lower activity of the Na(HC03)32' exit step (see Fig-
ure 27).
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dosterone replacement with 0.05 — 0.1 mg
9a-fludrocortisone per day plus saline ad-
ministration is the treatment of choice. Gluco-
corticoid deficiency, if present, should be cor-
rected. Patients with hyperkalemia due to a
faster reabsorption of CI” in the CCD are fre-
quently ECF volume expanded and hyperten-
sive (see section on K for more details) [183,
184]. In these patients, 9o-fludrocortisone is
of no benefit for the treatment of the
hyperkalemia and it may aggravate the degree
of Na' retention. Additional therapeutic alter-
natives would include diuretics such as furo-
semide to increase the excretion of K and
Na'. Correction of hyperkalemia by either
mechanism should increase the excretion of
NH4" sufficiently to correct the metabolic
acidosis.

Incomplete RTA: The cardinal features
here are a high urine pH and the absence of
acidemia. This persistently alkaline urine pH
leads to a high urinary concentration of diva-
lent phosphate and precipitation of Ca phos-
phate stones (brushite (CaHPOj4) stones).
There are 3 possible subgroups included in
this definition. In the first, a high dietary al-
kali load is responsible for the high urine pH.
The rate of excretion of NHy" is low and cit-
rate excretion is high. The second subgroup
of patients may have a high alkali intake plus
reduced distal H' secretion. This group will
have the unique finding of a low urine PCO»
in alkaline urine. The third subgroup seem to
have an acidified PCT pH despite the absence
of systemic acidemia [185]. These patients
have a high rate of excretion of NHy4 " relative
to their urine pH. Their intracellular acidosis
in the PCT should stimulate the production of
NH;" and this will lead to a high concentra-
tion of NH3 in the medullary interstitium
(Figure 28). Accordingly, this higher delivery
of NH3 as compared the rate of H' secretion in
the distal nephron will result in a urine pH that
is high. Because of an acidified PCT cell pH,
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these patients have a very low rate of excre-
tion of citrate, which also increases their risk
of renal calcium-containing stones.

Respiratory Acid-base Disorders

Control of PCO; is important in acid-base
physiology. Changes in the arterial PCO; re-
sult in alterations in the plasma H' concentra-
tion; far more important, however, is that a
change in the venous PCO», which reflects
the PCO; in cells, results in more or less bind-
ing of H' to intracellular proteins which could
change their configuration, and thereby their
function (Figure 7). The value for the arterial
PCO; reflects the concentration of CO; in al-
veolar air required for balance between CO»
production (metabolism) and CO, removal
(alveolar ventilation).

CO; production: There is a very large pro-
duction of CO; relative to the concentration
of COz in the plasma (i.e., 10 mmol of CO; are
produced per minute, yet the arterial PCO,
and H,COs3 are only 1.2 mmol of CO; per liter
ofblood). The rate of production of CO> is de-
termined by the amount of metabolic and me-
chanical work, and to a lesser extent, the fuels
being utilized (oxidation of carbohydrates
yields more CO; relative to ATP production
than does the oxidation of fat-derived fuels
[2D).

CO; removal (alveolar ventilation): Nor-
mal ventilation is mediated by interaction be-
tween the central respiratory centers, periph-
eral chemoreceptors, respiratory muscles,
and lung parenchyma. A major clinical task is
to consider why ventilation is abnormal; this
requires a detailed clinical analysis, but for
brevity, it will not be provided here.

Effect of an abnormal PCO;: With CO»
accumulation, H' + HCO3™ are produced in
equimolar amounts (Equation 3) even though
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the Prcos normally exceeds the concentration
of H" by close to 10°-fold. Failure to remove
CO; at a low enough concentration leads to
respiratory acidosis because of the generation
of H' by displacement of the BBS equilib-
rium to the left. Excessive ventilation causes a
low PCO; and this results in respiratory
alkalosis via displacement of the equilibrium
to the right. In chronic respiratory acidosis,
there is an increase in the rate of reabsorption
of HCO3 by the PCT which results in an ele-
vation in the Pyco3 which minimizes the fall
in the plasma pH due to the respiratory acido-
sis; the converse changes occur in chronic re-
spiratory alkalosis. Since these expected val-
ues differ in acute and chronic respiratory
acid-base disturbances, it is important for the
clinician to determine, on clinical grounds,
whether the acid-base disturbance is acute or
chronic in origin.

Although respiratory acid-base disorders
are defined by changes in the arterial PCO»,
important clinical information can also be de-
rived by interpreting the arterial PO,. The ar-
terial PO, is a function of the PO, of alveolar
air, the diffusion of O, across the alveolar
capillary membrane, and the degree of
unsaturation of venous blood. The alveolar
POz is calculated as the inspired PO>—1.25 X
the arterial PCO». The A-a difference can also
clarify whether hypoxemia is due to lung dis-
ease or central suppression of ventilation; in
the latter case, the A-a difference should be
normal. The normal value for the A-a differ-
ence depends on age and is up to 15 mmHg,
but larger values are seen when more O3 is
extracted from each liter of blood in the
capillary.

There are two major types of pulmonary le-
sions that cause the arterial PO, to be substan-
tially lower than that of alveolar air:

— Blood could pass from the pulmonary ar-

tery to the pulmonary vein without per-
fusing alveoli that have ahigh POz (i.e., a
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shunt that prevents a good exchange of
air). Most lung diseases that cause hy-
poxemia are numerous small areas of
shunting as well as areas of non-venti-
lated, non-perfused lung; together, these
lesions lead to ventilation-perfusion mis-
match.

— There might be a barrier to diffusion of
O, from alveolar air to the capillaries in
lungs. The magnitude of the A-a differ-
ence is a parameter to be evaluated when
trying to decide if a pulmonary condition
is improving or worsening.

While the A-a difference is widely used
clinically, there are several pitfalls that must
be kept in mind:

— For the calculation of the A-a difference,

one utilizes the arterial PO, that provides
a poorer reflection of the content of O,
than does the O; saturation. Thus, the
same reduction in O, content will have a
different impact on the PO, at different
sites on the oxygen-hemoglobin dissoci-
ation curve because this function is sig-
moid rather than linear.

— If a fixed volume of venous blood is
shunted into arterial blood, the lower its
O content, the greater the ultimate fall in
arterial PO».

— If the cardiac output is lower, but the
same volume of blood is shunted from
the venous to the arterial side of the cir-
culation as in normal subjects, the de-
cline in arterial PO, will now be greater
because more Oy is lost on a per liter of
arterial blood basis.

— The PO; of inspired air must be known.
When patients are receiving O» by mask
or nasal prongs, the inspired PO, may not
be known with sufficient accuracy. There-
fore, the A-a difference is most useful
when patients are breathing room air or
are on ventilators with a measured con-
tent of inspired PO».
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— In the calculation of the alveolar PO,,
one must estimate the amount of O; re-
moved and replaced by CO». To do so,
one uses the arterial PCO, and assumes
an RQ of 0.8. The RQ could be 1 if carbo-
hydrate is the only type of fuel being me-
tabolized and 0.7 with fat as the sole fuel.

Respiratory acidosis, clinical approach:
Patients who hypoventilate can be divided into
two groups: those who will not breathe appro-
priately (defective stimulus) and those who
cannot breathe appropriately (defective respi-
ratory “equipment”). In addition, patients
with a fixed alveolar ventilation (i.e., those on
ventilators) develop increased arterial PCO»
if they have an increased rate of production of
CO; oran increase in dead space (e.g., pulmo-
nary embolus).

Diagnostic approach: The first step is to
decide if the patient has chronic lung disease
by the history, physical exam, and available
past records. Next, one compares the acid-
base status with that expected for that
acid-base disorder (Table 4). If a discrepancy
exists, a mixed disorder is present. In acute
and chronic respiratory acidosis in patients
who were previously normal, an empirical
linear relationship has been found between
the concentration of H" and the arterial PCO,.
In essence, there is close to a 3 — 3.5 mM
change in the Prco3 for every 10 mmHg par-
allel change in the arterial PCO; and close to a
1 mM change in the Pucos3 in acute disorders.

Patients with chronic obstructive pulmo-
nary disease are often on diuretics and may
have a coexistent metabolic alkalosis. Be-
cause H stimulate ventilation, a lower con-
centration of H can make the hypoventila-
tion more severe. Interestingly, correction of
the metabolic alkalosis in these patients does
not result in a large change in their concentra-
tion of H'; instead, there is a significant fall in
both the Pucos and the arterial PCO», coupled
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with an increase in the arterial PO,. These
changes may be associated with a dramatic
clinical improvement [186]. It is tempting to
speculate that the clinical improvement is
due, in part, to the reduction in H" buffering
on the ICF proteins [4].

Respiratory alkalosis, clinical approach:
Respiratory alkalosis is a common abnormal-
ity that is often ignored. The mortality rate as-
sociated with it in the hospital, which may
well be greater than that for respiratory acido-
sis, reflects the importance of the underlying
disease process. One can only be sure that the
arterial PCO; is low by determining arterial
blood gases in most patients. Respiratory
alkalosis occurs when the ventilatory removal
of CO» transiently exceeds its rate of produc-
tion: thus, both the alveolar and arterial PCO;
fall. At this lower level of arterial PCO», the
daily production of CO> is then removed by
the increased ventilation, which leads to a
new steady state. A fall in tissue PCO> has an
important impact on the concentration of H"
in the ICF. A decrease in the concentration of
H' results in back-titration of the protonated
ICF proteins which may make these
intracellular proteins less positively charged
than normal, a change that could lead to al-
tered function. Respiratory alkalosis may re-
sult from stimulation of the peripheral
chemoreceptors (hypoxia or hypotension),
the afferent pulmonary reflexes (intrinsic pul-
monary disease), or central stimulation by a
host of stimuli. In chronic respiratory
alkalosis, there is a temporary small suppres-
sion of renal NH4 "™ production and excretion,
and the Prcos falls (H' of dietary origin con-
tinue to consume HCO3™ without equivalent
renal formation of new HCO3") until the
plasma H' concentration approaches normal.
Chronic respiratory alkalosis is the only
acid-base disorder in which a normal plasma
concentration of pH might be expected.
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