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Overview of Hydrogen
Ions

Hy dro gen ions (H+) play a cen tral role in

cel lu lar phys i ol ogy [1, 2]. Their most im por -

tant func tion is in the re gen er a tion of

adenosine triphosphate (ATP) that per mits

cells to per form bi o log i cal work. To re gen er -

ate ATP, H+ are first ac tively pumped out of

mi to chon dria us ing en ergy de rived from a re -

dox pump; this cre ates an elec tro chem i cal

driv ing force for H+ to en ter mi to chon dria.

This pro ton mo tive force across the in ner mi -

to chon drial mem brane is largely due to volt -

age (in side neg a tive) and also to a pH dif fer -

ence (in side al ka line). When H+ dif fuse into

the mi to chon drial com part ment, the en try

sys tem has two com po nents, a spe cial H+-

 ATP synthetase that is linked to a sys tem to

con vert ADP plus in or ganic phos phate to

ATP. This sys tem of link ing H+ trans port and

ATP turn over is a fun da men tal one in

acid-base ho meo sta sis. For ex am ple, the re -

verse of this re ac tion causes H+ to be trans -

ported out of cells of the col lect ing duct with

the driv ing force be ing the hy dro ly sis of ATP

– the H+ pump is now an H+-ATPase us ing en -

ergy trapped in ATP to move H+ against its

electrochemical gradient [3].

The H+ con cen tra tion in all body com part -

ments is main tained at a very low level be -

cause H+ bind very av idly to histidine res i -

dues in pro teins. Bind ing of H+ to pro teins

changes their charge (more pos i tive) – this

might al ter their con fig u ra tion, and pos si bly

their func tion [4]. Since most pro teins are en -

zymes, trans port ers, con trac tile el e ments, and 

struc tural com pounds, a change in their func -

tion could pose a ma jor threat to sur vival.

Not with stand ing, not all H+ bind ing to pro -

teins re sults in a di min ished func tion; for ex -

am ple, H+ bind ing to he mo glo bin pro motes

the re lease of O2 at the tis sue level and the

converse applies in the alveoli of the lung [5].

Two quan ti ta tive as pects il lus trate this del i -

cate ho meo sta sis for H+. First, the con cen tra -

tion of H+ in plasma is ex ceed ingly tiny as

com pared to the con cen tra tions of ions like

bi car bon ate (HCO3
-) (PHCO3), so dium (Na+)

(PNa), po tas sium (K+) (PK), or chlo ride (Cl-)

(PCl). More over, the con cen tra tion of H+ is

main tained within a very nar row range in the

extra cellular fluid (ECF) (40 ± 2 nM) or in

cells (close to 80 nM in many cell types) [6].

This is even more im pres sive be cause an

enor mous num ber of H+ are pro duced and re -

moved by me tab o lism each day [7]. In more

de tail, ac ids are oblig a tory in ter me di ates of

car bo hy drate, fat, and pro tein me tab o lism.

For ex am ple, since adults typ i cally con sume

(and ox i dize) 1,500 mmol of glu cose per day,

at least 3,000 mmol or 3,000,000,000 nmol of

H+ are pro duced (as pyruvic and/or L-lac tic

ac ids) and re moved daily. In an adult eat ing a

typ i cal West ern diet, 70 mmol or 70,000,000

nmol of these H+ are added to the body. This

im plies that there are very ef fec tive con trol

mech a nisms that min i mize fluc tu a tions in the

con cen tra tion of H+, thereby avoiding large

chan ges in the net valence on body proteins.
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Overview of Acid-base
Balance

An anal y sis of acid-base bal ance must con -

sider not only acid bal ance but also the bal -

ance for bases or al kali.

Acid-balance

There are 3 ma jor com po nents to con sider

in the phys i ol ogy of acid bal ance (Fig ure 1).

First, dur ing the me tab o lism of cer tain di etary 

con stit u ents, H+ are pro duced. This pro duc -

tion of H+ is rec og nized by find ing of the ap -

pear ance of new an ions (Ta ble 1) [2, 7]. Sec -

ond, H+ are ul ti mately re moved from the body 

largely be cause they re act with HCO3
-, form -

ing CO2 + wa ter; the CO2 so-formed is elim i -

nated via the lungs. The net re sult of these re -

ac tions is a def i cit of HCO3
- in the body that is

equal to the net H+ load. Third, gen er ate new

HCO3
- (with out H+) to re place that lost in ti -

trat ing these H+ [8]. This is ac com plished by

ex cret ing am mo nium ions (NH4
+) in the

urine.

Base-balance

The diet also pro vides al ka line salts [9]; the

best ex am ple is the in ges tion of fruits that

con tain K+ ci trate salts. Me tab o lism of these

ci trate an ions oc curs rap idly in the liver and

2

Chap ter I  -  Cli ni cal Nephro lo gy and Hy per ten si on

Ta ble 1. Ma jor con cepts in acid-base bal ance. For de tails, see text. Re pro duced with per mis sion [187].

Con cept Com ment

1. Net H+ pro duc tion is re vealed by - The rate of turn over of ATP sets an up per
find ing new an ions.   limit on the rate of ketoacid and L-lactic

  acid pro duc tion and re moval.
- Di min ished met a bolic re moval of ketoacids
  is crit i cal for ketoacid ac cu mu la tion.

2. Buffering of H+ is good if H+ are re moved - A low tis sue PCO2 is needed for the BBS.
by HCO3

- and not pro teins. - Tis sue PCO2 de pends on the ar te rial PCO2,
  CO2 pro duc tion and blood flow rates.

3. Kid neys add new HCO3
- to the body - NH4

+ pro duc tion is stim u lated by a low  PCT 
by ex cret ing NH4

+.   cell pH, and is lim ited by PCT ATP turn over
  and the pres ence of an al ter nate fuel.

4. Elim i nate di etary al kali with - Al kali is elim i nated by or ganic acid
en dog e nous H+ pro duc tion.   pro duc tion and the ex cre tion of or ganic

  an ions in the urine as their Na+ and K+ salts.

5. Ex crete urine at a pH of 6.0. - Ar gu ably, this is the most im por tant
  re nal func tion in acid-base bal ance be cause
  a urine pH of 6 min i mizes the risk of uric acid
  and CaHPO4 stone for ma tion.

BBS = Bi car bon ate Buffer Sys tem.



the net re sult in acid-base terms is the pro duc -

tion of HCO3
- [7]. Re moval of this HCO3

-

load is achieved via pro duc tion of new en -

dog e nous or ganic ac ids in clud ing cit ric acid

[9]. The H+ of these ac ids ti trate HCO3
- and

base bal ance is main tained by ex cret ing the

con ju gate base of these ac ids (e.g., ci trate3-)

in the urine as their Na+, K+, and/or cal cium

(Ca2+) salts [2, 9 – 12] (Fig ure 2). This dis -

posal of al kali with the ex cre tion of or ganic

an ions min i mizes the risk for kid ney stone

for ma tion. It avoids the ex cre tion of HCO3
-

which, by al ka lin iz ing the urine, could lead to

cal cium phos phate pre cip i ta tion [13]. Fur -

ther, in re sponse to a load of al kali, re nal re ab -

sorp tion of ci trate de clines [14], ci trate che -

lates Ca2+ in the urine and ther apy re duces the

risk of stone for ma tion. 

H+ Production

CON CEPT 1: H+ pro duc tion is re vealed by

find ing of new an ions.

Met a bolic anal y sis of net pro duc tion of

ac ids: A met a bolic pro cess can span more than 

one or gan (Fig ure 3). In gen eral, the start ing
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Fig ure 1. Acid bal ance. The
por tion of new H+ pro duced in
me tab o lism that re quires re nal
ac tions for its elim i na tion come
from the ox i da tion of sulfur-
 con taining amino ac ids de -
picted as methionine ox i da tion
in the liver. This pro cess re -
moves HCO3

- from the body
and adds SO4

2- an ions. The
kid ney ex cretes these ex tra
SO4

2- anions while add ing an
equal quan tity of HCO3

- to the
body. This is achieved as equi v -
alent amounts of NH4

+ + SO4
2-

are ex creted in the urine. Re pro -
duced with per mis sion [187].

Fig ure 2. Dis posal of an al kali 
load. The al kali load of the diet
is de rived from in gested K+

salts of or ganic an ions for the
most part. This spec trum of or -
ganic an ions is con verted to
HCO3

- in the liver. Or ganic ac -
ids (cit ric acid in this ex am ple)
are then pro duced by hepa -
tocytes and its con ju gate base
(ci trate an ion) will be ex creted
in the urine as a K+ salt. Re pro -
duced with per mis sion [187].



points are di etary or stored fu els (gly co gen or

tri glyc er ides) and the fi nal prod ucts are ATP

or stor age forms of fu els [2]. From an

acid-base per spec tive, one can de ter mine if

H+ are pro duced or con sumed in a met a bolic

pro cess by a quan ti ta tive ex am i na tion of the

net charge or va lence of its sub strates and end

 products [7]. H+ are formed if the net charge of

the com pounds pro duced is more an ionic

than that of sub strates; the con verse is also

true. In this anal y sis, the net charge on ad e -

nine nu cleo tides (ADP, AMP, ATP) or

NAD(P) does not need to be con sid ered as the 

con ver sion of ATP to ADP to do bi o log i cal

work ini ti ates the re gen er a tion of ATP and

NAD(P).

Acid bal ance is main tained if the new an -

ions are me tab o lized to neu tral end prod ucts,

or if they are ex creted in the urine along with

H+ or NH4
+. On the other hand, there is a net

gain of H+ in the body if these an ions are re -

tained in the body or are ex creted as their Na+

or K+ salts. There fore ev ery new an ionic va -

lence re tained in the body or ex creted with

Na+ or K+, one new H+ was added (Fig ure 4).

Us ing the above anal y sis, the net ad di tion of

H+ to the body can be clas si fied into 2 cate -

gories:
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Fig ure 3. The met a bolic pro -
cess in volved in ketoacid me -
tab o lism. The met a bolic pro -
cess of ketoacid me tab o lism
be gins with ac ti va tion of hor -
mone sen si tive lipase (HSL) in
ad i pose tis sue. Af ter a lack of
in su lin for sev eral days, the pro -
duc tion of ketoacids in the liver
rises to about 1500 mmol/day.
The main sites of re moval of
ketoacids are the brain (750
mmol/day) and the kid neys
(400 mmol/day). Re pro duced
with per mis sion [187].

Fig ure 4. Met a bolic anal y sis of net pro duc tion of
ac ids. The par tial ox i da tion of stor age tri glyceride
(TG) yields H+ plus b-hydroxy buty rate an ions (b- -
HB-). The H+ are ti trated in the body by HCO3

-, gen er -
at ing wa ter and CO2 –  the lat ter is ex haled and the
body has a def i cit of HCO3

- and a gain of b-HB-. If
the b-HB- are re tained in the body (point 1) or are ex -
creted as Na+ (or K+) salts (point 2), there is a def i cit
of HCO3

- that is equiv a lent to a net gain of H+. Re -
pro duced with per mis sion [187].



– H+ pro duc tion dur ing nor mal me tab o -

lism: In ef fect, this means the pro duc tion

of sul fu ric acid (SO4
2- an ion + 2 H+) from 

the ox i da tion of sul fur-con tain ing amino

ac ids and the pro duc tion of phos pho ric

acid from the ox i da tion of monovalent

phos phate diesters. These lat ter H+ are

re moved when they are ex creted bound

to phos phate in the urine as H2PO4
- (ti -

tratable acid ex cre tion). On the other

hand, H+ that are pro duced with sul fate

(SO4
2-) an ions dur ing me tab o lism of

sulfur- containing amino ac ids can not be

re moved via me tab o lism or by ex cret ing

SO4
2- in the urine be cause the af fin ity of

SO4
2- for H+ is too low at typ i cal urine

pH val ues. In this case, main te nance of

acid bal ance re quires a mech a nism for the 

gen er a tion of new HCO3
- with out add ing 

H+ to the body. This is ac com plished by

me tab o liz ing a neu tral amino acid, gluta -

mine, to a cat ion (NH4
+) and an or ganic

an ion (a-ketoglutarate). This an ion is me -

tab o lized in the kid ney to a neu tral end

 product (CO2 and/or glu cose), yield ing

new HCO3
- that are added to the body. For 

a net gain of HCO3
-, NH4

+ must be made

into an end prod uct of me tab o lism by be -

ing ex creted in the urine (Fig ure 5) [15].

– H+ pro duc tion dur ing in com plete or ab -

nor mal me tab o lism: We cite 3 ma jor ex -

am ples here. First, the fast est rate of pro -

duc tion of H+ is from car bo hy drate me -

tab o lism when the sup ply of ox y gen is

in ad e quate to meet de mands. Now L-lac -

tic acid is gen er ated by an aer o bic gly -

colysis (Ta ble 2). Al though me tab o lism

of the L-lac tate- an ion to a neu tral end

prod uct (e.g., glu cose, gly co gen or CO2)

re moves H+, this oc curs at a much slower 

rate. Sec ond, H+ pro duc tion oc curs dur -

ing fat me tab o lism if there is a rel a tive

lack of in su lin. In this case, ketoacids

(b-hydroxybutyric acid and acetoacetic

acid) are formed [16]. The de gree of

keto acidosis de pends on how quickly the 

brain and the kid neys re move these ac -

ids. Third, at times, com pounds are in -

gested (usu ally al co hols or pre cur sors of

al co hols) that can be me tab o lized to an -

ions at a much faster rate than these an -

ions can be con verted to neu tral end

prod ucts to re move these H+.

En dog e nous net pro duc tion of ac ids, a

physio logical anal y sis: We can iden tify 2 ma -

jor cat e go ries of en dog e nous acid pro duc tion. 

One type of H+ pro duc tion re quires re nal net

acid ex cre tion to elim i nate these H+ (e.g.,
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Fig ure 5. Phys i ol ogy of NH4
+

ex cre tion. There are 2 ma jor
steps. First, NH4

+ and HCO3
-

are pro duced when glutamine
is me tab o lized in cells of the
PCT. Sec ond, NH4

+ is trans -
ferred via the medullary in ter -
sti tial com part ment to the lu -
men of the MCD be cause of a
high medullary in ter sti tial con -
cen tra tion of NH3 and NH4

+.



monovalent diester phos phates and sulfur-

 containing amino ac ids de scribed above). H+

pro duced in me tab o lism of sulfur- con tain ing

amino ac ids are elim i nated by the ex cre tion of 

an equiv a lent amount of NH4
+ in the urine.

The sec ond type of di etary-driven H+ pro duc -

tion is part of the phys i o log i cal re sponse to

elim i nate the di etary al kali (part of base bal -

ance, Fig ure 2, [9, 11]). This pro cess yields

H+ plus or ganic an ions – H+ ti trate HCO3
-,

while the or ganic an ions are made into end

prod ucts of me tab o lism by be ing ex creted in

the urine as their Na+ and/or K+ salts. Hence

al though both types rep re sent en dog e nous

H+ pro duc tion, they have very dif fer ent

functions.

Ba sis for met a bolic ac i do sis: There are 3

ways to raise the con cen tra tion of H+ in the

body – the ad di tion of ac ids that yield H+ (one

form of met a bolic ac i do sis), fail ure to elim i -

nate CO2 nor mally (called re spi ra tory ac i do -

sis), and fail ure to add new HCO3
- to the body

by ex cret ing enough NH4
+ (an other form of

met a bolic ac i do sis). In yet an other con di tion,

H+ may re dis trib ute from the ECF to the intra -

cellular fluid (ICF) com part ments with out re -

quir ing an over all change in the to tal num ber

of H+ in the body. An ex am ple of such a shift

of H+ into cells oc curs in pa tients with a large

def i cit of K+. In this case one de vel ops an

intracellular gain of H+ to gether with a gain of 

HCO3
- in the ECF com part ment [17, 18];

from the per spec tive of the ECF, this is called

met a bolic alkalosis, but from the per spec tive

of the ICF com part ment, it would be called

met a bolic ac i do sis and a def i cit of K+ (see

Chap ter on K+ where met a bolic alkalosis is

con sid ered in more de tail).

Tools to HelpIdentify Net
Production of Acids

Met a bolic ac i do sis that is due to an over -

pro duc tion of ac ids can be rec og nized by

find ing the “foot prints” of the added ac ids,
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Ta ble  2. Rates of pro duc tion of H+ and its re moval. The rate of L-lac tic
acid pro duc tion listed in this ta ble is that oc cur dur ing an aer o bic me tab o -
lism, as sum ing an O2 con sump tion rate of 12 mmol/min and that the rate
of turn over of ATP is un changed. This rate is much greater than in all
other causes of net H+ ad di tion. H+ re moval by me tab o lism of L-lac tate
an ions is de picted for gluconeogenesis and ox i da tion in the liver and kid -
neys.

Rate (mmol/min)

Pro duc tion of H+

– L-lactic acid dur ing an oxia 72
– ketoacids dur ing a lack of in su lin (up to) 1.5
– meth a nol/eth yl ene gly col (up to) 1.0

Re moval of H+

– re nal gen er a tion of new HCO3
-

– nor mal 0.03
– chronic ac i do sis 0.15

– me tab o lism (max i mum in vivo rates in mmol/min)
– L-lac tic acid 4 – 8
– ketoacids in brain and kid neys 1.0



their con ju gate bases (or new an ions) in the

body (Fig ure 6) or in ex creted flu ids (usu ally

the urine). At times one can gain a help ful hint 

about the na ture of the added ac ids from ex -

am in ing the re nal handling of their anions.

New an ions in the body: New an ions in the

body are de tected by cal cu lat ing the an ion

gap in plasma (Fig ure 6). The con cen tra tion

of un mea sured an ions in plasma (the plasma

an ion gap) is the dif fer ence be tween the con -

cen tra tions of the mea sured cat ion (Na+) and

the mea sured an ions (Cl- and HCO3
-) in plas -

ma (Equa tion 1). K+ is not com monly in -

cluded in this an ion gap cal cu la tion be cause

its con cen tra tion is low rel a tive to that of Na+.

The usual nor mal range for the plasma an ion

gap is 12 ± 2 mEq/l and this re flects for the

most part, the net an ionic va lence of al bu min

in plasma. In some lab o ra to ries, this value

may be closer to 6 or 8 mEq/l due to higher re -

ported val ues for Cl- be cause of dif fer ent an a -

lyt i cal tech niques for mea sure ment of Cl-.

Plasma an ion gap = PNa –  (PCl + PHCO3) = 

12 ± 2 mEq/l (1)

If the value for the plasma an ion gap is

higher than ex pected for the an ionic va lence

on al bu min, this sug gests that ac ids have ac -

cu mu lated (Fig ure 6, mid dle panel). There

are, how ever, some po ten tial pit falls to con -

sider when eval u at ing the plasma an ion gap.

The net an ionic charge on al bu min ac counts

for most of this “gap”. At a plasma pH of 7.4

and a con cen tra tion of al bu min is 40 g/l or

4 g/dl, its valence is close to 12 mEq/l (when

the va lence on K+ is ig nored) [19]. There fore

a low con cen tra tion of al bu min in plasma will

cause the “base line” value for the an ion gap in 

plasma to be lower; as a clin i cal short cut, for
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Fig ure 6. Plasma an ion gap. The an ion gap is a cal cu la tion for “di ag nos tic con ve nience”; it re veals the “foot -
prints” of added ac ids. One mea sures only the ma jor cat ion Na+ and sub tracts the ma jor an ions Cl- and HCO3

-. 
The usual value is 12 mEq/l (140 – 103 – 25); the an ion that is not mea sured as such is pri mar ily al bu min.
When ac ids are added and their an ions are re tained in the ECF com part ment, the PHCO3 falls and the ex tra an -
ions are re vealed by the larger value for the plasma an ion gap. When NaHCO3 is lost, the PHCO3 falls and there 
are no ex tra an ions; rather, the PCl rises.



ev ery 10 g/l de cline in al bu min con cen tra tion, 

one should an tic i pate a 3 – 4 mEq/l fall in the

“baseline” value for the plasma anion gap.

An other cause for a low an ion gap in plas ma

is the pres ence of un usual cat ions in plas ma

such as myeloma pro teins. Al though hyper -

calcemia or hypermagnesemia will in the ory

lower the value for the plasma an ion gap, the

change in their con cen tra tions is rarely high

enough to make a sig nif i cant chan ge in the

plasma an ion gap; the same is true for other

cat ions such as lith ium. A low plasma an ion

gap can be due to over es ti ma tion of Cl- (e.g.,

bromism).

Re nal han dling of new an ions: The re nal

han dling of an ions pro duced in as so ci a tion

with H+ has an im por tant ef fect on the mag ni -

tude of the rise in the plasma an ion gap as

com pared to the de crease in the PHCO3 [20].

One can uti lize the re nal han dling of these an -

ions to help rec og nize which acid was pro -

duced. For ex am ple, if the new an ions are re -

tained in plasma, this im plies that there was

lit tle ex cre tion of these an ions in the urine.

For the most part, this means ei ther a low rate

of fil tra tion (low GFR), pro tein bind ing,

and/or avid re ab sorp tion of these new an ions

by the kid ney (L-lac tate an ions, ketoacid an -

ions, and to a lesser ex tent, D-lac tate an ions).

On the other hand, met a bolic ac i do sis due to a 

high rate of pro duc tion of ac ids can be as so ci -

ated with a near-nor mal an ion gap in plasma if 

the ac com pa ny ing an ion is largely ex creted in 

the urine; an ex am ple is the pro duc tion of

hippuric acid and ex cre tion of the an ion, hip -

purate as its Na+ or K+ salt (e.g., in glue sniff -

ers [21]).

Plasma osmolal gap: This tool is used pri -

mar ily to de tect un charged, low mo lec u lar

weight pre cur sors of ac ids. In prac tice, the

cal cu la tion of the plasma osmolal gap is used

to de tect toxic al co hols (meth a nol and eth yl -

ene gly col). The plasma osmolal gap is de -

fined as the dif fer ence be tween the mea sured

and the cal cu lated plasma osmolality (POsm).

The cal cu lated POsm is the sum of twice the

plasma PNa plus the con cen tra tion of glu cose

(PGlu) and of urea (PUrea) in plasma, all in mM

terms (Equa tion 2). To con vert to mM terms,

di vide the BUN in mg/dl by 2.8 and the PGlu in 

mg/dl by 18.

Plasma osmolal gap = 

Mea sured POsm – ((2 × PNa) + PUrea + PGlu) (2)

To use this cal cu la tion, one must pre sume

that there is no er ror in mea sure ment of PNa

(e.g., due to hyperlipidemia). Eth a nol will

also be de tected by the cal cu la tion of the plas -

ma osmolal gap. There fore one should not

think that meth a nol or eth yl ene gly col is ab -

sent sim ply be cause there is a his tory of con -

sump tion of eth a nol. At times, com pounds

such as mannitol, or very high con cen tra tions

of ions such as Mg2+ may cause a high value

for the plasma osmolal gap. When there is

meth a nol or eth yl ene gly col tox ic ity, the val -

ue for the plasma osmolal gap is usu ally con -

sid er ably greater than 25 mOsm/kg H2O.

Buffering of H+

CONCEPT 2: In physiological buff er ing, H+

are to be re moved by the bi car bon ate buffer

sys tem and not by proteins.

In the tra di tional  view, the role of buff er ing

is to min i mize the change in the con cen tra tion 

of H+ when an acid or al kali is added to a so lu -

tion. From a phys i o log i cal per spec tive, how -

ever, the main role of buff er ing is to force H+

to bind to HCO3
- rather than to pro teins [4].

Bind ing of H+ to intracellular pro teins could

be det ri men tal to cel lu lar func tion be cause

this changes the charge on these pro teins

which could al ter their ter tiary struc ture and

may thereby af fect their func tion. There fore,

while it is cus tom ary to rely on mea sure ments
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in plasma (pH, PCO2, PHCO3
-) to as sess the

acid-base dis tur bance, it is also im por tant to

rec og nize that events in the ECF, and es pe -

cially in ar te rial blood, may not re flect the

acid-base sta tus in the ICF com part ment.

Sev eral fac tors de ter mine the de gree of

bind ing of H+ to intracellular pro teins (Fig ure 

7). The first step for buff er ing of H+ in cells is

that they must cross cell mem branes. Buff er -

ing by intracellular HCO3
- can only oc cur if

the tis sue PCO2 falls (Equation 3).

H+ + HCO3
- « H2CO3 « H2O + CO2 ( 3)

Distribution of H+ Between the
ECF and ICF

This is sue will be con sid ered in some de tail

be cause it also pro vides the ba sis to un der -

stand why hyperkalemia de vel ops in pa tients

with cer tain types of met a bolic ac i do sis [22].

To shift K+ out of cells, the mech a nism of en try 

of H+ into cells should cause a less neg a tive

volt age in cells. H+ move across cell mem -

branes by pas sive en try of electroneutral free

ac ids or by car rier-mediated trans port ers for

monocarboxylate ac ids. With re gard to the for -

mer, dif fu sion must be very slow be cause the

concentration of free ac ids with pK val ues in

the 2 – 4 range are very low at the pH of body

flu ids. Hence spe cific trans port sys tems that

per mit H+ to cross cell mem branes are the

most im por tant path ways to under stand (Fig -

ure 8).

H+ do not ap pear to en ter cells by ion chan -

nels be cause if H+ or HCO3
- ion chan nels

were pres ent and open in cell mem branes, the

ra tio of the con cen tra tion of H+ in the ICF and

ECF com part ments would be sim i lar to that of 

K+. There fore the con cen tra tion of H+ in the

ICF com part ment would be 30 – 40 times

higher than that in the ECF com part ment –

i.e., the pH of the ICF com part ment would be

close to 1.5 pH units lower than the ECF

while mea sured val ues are close to 0.3 pH

unit [6]. Three path ways are avail able for

electro neutral H+ movement.
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Fig ure 7. Role of the tis sue
PCO2 in the se lec tion of ICF
buff ers. As shown in the top
por tion of the fig ure, when the
tis sue PCO2 falls, the H+ con -
cen tra tion in cells will de crease 
and these H+ will be re moved
by HCO3

-. This will re duce the
quan tity of H+ bound to intra -
cellular pro teins (HlPTN+). As
shown in the bottom por tion of
the fig ure, there will be a rise in
the cell and ve nous PCO2

when the blood flow rate is
slower (2.5 vs 5 l/min), as may
be the case in a pa tient with a
con tracted ECF vol ume. This
higher cell PCO2 forces H+ to
bind to pro teins. The con verse
oc curs when the ECF vol ume
is re-expanded.



(i) The monocarboxylic acid trans porter

(MCT): The MCT cat a lyzes, for ex am ple,

the cotransport of L-lac tate- or b-HB- an ions

plus H+ across cell mem branes [23]. Be cause

flux through this cotransporter is electro neu -

tral, it does not cause a change in the rest ing

mem brane po ten tial. There fore this form of

trans port of H+ does not lead di rectly to a shift 

of K+ across cell mem branes.

(ii) The Na+/H+ exchanger (NHE): A sim -

ple ex am i na tion of ex ist ing con cen tra tions of

Na+ and H+ in the ECF and ICF com part ments

indicates that the NHE must be largely in ac -

tive in vivo be cause it is ap pre cia bly dis -

placed from its elec tro chem i cal equi lib rium

(Na+ con cen tra tion in the ECF com part ment

is higher (140 vs ~ 14 mM) and lower H+ con -

cen tra tion is lower (40 vs 80 nM) in the ECF

com part ment). When NHE does be come ac -

tive, the only di rec tion for net move ment of

H+ is from the ICF to the ECF com part ment

[24]. Hence NHE is not di rectly in volved in

buff er ing of an ECF H+ load.

(iii) The chlo ride (Cl-)/HCO3
- an ion ex -

changer (AE): This AE cat a lyzes an elec -

troneutral ex change of an ions [25]. Exit of

HCO3
- leads to the ac cu mu la tion of Cl- in the

ICF com part ment. Since all cells have Cl-

chan nels in their mem brane [26], the rise in

the ICF Cl- con cen tra tion in con junc tion with

the usual neg a tive volt age forces Cl- to exit

from cells (Fig ure 9). This ex port of neg a tive

volt age when Cl- ions exit causes a less neg a -

tive volt age in cells. As a re sult, K+ will exit

from cells if K+ chan nels are open. The net ef -

fect of this flux through the AE is the ex port of 

K+ and HCO3
- from cells. Thus a shift of K+

out of cells would oc cur in re sponse to an in -

or ganic acid load or a non-monocarboxylic

or ganic acid load such as cit ric acid [27].

Buffering of H+ by Intracellular
Proteins

PHCO3: When the PHCO3 is very low, there is 

lit tle HCO3
- in the ECF com part ment to buf -

fer newly added H+ so most of these H+ will

now be bound to intracellular pro teins. Hence 

when the PHCO3 is very low and if there is a

pos si bil ity that it may de cline even fur ther,

this may be an in di ca tion to ad min is ter

NaHCO3. In this re gard, it is also im por tant to

note the im pact of very small ab so lute

changes in the PHCO3 when this con cen tra tion

is very low to be gin with. For in stance, if the

fall in the PHCO3 is only 2 mM, but it fell from

4 mM to 2 mM, there is a dou bling (100%

rise) of the plasma H+ con cen tra tion and a fall
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Fig ure 8. Path ways for net
H+ trans port across cell mem -
branes. The cir cle rep re sents a 
cell. Given the large net ICF
neg a tive volt age across cell
mem branes and the 2-fold H+

con cen tra tion dif fer ence, H+ or
HCO3

- ion chan nels could not be 
in an open con fig u ra tion (open
ovals above the dashed line).
Rather, there are 3 pos si ble
trans port sys tems, as shown by
the shaded ovals, which could
lead to the net trans port of H+.
Ab bre vi a tions: NHE = Na+/H+

exchan ger; MCT = monocar -
boxy lic acid transporter; AE =
Cl-/HCO3

- an ion exchanger.



in plasma pH of 0.3 units if the ar te rial PCO2

re mains un changed (which is likely to be the

case as hy per ven ti la tion is prob a bly al ready

max i mal). In con trast, a fall in the PHCO3 of 2

mM from 25 mM to 23 mM will cause only a

10% rise in the plasma H+ con cen tra tion. 

Ar te rial PCO2: A high value for the ar te -

rial PCO2 can have pro found ef fects on the

ICF pH in a pa tient with met a bolic ac i do sis.

For CO2 to dif fuse out of cells, intracellular

PCO2 will have to be some what higher than in 

the cap il lar ies. The ar te rial PCO2 de pends on

the bal ance be tween CO2 pro duc tion and its

re moval from the body by ven ti la tion (Fig ure

7). Thus the ar te rial PCO2 will be higher in a

pa tient who can not in crease ven ti la tion ap -

pro pri ately. In this case, me chan i cal ven ti la -

tion is the most ef fec tive means to lower the

intracellular pH and thereby min i mize the

bind ing of H+ to intracellular pro teins. There

are sev eral ways to as sess this ventilatory re -

sponse to the pres ence of met a bolic ac i do sis

(Ta ble 4). Use the ap prox i mately 1 : 1 ra tio

be tween the fall in PHCO3 from the nor mal

value of 25 mM and the fall in ar te rial PCO2

from 40 mmHg [28]. We emphasize that these 

are not meant to be exact values.

CO2 pro duc tion: As an iso lated event, a

rise in CO2 pro duc tion rate will in crease the

cap il lary PCO2. Sim i larly, a low ar te rial PCO2

may also re flect a lower rate of pro duc tion of

CO2 in pa tients who have a fixed de gree of

ven ti la tion [29].

Ve nous PCO2: The im pact of a higher ve -

nous PCO2 on the de gree of buff er ing of H+

by intracellular pro teins is il lus trated in Fig -

ure 7. If the ve nous PCO2 is high, the intra -

cellular PCO2 will be even higher, which

shifts the equi lib rium of Equa tion 3 to the left, 

rais ing the H+ con cen tra tion in the ICF so that

more H+ will bind to pro teins. Three fac tors

could lead to an el e vated ve nous PCO2; first,

a high PCO2 of ar te rial blood; sec ond, a

higher rate of met a bolic pro duc tion of CO2;

third, the quan tity and the con cen tra tion of

CO2 that each li ter of blood must carry will

rise if there is a re duced rate of blood flow to

an or gan. It fol lows that in the set ting of met a -

bolic ac i do sis as so ci ated with re duc tion in

ECF vol ume (Ta ble 3), a very im por tant mea -
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Fig ure 9. NHE and NE ad just the cell volt age and the PK. The cir cles rep re sent cells with their usual net neg -
a tive ICF volt age.  Be cause of the higher Na+ con cen tra tion out side cells and the higher H+ con cen tra tion in
cells, the NHE cat a lyzes H+ exit and Na+ ion en try into cells in an electroneutral fash ion (left por tion).  This
trans port re quires ac ti va tion by in su lin or intracellular ac i do sis.  When Na+ ions are ex ported by the
Na-K-ATPase, the volt age in cells be comes more neg a tive.  The net ef fect is to shift K+ ions into cells.  As
shown on the right, be cause of the much higher Cl- ion con cen tra tion out side cells, the AE cat a lyzes HCO3

-

exit and Cl- ion en try into cells in an electroneutral fash ion.  The com bi na tion of flux through the AE and the Cl-

ion chan nel tends to de crease the neg a tive ICF volt age and cause intracellular acid i fi ca tion and ECF
alkalinization.  This trans porter re quired ac ti va tion but the mech a nism is not clear.  The net ef fect is to shift K+

ions into cells.
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Ta ble 3. Met a bolic ac i do sis clas si fied ac cord ing to extracellular fluid vol ume sta tus.

Met a bolic ac i do sis with a re duced “ef fec tive” cir cu lat ing vol ume
– type A L-lac tic ac i do sis (ve nous vol ume may not be re duced)
– di a betic or al co holic ketoacidosis
– gas tro in tes ti nal loss of NaHCO3

– met a bolic ac i do sis and ex ces sive loss of Na+ in the urine
– e.g. over pro duc tion of hippuric acid in glue-sniff ers

Met a bolic ac i do sis with a near-normal or ex panded ECF vol ume
In creased an ion gap
– ketoacidosis of fast ing or due to hypoglycemia
– toxic al co hol in ges tions (meth a nol, eth yl ene gly col)
– over pro duc tion of D-lactic acid
– re nal fail ure

Nor mal an ion gap
– low NH4

+ ex cre tion (e.g. dis tal RTA)
– prox i mal RTA

Ta ble 4. Ex pected re sponses to pri mary acid-base dis or ders.

Dis or der Re sponse

Met a bolic acidosis - For ev ery mM fall in PHCO3 from 25 mM, the ar te rial PCO2 
  should fall by 1 mmHg from 40 mmHg.

Met a bolic alkalosis - For ev ery mM rise in PHCO3 from 25 mM, the ar te rial PCO2 
  should rise by 0.7 mmHg from 40 mmHg.

Re spi ra tory acidosis
Acute - For ev ery mmHg rise in ar te rial PCO2 from 40 mmHg, the

  plasma H+ con cen tra tion should rise by 0.77 nM from 40 nM.
- Al ter na tively, for ev ery 2-fold in crease in ar te rial PCO2,
  the PHCO3 should in crease by 2.5 mM.

Chronic - For ev ery mmHg rise in ar te rial PCO2 from 40 mmHg, the
  plasma H+ con cen tra tion should rise by 0.32 nM, or the PHCO3

  should rise by 0.3 mM from 25 mM.
Re spi ra tory alkalosis
Acute - For ev ery mmHg fall in the ar te rial PCO2 from 40 mmHg, the

  plasma H+ con cen tra tion should fall by 0.74 nM from 40 nM.
Chronic - For ev ery mmHg fall in ar te rial PCO2 from 40 mmHg, the

  plasma H+ con cen tra tion should fall by 0.17 mM, or the PHCO3

  should fall by 0.4 mM from 25 mM.



sure to cor rect the intracellular ac i do sis may

in fact be the ag gres sive res to ra tion of the ef -

fec tive circu lating vol ume.

Hypokalemia: Hypokalemia may be pres -

ent in some pa tients with met a bolic ac i do sis

(e.g., pa tients with dis tal re nal tu bu lar ac i do -

sis (RTA) or those with di ar rhea or glue sniff -

ing). As K+ shift from the ICF into the ECF

com part ment, electroneutrality must be main -

tained. This could be achieved if the K+ are lost

from the ICF along with intracellular an ions

(phos phate), or if K+ en ter and extra cellular

cat ions (Na+ and/or H+) exit. To the ex tent

that there is a net exit of K+ and en try of H+,

the de gree of intracellular ac i do sis will be -

come more se vere and now more H+ should

be ti trated by intracellular pro teins. Hypo -

kalemia may also af fect the intracellular H+

con cen tra tion by caus ing re spi ra tory mus cle

weak ness; the hy po ven ti la tion could cause a

rise in ar te rial and thereby the tis sue PCO2.

Excretion of NH4
+

CONCEPT 3: Gen er a tion of new HCO3
-

with out H+ oc curs when NH4
+ is ex creted.

To gen er ate new HCO3
-, glutamine, must

be me tab o lized in the cells of the prox i mal

con vo luted tu bule (PCT) to yield NH4
+ and

the a-ketoglutarate (a-KG) an ion [15]. Me -

tab o lism of a-KG to neu tral end prod ucts

(CO2 or glu cose) yields HCO3
- that are added

to the body. Nev er the less, for a net gain of

HCO3
-, NH4

+ must be made into an end

 product of me tab o lism by be ing ex creted in

the urine (Fig ure 5). The rate of ex cre tion of

NH4
+ can be in flu enced by 2 ma jor fac tors, its 

rate of pro duc tion in the PCT and its rate of

trans fer to the fi nal urine.

Pro duc tion of NH4
+: Sev eral fac tors in flu -

ence the rate of pro duc tion of NH4
+. It is im -

por tant to rec og nize that there is a 1- to 2-day

lag pe riod be fore ac i do sis aug ments re nal

ammoniagenesis. In re sponse to chronic met -

a bolic ac i do sis, the rate of ex cre tion of NH4
+

can in crease to more than 200 mmol/day [30,

31]. Hypokalemia also stim u lates ammonia -

genesis as it causes intracellular ac i do sis [32]. 

The con verse is true for hyperkalemia. There

is an up per limit on the rate of NH4
+ pro duc -

tion in cells of the PCT set by the rate of re -

gen er a tion of ATP in these cells [33]. ATP is

uti lized in PCT cells pri mar ily to pro vide the

en ergy for the re ab sorp tion of fil tered Na+

[34]. Hence pa tients with a low GFR fil ter

less Na+ and they have a lower rate of re ab -

sorp tion of Na+ in the PCT. This less ens the

need to re gen er ate as much ATP so the rate of

pro duc tion of NH4
+ is lower in these pa tients.

Rarer causes of a low rate of pro duc tion of

NH4
+ are low lev els of glutamine in plasma

(mal nu tri tion) [35] or if an other fuel is ox i -

dized by the cells of the PCT for re gen er a tion

of ATP (e.g., an ex ces sive sup ply of ketoacids 

or fatty ac ids as in pa tients re ceiv ing to tal

parenteral nu tri tion) [36]. Pa tients with iso -

lated prox i mal RTA may have a lower rate of

NH4
+ pro duc tion due to an alkalinized PCT

cell pH, the underlying pathophysiology in

this condition [37].

Trans fer of NH3 into the urine: NH4
+ pro -

duced in cells of the PCT is se creted into its

lu men, at least in part, by re plac ing H+ on the

Na+/H+ exchanger (NHE-3), mak ing it a

Na+/NH4
+ exchanger [38]. Re ab sorp tion of

NH4
+ in the medullary thick as cend ing limb

(mTAL) of the loop of Henle (LOH) oc curs

when NH4
+ re places K+ on the Na+, K+, 2

Cl-cotransporter [39]. This pro vides the “sin -

gle ef fect” for the medullary re cy cling of

NH4
+ re quired for the es tab lish ment of a high

con cen tra tion of NH4
+ and NH3 in the

medullary inter stitium (Fig ure 5). The func -

tion of this medul lary in ter sti tial NH4
+/NH3

sys tem in our opin ion is to pre vent the ex cre -

tion of urine with too low a pH [40]. An im -

por tant fac tor that in flu ences the trans fer of
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NH4 from the medullary in ter sti tial com part -

ment to the urine is the se cre tion of H+ in the

dis tal nephron. This H+ se cre tion pro vides the 

luminal sub strate for an NH4
+/H+ ion ex -

changer [41]. This NH4
+/H+ exchanger re -

sults in the net ad di tion of NH3 into the lu men.

H+ se cre tion in the dis tal nephron is me di -

ated pri mar ily by an H+-ATPase, but it may

also oc cur by an H+/K+-ATPase. Dis tal H+ se -

cre tion by the H+-ATPase is an electrogenic

pro cess that tends to cre ate a lu men pos i tive

volt age [42]. Be cause the lu men of the MCD

can only main tain a small pos i tive volt age

[43], for H+ se cre tion to con tinue, ei ther an

an ion (like Cl-) must be se creted along with

H+ or a cat ion like Na+ or K+ must be reab -

sorbed.

H+ se cre tion also oc curs by an H+/K+-

 ATPase, but only if H+ ac cep tors are avail able 

in the lu men of the dis tal nephron. These

luminal H+ ac cep tors are HCO3
- and NH3.

Luminal HCO3
- can be high if its re ab sorp tion 

by up stream nephron seg ments was di min -

ished or if HCO3
- was se creted into the lu men

of the MCD by a Cl-/HCO3
- an ion exchanger

[25]. In this lat ter cir cum stance, there is a net

re ab sorp tion of K+ and Cl-; hence this com bi -

na tion of ion exchangers may be im por tant

for K+ ho meo sta sis un der con di tions of K+

de ple tion [44]. If both the H+/K+-ATPase and

the Cl-/HCO3
- an ion exchanger were ac tive

si mul ta neously, the urine PCO2 should be

very high. When NH3 is avail able to ac cept

H+ se creted by the H+/K+-ATPase, its over all

func tion could be to re ab sorb K+ and/or ex -

crete NH4
+.

Importance of the Urine pH to
Avoid Kidney Stone Formation

All the wa ter-sol u ble waste prod ucts and all 

the ions and wa ter in gested in ex cess of needs

must be ex creted in the urine with out form ing

pre cip i tates. One of the most im por tant re nal

phys i o log i cal func tions is to ex crete urine

with a com po si tion that makes ions and or -

ganic ma te ri als suf fi ciently sol u ble to avoid

kid ney stone for ma tion. Key to this aim is to

have in de pend ent reg u la tion of the urine pH – 

se lect a value that is close to 6.0 to achieve

this aim [45] (Fig ure 10). Ex cret ing urine at
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Fig ure 10. Urine pH and kid -
ney stones. The saf est urine
pH to avoid kid ney stones is
close to 6. Be low this value,
uric acid stones are most likely
to form. Ca-phos phate stones
pre cip i tate in al ka line urine. By
driv ing NH4

+ ex cre tion with a
high dis tal H+ se cre tion, a con -
sid er able quan tity of H+ can be
elim i nated at a urine pH close
to 6.0. By ex cret ing or ganic an -
ions rather than HCO3

-, a con -
sid er able quan tity of HCO3

-

can also be elim i nated at a
urine pH close to 6.0 (see Fig -
ure 2).



this pH must not sac ri fice acid-base bal ance.

This in turn means that with a large, chronic

acid load, the ex cre tion of NH4
+ should be

max i mally high at a urine pH of close to 6 (see 

ref er ence Kamel et al. 1998 [46] for more dis -

cus sion). Sim i larly, when an al kali load is in -

gested, it must be ex creted with out ob li gat ing

a large ex cre tion of HCO3
- and thereby a high

urine pH [9, 11] – this lat ter topic will be dis -

cussed in more de tail when CaHPO4 stones

are considered below.

Avoid ing uric acid kid ney stones: Uric

acid is the waste prod uct of pu rine me tab o -

lism [47]. The free acid form, uric acid, rather

than to tal urates is the crit i cal com po nent for

kid ney stone for ma tion be cause uric acid is

spar ingly sol u ble in wa ter (Equa tion 4). Be -

cause the pK of uric acid in the urine at 37ºC is 

close to 5.3 [47], pre cip i ta tion of uric acid can 

be avoided with out in creas ing the urine vol -

ume by rais ing the urine pH to 6 at the same

to tal urate excretion rate [48].

Urate- + H+ « Uric acid (pK 5.3)  (4)

Avoid ing CaHPO4 kid ney stones: All the

ion ized Ca2+ ab sorbed from the GI tract of an

adult is ex creted in the urine in steady state

[49]. The chem is try of Ca2+ and HPO4
2- in the

urine is the same as in the body [50], but with

one ex cep tion. A met a bolic equiv a lent of

HCO3
- in acid-base terms, ci trate [14], can

che late ion ized Ca2+ in the urine, form ing a

sol u ble ion com plex and thereby min i mize

the risk of CaHPO4 kidney stone for ma tion.

This ex cre tion of ci trate rises with an al kali

load [14], a time when urine H2PO4
- is con -

verted to HPO4
2- – i.e., when the urine pH

rises to wards the pK of the phos phate buffer

sys tem (pH 6.8). In this con text, the body dis -

poses of the usual al kali load of the diet by

form ing an or ganic acid such as cit ric acid [9,

11]. The H+ of cit ric acid ti trate HCO3
-. The

ci trate an ions rather than an ap pre cia ble

amount of HCO3
- are ex creted in the urine so

that the urine pH re mains close to 6.0 with out

sac ri fic ing acid-base bal ance [48] (Fig ure

10). Ex cret ing ci trate rather than HCO3
- when 

there is a di etary al kali load che lates Ca2+ in

the urine, less en ing the risk of Ca-con tain ing

kid ney stones in al ka line urine [51].

Tests Used at the Bedside to
Estimate NH4

+ in the Urine

The first step to eval u ate the re nal re sponse

to chronic met a bolic ac i do sis in a pa tient is to

ex am ine the rate of ex cre tion of NH4
+. Since

most rou tine bio chem i cal lab o ra to ries do not

pro vide a di rect as say for the con cen tra tion of

NH4
+ in the urine (UNH4), cli ni cians usu ally

em ploy the fol low ing in di rect tests to es ti -

mate UNH4. To con vert the UNH4 to an ex cre -

tion rate, one needs to know the urine flow

rate or di vide the UNH4 by the urine creatinine

con cen tra tion. Nor mal adults ex crete close to

20 mg of 200 mmol of creatinine per kg body

weight [52].

The urine net charge: The sum of the con -

cen tra tions of uri nary cat ions and an ions must 

be equal. The ma jor urine cat ions are Na+, K+, 

and NH4
+, and the ma jor urine an ion is Cl- (al -

though there are also mod est con cen tra tions

of SO4
2-, phos phate, HCO3

- and or ganic an -

ions). The urine net charge pro vides a qual i ta -

tive es ti mate of the UNH4 pro vid ing that the

ma jor an ion ex creted with NH4
+ is Cl- (Equa -

tion 5, Fig ure 11). Hence if the UNH4 is ap pro -

pri ately high, the UCl should be ap pre cia bly

greater than the sum of the UNa + UK, and the

urine net charge is said to be neg a tive. On the

other hand, with a low UNH4, the UCl is less

than the sum of the UNa + UK. In this case, the

urine net charge is said to be pos i tive, sug gest -

ing that a de fect in NH4
+ ex cre tion is at least

con trib ut ing to the pathogenesis of met a bolic

ac i do sis. Be care ful. This will not be true if an
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an ion other than Cl- ac com pa nied UNH4. Some

ex am ples of these non-Cl- urine an ions are

hippurate, b-HB, salicylate, or ganic anions,

and an ions of drugs such as pen i cil lin-type

an ti bi ot ics given in high dos age. In such cases,

one must use the urine osmolal gap to es ti -

mate UNH4.

Urine net charge = UNa + UK – UCl  (5)

The urine osmolal gap: The urine osmolal

gap is the best in di rect test to es ti mate the

UNH4. The ra tionale for the urine osmolal gap

is also de picted in Fig ure 11. The ma jor

osmoles in the urine are urea and elec tro lytes;

oc ca sion ally, glu cose may be pres ent in the

urine in high con cen tra tions. The con tri bu -

tion of elec tro lytes is ap prox i mately equal to

twice the sum of the con cen tra tions of the ma -

jor cat ions, Na+, K+ (since each cat ion is ac -

com pa nied by an an ion). There fore, the to tal

urine osmo lality (Uosm) can be ap prox i mated

as shown in Equ ation 6 in which the con cen -

tra tion of all the sub stances in the urine is

given in mM terms as de scribed ear lier. A sig -

nif i cant dif fer ence be tween the mea sured and

cal cu lated Uosm in di cates the pres ence of an

NH4
+ salt in the urine. The UNH4 is half the

urine osmolal gap. The rate of ex cre tion of

NH4
+ is then ob tained by mul ti ply ing this ap -

prox i mate con cen tra tion by the urine flow

rate or es ti mated from the urine creatinine

con cen tra tion and its ex cre tion rate [52]. If

this is sub stan tially less than 3 mmol

NH4
+/kg/day, then the kid neys are at least a

con trib ut ing fac tor to the de gree of met a bolic

ac i do sis be cause there is a lower than ex -

pected rate of ex cre tion of NH4
+.

Cal cu lated Uosm = UUrea + UGlu + 2 UNa + 2 UK

\ UNH4 = 0.5 × 

(mea sured Uosm – cal cu lated Uosm) (6)

Tests to Detect the Basis for the 
Low Rate of Excretion of NH4

+

Use of the urine pH: In pa tients with

chronic met a bolic ac i do sis, a low rate of ex -

cre tion of NH4
+ could be due to de creased

avail abil ity of NH3 in the medullary inter -

stitium or de creased H+ se cre tion in the dis tal

nephron (Fig ure 12). The ba sis for low NH4
+

ex cre tion can be de duced from the urine pH

(Fig ure 13). A low value for the urine pH

(< 5.3) sug gests a de fect in NH4
+/NH3 avail -

abil ity in the re nal medullary interstitium

whereas a high urine pH (> 7) sug gests that

the lim it ing step is H+ se cre tion in the dis tal

nephron (Equa tion 7) [53 – 57].

H+ + NH3 « NH4
+ (7)
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Fig ure 11. Use of the urine
net charge and urine osmolal
gap to re flect the con cen tra tion
of NH4

+ in the urine. The urine
net charge is shown in the left
por tion of the fig ure and the
urine osmolal gap is shown in
the right por tion of the fig ure.
The com po nents needed to
cal cu late the UNH4 are de picted 
by the clear ar eas. Re pro -
duced with per mis sion [187].



Test for the Capacity to
Synthesize NH4

+ in the PCT

Once one knows that the rate of ex cre tion

of NH4
+ is low in a pa tient who has a low

urine pH, one can as sess the rate of pro duc -

tion of NH4
+ in vivo by mea sur ing the rate of

ex cre tion of NH4
+ fol low ing the ad min is tra -

tion of a loop di uretic [58]. At peak diuresis,

the rate of NH4
+ ex cre tion in a nor mal adult is

close to 60 mmol/min and this re flects the ca -

pac ity for re nal ammoniagenesis. A lower

peak rate of NH4
+ ex cre tion would im ply a

low rate of pro duc tion of NH4
+ in PCT cells

[37, 59].
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Fig ure 12. Use of the urine pH to de tect UNH4. As shown on the left, dur -
ing acute met a bolic ac i do sis, the rate of ex cre tion of NH4

+ is only mod estly
higher while the urine pH is low. This is be cause there is en hanced dis tal
H+ se cre tion, but a time lag be fore the rate of re nal pro duc tion of NH4

+ is
aug mented. In con trast, dur ing chronic met a bolic ac i do sis shown on the
right, the rate of re nal pro duc tion of NH4

+ is so high that the avail abil ity of
NH3 in the medullary in ter sti tial com part ment pro vides more NH3 in the lu -
men of the MCD than H+ se cre tion in this nephron seg ment. There fore
note the much higher NH4

+ ex cre tion rate at a urine pH of 6. Re pro duced
with per mis sion [187].

Fig ure 13. The urine pH re veals the ba sis for the low UNH4. A de creased
avail abil ity of NH4

+/NH3 in the medullary in ter sti tial com part ment is the de -
fect shown on the left side of the fig ure by the dashed ar row. Its main fea -
tures are a low ex cre tion of NH4

+ and a high urine H+ con cen tra tion (low
urine pH). A de fect in dis tal H+ se cre tion is shown by the dashed ar row in
the right side of the fig ure. Its main fea tures are a low ex cre tion of NH4

+ and 
a low urine H+ con cen tra tion (high urine pH). Re pro duced with per mis sion
[187].



Tests to Evaluate H+ Secretion

A low rate of ex cre tion of NH4
+ in a pa tient

with met a bolic ac i do sis could be due to a de -

fect in H+ se cre tion in the PCT and/or the dis -

tal nephron. 

Tests to Evaluate the Secretion of H+

in the PCT

Some pa tients have met a bolic ac i do sis as -

so ci ated with a lower than nor mal ca pac ity to

re ab sorb fil tered HCO3
- [60]. Usu ally the site

of the de fect in re nal H+ se cre tion is in the

PCT, but at times, it may also in volve the dis -

tal nephron. Not with stand ing, these pa tients

also have a re duced rate of ex cre tion of NH4
+

and this is a very im por tant cause of their met -

a bolic ac i do sis. To de tect a de fect in H+ se cre -

tion in the PCT, one gen er ally mea sures the

rate of ex cre tion of HCO3
- and/or its re ab -

sorp tion af ter an in fu sion of NaHCO3. An -

other test that helps in this as sess ment is the

rate of excretion of citrate at a given pH of

plasma.

Frac tional ex cre tion of HCO3
- (FEHCO3):

The bulk of fil tered HCO3
- is re claimed (re ab -

sorbed in di rectly) in the PCT [61], but an ap -

pre cia ble por tion (close to 15%) is nor mally

re claimed by H+ se cre tion down stream in

the nephron. To per form this test, enough

NaHCO3 is in fused to raise the PHCO3 to 25

mM. At this point, if the FEHCO3 ex ceeds

15%, there is a de fect in H+ se cre tion [61, 62].

A high FEHCO3 could be ex pected if there is a

very large de fect in H+ se cre tion in the PCT or 

a smaller de fect in PCT H+ se cre tion plus a re -

duced dis tal ca pac ity for H+ secretion.

Ci trate ex cre tion: The rate of ex cre tion of

ci trate seems to re flect the pH in PCT cells

with a higher rate of ci trate ex cre tion if these

cells have a more al ka line pH in PCT cells.

The rate of ex cre tion of ci trate is very low

dur ing all forms of met a bolic ac i do sis ex cept

in pa tients with the iso lated form of prox i mal

RTA where there is an ap pre cia ble de gree of

citraturia de spite met a bolic ac i do sis [63].

This led to the spec u la tion that an al ka line

PCT cell is the un der ly ing le sion caus ing low

HCO3
- re ab sorp tion, low NH4

+ pro duc tion,

and citra turia in these pa tients [37]. The rate

of ex cre tion of ci trate in chil dren and adults

con sum ing their usual diet is close to 400

mg/g creatinine [14, 64]. To en sure that

citraturia re flects an al ka line PCT cell rather

than a com po nent of a more gen er al ized PCT

dys func tion (Fanconi syn drome), citraturia

should dis ap pear fol low ing a small ad di tional 

acid load [65].

Tests to Evaluate the Secretion of H+

in the Distal Tubule

If the PCO2 in al ka line urine is 70 mmHg or

higher, a ma jor de fect in dis tal H+ se cre tion is

un likely [66] (Fig ure 14). Nev er the less, there

18

Chap ter I  -  Cli ni cal Nephro lo gy and Hy per ten si on

Fig ure 14. The urine PCO2. When NaHCO3 is
given, there is a large de liv ery of HCO3

- to the dis tal
nephron so this HCO3

- is vir tu ally the only H+ ac cep -
tor in its lu men. Be cause there is no luminal car -
bonic anhydrase (CA), the H2CO3 formed will be de -
liv ered down stream and form CO2 plus wa ter. Thus
if the UPCO2 is ap pre cia bly higher than the plasma
PCO2, this pro vides ev i dence for dis tal H+ se cre -
tion. Re pro duced with per mis sion [187].



are other fac tors such as a poor re nal con cen -

trat ing abil ity (low medullary in ter sti tial

PCO2) that may cause the urine PCO2 to be

lower de spite an in tact dis tal H+ se cre tion [67].

Detecting Mixed Acid-base
Disorders

More than one acid-base dis tur bance can be 

pres ent at one time. We shall il lus trate how to

iden tify the si mul ta neous pres ence of sev eral

acid-base dis tur bances from the his tory,

physi cal ex am i na tion, and lab o ra tory re sults

(Fig ure 15).

Clin i cal ex am ple: A 24-year-old per son

had se vere di ar rhea that re sulted in a def i cit of 

NaHCO3 (Fig ure 15B). Be cause of the con -

tin u ing loss of Na+, his ECF vol ume be came

mark edly con tracted. As a re sult of the very

low cir cu lat ing vol ume, there was not enough 

ox y gen de liv ery to tis sues to meet their de -

mand so an aer o bic pro duc tion of ATP was

stim u lated. This re sults in a net pro duc tion of

L-lac tic acid. This ac cu mu la tion of 10 mmol

of L-lac tate an ion per li ter of plasma should

raise the plas ma an ion gap by 10 mEq/l (Ta ble 

4, Fig ure 15C). Si mul ta neously, the 10 mmol

of H+ added per li ter will lower the PHCO3 by

10 mmol/l (Equa tion 8).

10 L-lac tate- + 10 H+ + 15 HCO3
- « 10 CO2 ­

+ 10 H2O + 10 L-lac tate- + 5 HCO3
-  (8)

Con tinuing with this sce nario, the re lease

of aldosterone (due to a con tracted ECF vol -

ume) stim u lates the ex cre tion of K+ [68]. As a

re sult, a def i cit of K+ oc curs and this could

lead to mus cu lar weak ness. If the re spi ra tory

mus cles are in volved, there may be an in abil -

ity to lower the ar te rial PCO2 to the ex pected

de gree. In sum mary, by work ing back wards

be gin ning at the far right of Ta ble 5, each of

the 3 acid-base dis or ders can be iden ti fied.

– Re spi ra tory ac i do sis: The PCO2 in blood

should be as low as pos si ble (less than 20
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Fig ure 15. Mixed acid-base
dis tur bance: Rec og niz ing 2
types of met a bolic ac i do sis.
The sum of the va lences on
cat ions and an ions in plasma
are al ways equal. In this ex am -
ple, the miss ing an ions (due
largely to the an ionic charge on 
al bu min shown by the hatched
sym bol) are con stant at 12
mEq/l; this value is 16 mEq/l if
K+ is in cluded in the sum of cat -
ions in plasma. When Na+ and
HCO3

- are lost (shaded area in
pan els B and D), there is no
change in the plasma an ion
gap. When L-lac tic acid is
added, there is a fall in the con -
cen tra tion of HCO3

- to gether
with an equal rise in the plasma 
an ion gap (panel C). The com -
bi na tion of both types of met a -
bolic ac i do sis is shown in panel 
D.



mmHg) with such a low value for the

PHCO3 (5 mM). Hence the ar te rial PCO2

is too high for this clin i cal set ting.

– Met a bolic ac i do sis due to a gain of acid:

The el e vated value for the an ion gap of

10 mEq/l with a nor mal con cen tra tion of

al bu min in plasma sug gests that 10 of the 

20 mM fall in PHCO3 was due to the added 

L-lac tic acid.

– Met a bolic ac i do sis due to loss of NaHCO3:

The fact that the fall in the PHCO3 is much

greater than the rise in the plasma an ion

gap sug gests a def i cit of NaHCO3. This

def i cit of NaHCO3 is even larger than what 

is ap par ent from this cal cu la tion be cause

of the sig nif i cant ECF vol ume con trac tion

(HCO3
- con cen tra tion vs HCO3

- con tent,

Ta ble 10).

Clinical Disorders

Metabolic Acidosis

Def i ni tion: In met a bolic ac i do sis, there is a 

fall in the plasma pH and PHCO3. Be cause

other pri mary acid-base ab nor mal i ties may

co ex ist, the plasma pH and/or PHCO3 may not

be low. For ex am ple, if re spi ra tory alkalosis is 

also pres ent, the pH will be higher; if met a -

bolic alkalosis is also pres ent, the PHCO3 and

plasma pH may not be low. There fore clues

from the his tory and phys i cal ex am i na tion to -

gether with ad di tional lab o ra tory data (plas -

ma an ion gap) must be in te grated to know

whether metabolic acidosis is present.

Clinical Classification

We di vide the causes of met a bolic ac i do sis

into two sub groups, those with over pro duc -

tion of ac ids and/or those in which there is a

loss of NaHCO3 (Ta ble 6).

Over pro duc tion of ac ids: When an acid

(HA) is added to the body, the vast ma jor ity of 

H+ are buf fered by the bi car bon ate buffer sys -

tem (BBS) [4] and this leads to the loss of

HCO3
- to gether with a gain of new an ions

(A-) (Fig ure 4). Quan ti ta tively, for ev ery mEq 

of HCO3
- lost, there will be an equiv a lent net

gain of A-. Fac tors such as the vol ume of dis -

tri bu tion of an ions ver sus H+, a change in the

ECF vol ume, and the re nal han dling of these

an ions will af fect the 1 : 1 ra tio be tween the

fall in the PHCO3 and the rise in plasma an ion

gap (Ta ble 7). With a de crease in the ECF vol -

ume, the con cen tra tion of both new an ions

20

Chap ter I  -  Cli ni cal Nephro lo gy and Hy per ten si on

Ta ble  5. Iden ti fi ca tion of a mixed acid-base dis or der. For de tails, see text. The value for al bu min in plasma
is 4 g/dl (40 g/l), a nor mal level which does not change through out the course of ill ness in this pa tient. Hy po -
ven ti la tion in this case is due to a def i cit of K+. HlL = L-lac tic acid.

Plasma Nor mal Loss NaHCO3 Gain HlL Ef fect of
(10 mM) (10 mM) hy po ven ti la tion

pH 7.40 7.30 7.13 6.83
HCO3

- mM 25 15 5 5
An ion gap mEq/l 12 12 22 22
PCO2 mmHg 40 30 15 30



and HCO3
- will rise. Thus there will be a larger

in crease in the un mea sured an ion gap and a

smaller fall in the PHCO3 [69], dis turb ing the

ex pected 1 : 1 ra tio in these pa ram e ters.

In most cases where met a bolic ac i do sis is

as so ci ated with an in creased value for the an -

ion gap in plasma, there is an over pro duc tion

of ac ids where many of the an ions pro duced
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Ta ble 6. Mech a nisms re spon si ble for the de vel op ment of met a bolic ac i do sis.

A) Acid gain
  (i) With re ten tion of an ions in plasma:

- L-lac tic ac i do sis (hypoxia, prob lems with pyruvate me tab o lism)
- Ketoacidosis (rel a tive in su lin lack and low GFR or CNS func tion)
- Toxic al co hol in ges tion (e.g., meth a nol, eth yl ene gly col)
- D-lac tic ac i do sis (and other or ganic ac ids pro duced by gas tro in tes ti nal bac te ria)
- In gested ac ids
- Pyroglutamic ac i do sis

  (ii) With a high rate of ex cre tion of an ions in urine:
- Glue-sniff ing (hippuric acid over pro duc tion)
- Di a betic ketoacidosis with ex ces sive ketonuria

B) NaHCO3 loss
  (i) Di rect

- Loss via the GI tract (e.g., di ar rhea, ileus, fis tula)
- Loss in the urine (prox i mal RTA or low car bonic anhydrase II or IV ac tiv ity)*

  (ii) Low uri nary ex cre tion of NH4
+ (look at urine pH to cat e go rize fur ther)

    (a) Low urine NH3 (urine pH ~ 5) = Prob lem with PCT ammoniagenesis:
- De creased GFR, hyperkalemia, al ka line pH in PCT cells, de creased glutamine
  avail abil ity, fuel com pe ti tion (e.g., TPN)

    (b) De fect in net dis tal H+ se cre tion (urine pH of ten ~ 7):
- H+ ATPase de fect or al ka line a-in ter ca lated cells (e.g., car bonic anhydrase II de fi ciency)
- H+ back-leak (e.g., amphotericin B)
- ­ HCO3

- se cre tion in the col lect ing ducts (an ion exchanger traf fick ing dis or der)
    (c) Prob lem with both dis tal H+ se cre tion and NH3 avail abil ity (urine pH ~ 6):

- Dis eases in volv ing the re nal in ter sti tial com part ment

*These pa tients also have a low rate of ex cre tion of NH4
+.

Ta ble 7. Con tent vs con cen tra tion of HC03
- in the ECF com part ment. An 8-year-old 20 kg fe male

 presented with an ex tremely high PGlu (2,000 mg/dl, 110 mM), a ve nous plasma pH of 7.19, a PHCO3 of 25
mM, and a se verely con tracted ECF vol ume (2 vs her nor mal 4 l) [69]. Met a bolic ac i do sis is pres ent be cause
of the re duced con tent of HCO3

- in her ECF com part ment (H+ + b-HB- + HCO3
- ® ­ an ion gap + CO2 + H2O).

Re pro duced with per mis sion [187].

ECF PHCO3 ECF HCO3
- con tent Plasma an ion gap

(l) (mM) (mmol) (mEq/l)

Nor mal state 4 25 100 12
Hyperglycemia 2 25 50 24



along with H+ are re tained in the ECF. The

ma jor ex cep tion to this rule is re nal fail ure be -

cause in this set ting, met a bolic ac i do sis is

pres ent with an in crease in the plasma an ion

gap, but there is no ex cess pro duc tion of ac -

ids. On the other hand, met a bolic ac i do sis

caused by an ex ces sive pro duc tion of ac ids

need not be ac com pa nied by a sig nif i cant rise

in the an ion gap in plasma if the ac com pa ny -

ing an ion is rap idly ex creted in the urine (e.g.,

hippurate anion in glue sniffing [21]).

There are many dif fer ent causes for the de -

vel op ment of met a bolic ac i do sis, each hav ing 

a spe cific im pli ca tion for ther apy. In most

cases, the rise in the con cen tra tion of H+ per

se is not the ma jor threat to sur vival; those

causes as so ci ated with acute po ten tially life-

 threatening con se quences are listed in Ta ble

8. Many of the causes of met a bolic ac i do sis

and an in creased plasma an ion gap are as so ci -

ated with a re duced “ef fec tive” ECF vol ume

(di a betic ketoacidosis (DKA), al co holic keto -

acidosis, and most cases of type A L-lactic ac i -

do sis, Table 3). Should one find a rel a tively

nor mal ECF vol ume, the ba sis for the met a -

bolic ac i do sis is usu ally re nal fail ure, toxic al -

co hol in ges tion (meth a nol or eth yl ene gly -

col), or pos si bly ex ces sive pro duc tion of ac -

ids such as D-lactic acid by bac te ria in the

gas tro in tes ti nal (GI) tract.

Loss of NaHCO3

In this type of met a bolic ac i do sis, al most no 

new an ions are pres ent in plasma. There are 2

ma jor groups for this type of met a bolic ac i do -

sis, one is the di rect loss of NaHCO3 and the

other is an in di rect loss of NaHCO3 due to a

low rate of ex cre tion of NH4
+ (Figure 4).

Loss of NaHCO3 via the GI tract: The

most com mon site for the loss of NaHCO3 is

via the GI tract. While NaHCO3 may be lost in 

di ar rhea fluid, for an ap pre cia ble de gree of

chronic met a bolic ac i do sis to be sus tained,

there is usu ally a si mul ta neous de fect in NH4
+

ex cre tion by the kid ney. In more de tail, in a 70 

kg adult with chronic met a bolic ac i do sis and

nor mal kid neys, the rate of ex cre tion of NH4
+

would be close to 200 mmol per day. If 1 li ter

of di ar rhea so lu tion con tains 50 mmol of

HCO3
-, this GI loss would have to be about

4 li ters per day to cause a con tin u ing fall in the 

PHCO3. The def i cit of Na+ would be enor mous

and life-threat en ing with out a large in put of

NaCl. Hence it fol lows that chronic ac i do sis

in this set ting im plies ei ther a very large or an

acute GI losses, a re nal prob lem with NH4
+

ex cre tion (e.g., due to low GFR), and/or over -

pro duc tion of or ganic ac ids via the GI tract

(Equa tion 9) [70, 71].

Na+ + HCO3
- + H+ + D-lac tate- ® Na+ +

D-lac tate- + CO2 + H2O  (9)

In di rect loss of NaHCO3: A low rate of ex -

cre tion of NH4
+ is the key find ing in pa tients

with dis tal RTA [56]; it is also a prom i nent

fea ture in cer tain pa tients with prox i mal RTA

[37]. In a pa tient with met a bolic ac i do sis,

with no in crease in the plasma an ion gap, and

a low rate of ex cre tion of NH4
+ (Fig ure 15,

left-hand side), the ba sis for low NH4
+ ex cre -

tion can be de duced from the urine pH. If the

urine pH is greater than 7, one should sus pect

a de fect in H+ se cre tion. The PCO2 in al ka line

urine can be used to as sess dis tal H+ se cre tion

(Fig ure 14) [66] and the FEHCO3 can be used

to as sess prox i mal H+ se cre tion. A high rate of 

ex cre tion of ci trate in a pa tient with met a bolic 

ac i do sis sug gests that an al ka line PCT cell

could be the cause of di min ished PCT H+ se -

cre tion [37]. In con trast, if a pa tient had sim i -

lar find ings to the above, but had a low value

for the urine pH (e.g., < 5.3), this would sug -

gest that there is a de fect in NH3 avail abil ity in 

the re nal medullary in ter sti tial com part ment
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(Fig ure 13). The usual causes for the low

NH4
+/NH3 are a low GFR and/or hy per -

kalemia. In their ab sence, we would look for

low lev els of glutamine in blood and/or a high 

level of fat-de rived fu els (e.g., pa tients on to -

tal pa ren tal nu tri tion) be cause these fu els

com pete with glutamine as the source for re -

gen er a tion of ATP in the cells of the PCT. If

none of these is pres ent, we would sus pect an

al ka line prox i mal cell pH. This en tity of an al -

ka line prox i mal ICF pH re mains spec u la tive

be cause there are no hard data in hu mans and

suit able ex per i men tal mod els in an i mals are

lack ing.

Loss of “Potential” HCO3
-

In some pa tients, there is ex ces sive loss of

the con ju gate base of the acid in the urine (or

in stool). While over pro duc tion of ac ids is the 

ma jor ba sis for the ac i do sis in these pa tients,

yet the loss of these an ions in the urine rep re -

sents the loss of po ten tial HCO3
- as their me -

tab o lism could have re sulted in the re moval

of H+ (Figure 4, [72]).

Likelihood of a Major Threat to
Life

Dis or ders that cause met a bolic ac i do sis can 

harm pa tients through a va ri ety of mech a -

nisms (Ta ble 8). We shall con sider 4 ma jor

categories:

Very Fast Rate of Production of H+

In es sence, the only con di tion as so ci ated

with ex tremely rapid net pro duc tion of acid is

L-lac tic ac i do sis due to hypoxia (Ta ble 2).

The threat here is that ATP may not be re gen -

er ated quickly enough. Quan ti ta tively, the

rate of acid ad di tion can be ap prox i mated by
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Ta ble 8. Threats to life in as so ci a tion with met a bolic ac i do sis.

Set ting of ac i do sis Threat to life Clin i cal clues

L-lactic ac i do sis due to “En ergy cri sis”, Low plasma pH, high plasma
low car diac out put (shock) H+ load an ion gap, high PLac tate

Re nal fail ure Hyperkalemia Low GFR,
high plasma an ion gap

Dis tal RTA, Hypokalemia Nor mal plasma an ion gap,
di ar rhea, arrhythmias,
treat ment of DKA mus cle weak ness

Meth a nol or Toxic prod ucts His tory,
eth yl ene gly col in take high plasma an ion gap,

high plasma osmolal gap

DKA or, Low ECF vol ume, Type 1 di a be tes mellitus,
al co holic ketoacidosis rarely ac i do sis per se eth a nol, PGlu,

ketoacid screen



not ing the rate of in crease in the plasma an ion

gap and the rate of excretion of anions in the

urine.

H+ Binding to Intracellular Proteins

The im por tant fac tors here are not only the

mag ni tude of H+ load, but also the tis sue

PCO2 as this de ter mines the dis tri bu tion of

buff er ing of H+ load be tween the BBS and

intracellular pro teins. A high ve nous PCO2

im plies that the tis sue PCO2 is also high and

that more H+ are buf fered by intracellular pro -

teins. Hence it fol lows that in the set ting of

met a bolic ac i do sis as so ci ated with a low car -

diac out put, a very im por tant mea sure to cor -

rect the intracellular ac i do sis is ag gres sive

res to ra tion of the car diac out put (Fig ure 7). In 

ad di tion, if the ar te rial PCO2 is not low

enough, mechanical ventilation is essential.

Coexisting Problems of K+ Balance

Many of the risks as so ci ated with met a bolic 

ac i do sis may come about through as so ci ated

dis tur bances of K+ bal ance. Both hyper kale -

mia and hypokalemia may oc cur (Ta ble 9).

We shall be suc cinct here be cause is sues con -

cern ing K+ are dis cussed in the ac com pa ny -

ing Chap ter on K+.

Hyperkalemia may be in volved in the eti ol -

ogy of met a bolic ac i do sis, be cause hyper -

kalemia im pairs NH4
+ ex cre tion [32]. In con -

trast, if met a bolic ac i do sis is seen in the set -

ting of re nal fail ure, a low ex cre tion of K+ and

hyperkalemia may be pres ent. Hyperkalemia

is com monly seen in the set ting of DKA de -

spite the to tal body K+ def i cit, be cause K+

tend to shift out of cells dur ing in su lin de fi -

ciency [73]. Fi nally, tis sue ne cro sis or

ischemia can lead to both L-lac tic ac i do sis

and re lease of K+ from cells. Re gard less of the 

pathophysiology, hyperkalemia can be life-

 threatening due to car diac arrhythmias, and

must be ag gres sively treated. For tu nately, one 

of the mea sures em ployed in the ther apy of

DKA, in su lin, en hances K+ en try into cells,

and there fore re duces the de gree of hyper -

kalemia.

Hypokalemia may oc cur ei ther in as so ci a -

tion with the chronic met a bolic ac i do sis of

dis tal RTA, di ar rhea, or met a bolic ac i do sis

caused by to lu ene (e.g., glue sniff ing). Hypo -

kalemia may also oc cur as a com pli ca tion of

in su lin ther apy in pa tients with DKA. Be -

cause in su lin causes K+ to en ter cells (Fig ure

9), it may un mask the to tal body K+ def i cit

and lead to the life-threat en ing com pli ca tions
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Ta ble 9. Causes of met a bolic ac i do sis as so ci ated with hyperkalemia. Spe cific dis or ders caus ing hyper -
kalemia in pa tients with met a bolic ac i do sis are de scribed. In ad di tion, if tis sue ne cro sis has oc curred in a pa -
tient with met a bolic ac i do sis, hyperkalemia may also be pres ent.

Cause Pathophysiology To tal K+ con tent

Re nal fail ure Low re nal ex cre tion of K+ (and NH4
+) High

Low aldosterone Low re nal ex cre tion of K+ (and NH4
+) High

bioactivity
DKA Insulin de fi ciency leads to shift Low

of K+ out of the ICF



of acute hypokalemia, particularly cardiac

arrhythmias.

Spe cific prob lems re lated to the cause of

the ac i do sis: In fact, in some of the causes of

met a bolic ac i do sis, the ac i do sis serves as a

marker or a “symp tom” of a se ri ous un der ly -

ing dis ease (e.g., meth a nol or eth yl ene gly col

tox ic ity, Ta ble 8). Clearly, these un der ly ing

pro cesses must be ad dressed with spe cific

ther apy to avoid the ad verse con se quences

that are independent of the acidosis.

Management

The man age ment of a pa tient with met a -

bolic ac i do sis re quires a con sid er ation of both 

gen eral mea sures that are ap pli ca ble to most

pa tients as well as at ten tion to spe cific is sues

rel a tive to the cause of the dis or der. We shall

fo cus ini tially on the use of al kali be cause the

use of me chan i cal ven ti la tion was con sid ered

ear lier, and treat ments to deal with hyper -

kalemia or hypokalemia will be con sid ered in

the Chap ter on K+.

One can not draw a de fin i tive con clu sion as

to whether NaHCO3 should or should not be

used to treat a pa tient with met a bolic ac i do sis

be cause there are no firm data upon which to

base this con clu sion. Sug ges tions for and

against the use of NaHCO3 are sum ma rized in 

Table 10.

Arguments Favoring the Use of
NaHCO3

It seems in tu itively ob vi ous that at some

point, too many H+ may be come bound to

pro teins and com pro mise cel lu lar func tions.

For ex am ple, myo car dial con trac til ity in vi tro 

[74] and bind ing of adren a line to its re cep tors

are de creased when the fall in pH is large [75]; 

these ef fects may be re versed by low er ing the

con cen tra tion of H+. Not with stand ing, the ad -

min is tra tion of NaHCO3 does not seem to en -

hance the con trac til ity of the ischemic myo -

cardium in vivo [76].

There are data in ex per i men tal an i mals that

might help. The ad min is tra tion of a large dose 

of NaHCO3 ap peared to be ben e fi cial in the

set ting of hypoxic L-lac tic ac i do sis in rats in -

duced by ven ti la tion with a hypoxic gas mix -

ture. The sur vival pe riod in these rats was ex -

tended even though NaHCO3 led to an en -

hanced rate of pro duc tion of L-lac tic acid

[77]. If these data ap ply to hu mans with

hypoxia-in duced L-lac tic ac i do sis, the admin -
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Ta ble 10. Fac tors to con sider in the use of NaHCO3.

A. Fac tors fa vor ing the use of NaHCO3

– Hyperkalemia.
– PHCO3 less than 5 mM.
– Absence of an an ion that can be me tab o lized into HCO3

- (lon ger term con sid er ation).
– Low like li hood that kid neys will be able to ex crete NH4

+ at a high rate (lon ger term is sue).
– In de pend ent ben e fit likely to arise (e.g., in salicylate over dose to limit en try of salicylate
  into brain cells and to fa vor its uri nary ex cre tion).
– High net rate of H+ pro duc tion (e.g., in abil ity to rap idly re verse hypoxic L-lac tic ac i do sis).
B. Fac tors that sug gest a dan ger for the use of NaHCO3

– Hypokalemia.
– Co in ci dent use of in su lin in a pa tient with a large K+ def i cit.
– El e vated ECF vol ume.
– Hypernatremia (mi nor).



istration of NaHCO3 might be viewed as a

tem po rary mea sure that “buys time” to al low

for more di rect in ter ven tions to deal with the

un der ly ing cause(s) for the met a bolic ac i do -

sis to be em ployed. Nev er the less, one must

not ad min is ter too much NaHCO3 be cause it

may lead to the de vel op ment of pul mo nary

edema un less very high rates of Na+ re moval

could be achieved.

In a pa tient who has met a bolic ac i do sis due

to a low rate of ex cre tion of NH4
+, met a bolic

ac i do sis will per sist un less NaHCO3 is given.

In this case, one must give enough NaHCO3

to ti trate H+ that have ac cu mu lated, then

main tain that per son on enough al kali to

match the net pos i tive H+ bal ance (usu ally 20

– 40 mmol/day in an adult).

Arguments Against the Use of
NaHCO3

Increased production of CO2

When NaHCO3 is ad min is tered, HCO3
- re -

acts with H+ and CO2 is pro duced. Some have

ar gued that this rep re sents an im por tant del e -

te ri ous ef fect of HCO3
- ther apy be cause this

CO2 can en ter cells and cause a par a dox i cal

acid i fi ca tion of the ICF. This is a cir cu lar ar -

gu ment be cause if the source of the H+ that ti -

trate the ad min is tered HCO3
- is H+ bound to

intracellular pro teins (Fig ure 7), the ICF

should have been al ka lin ized and not acid i -

fied. In con trast, if the source of these H+ was

due to the pro duc tion of ATP in the pro cess of

an aer o bic glycolysis, stim u la tion of L-lac tic

acid pro duc tion by al kali could also be ben e -

fi cial be cause it was ac com pa nied by the con -

ver sion of ADP to ATP [77]. A pos si ble acute

dan ger in this lat ter case could oc cur if some

of the CO2 pro duced was re tained be cause

pul mo nary func tion was not adequate or

mechanical venti lation was not appropriately

adjusted.

Con cern about the pos si ble ad verse ef fects

of en hanced pro duc tion of CO2 fol low ing

ther apy with NaHCO3 in the acidotic pa tient

prompted the de vel op ment of carb-bicarb

(Na2CO3l2(NaHCO3)). The ti tra tion of

4 mmol of H+ by NaHCO3 leads to the pro -

duc tion of 4 mmol of CO2, whereas sim i lar

buff er ing with carb-bicarb leads to the pro -

duc tion of 3 mmol of CO2. Since met a bolic

pro duc tion of CO2 is nor mally close to 10

mmol/min, and the rate of al kali ad min is tra tion 

might be close to 4 mmol/min dur ing very ag -

gres sive al kali ther apy, the dif fer ence in CO2

pro duc tion rate in fact will only be from 14 to

13 mmol/min with NaHCO2 ver sus

carb-bicarb, a triv ial dif fer ence. There has

been only lim ited clin i cal ex pe ri ence with

this agent in pa tients with a se vere de gree of

met a bolic ac i do sis, the only set ting in which

it is ra tio nal to test it.

Failure to Detect Back-titration of
Non-bicarbonate Buffers

An other ar gu ment against the use of

NaHCO3 or carb-bicarb to treat pa tients with

a se vere de gree of met a bolic ac i do sis co mes

from ex per i ments in rats. The ad min is tered

al kali to rats pretreated with HCl failed to

yield an acute and sig nif i cant back-titration of 

non-bicarbonate buff ers [78]. This, how ever,

could have been be cause of a rise in tis sue

PCO2.

Fall in Concentration of Ionized Ca2+

This oc curs be cause ad di tion of HCO3
-

leads to very rapid pro duc tion of car bon ate

and pre cip i ta tion of CaCO3. It has been sug -

gested that a fall in con cen tra tion of ion ized

Ca2+ in the in ter sti tial fluid com part ment might 

depress myo car dial con trac til ity [79]. Nev er -
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the less, this might be more ap par ent than real

if the HCO3
- ad min is tered does not raise the

PHCO3 mark edly. If this were to be a prob lem,

it should have been very ob vi ous in sit u a tions

where carb-bicarb was used be cause with

carb-bicarb, car bon ate is added di rectly.

Hypokalemia

Hypokalemia could be a prob lem when

NaHCO3 is given, es pe cially if there is to tal

body K+ de ple tion as seen in pa tients with

DKA [80 – 82], glue sniff ers [21], or cer tain

pa tients with dis tal RTA. The pres ence of a

low PK should prompt one to avoid the use of

NaHCO3, at least un til the PK has re turned to -

ward the nor mal range, or only to use it along

with an ap pro pri ate amount of K+ to avoid a

car diac ar rhyth mia (see ac com pa ny ing Chap -

ter on K+).

ECF Volume Overload and
Hypernatremia

This is only a prob lem in pa tients with met -

a bolic ac i do sis who have an ex panded ECF

vol ume (pa tients with re nal fail ure), in pa tients 

with a com pro mised cir cu la tion (cardiogenic

shock), or those where enor mous amounts of

al kali might be used (e.g., hypoxic lac tic ac i -

do sis). Hypernatremia may be pro duced

and/or ex ac er bated if hypertonic NaHCO3 is

given.

Enhanced Production of L-lactic
Acid

When NaHCO3 is given to pa tients with

L-lac tic ac i do sis, the rate of pro duc tion of

L-lac tic acid in creases. This how ever may be

con sid ered ben e fi cial if it re flects an in -

creased rate of re gen er a tion of ATP in vi tal or -

gans [77], and if the H+ so-pro duced are ti -

trated by the BBS and not by intracellular

proteins.

Rebound Metabolic Alkalosis

In met a bolic ac i do sis due to over pro duc -

tion of H+ and an ions (L- or D-lac tate, or

b-hydroxybutyrate and acetoacetate), the ac i -

do sis will be improved when these an ions are

me tab o lized to HCO3
-. If all the an ions are

con verted to HCO3
- and the pa tient also re -

ceived NaHCO3, the fi nal plasma PHCO3

could be higher than nor mal if re nal ex cre tion

of HCO3
- did not oc cur [83]. The main clin i -

cal sig nif i cance of re bound met a bolic

alkalosis is pri mar ily when pa tients are be ing

weaned from a me chan i cal ven ti la tor, and the

im pact of HCO3
- on the re nal ex cre tion of K+,

which can further exacerbate hypokalemia

[84].

Recommendations

One must in di vid u al ize the de ci sion for

each pa tient, bal anc ing po ten tial ben e fits ver -

sus ad verse ef fects. None of these fac tors is an 

ab so lute in di ca tion or con tra in di ca tion, but

by ex am in ing each of them, it should be pos -

si ble to make a rea son able de ci sion. If the de -

ci sion is made to ad min is ter NaHCO3, an

equally dif fi cult is sue is how much to give

and how fast it should be given. It is im por tant 

to rec og nize that as the base line PHCO3 falls, a

pro gres sively greater amount of added H+ are

buf fered on intracellular pro teins. There fore,

when NaHCO3 is given, the hope is that much

of it will ti trate these intracellular H+, and will

ef fec tively dis ap pear as CO2 and wa ter, and

there fore the in cre ment in the PHCO3 will be

small. More over, CO2 re moval by the lungs
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must keep up with the in cre ment in CO2

production.

A de ci sion needs to be made on the ini tial

tar get PHCO3 when a pa tient has an ex tremely

low base line PHCO3. A rea son able tar get is ei -

ther to dou ble the PHCO3 or to aim for an ab so -

lute value of 5 – 6 mM. If the PHCO3 rises from

2 to 4 mM and the PCO2 re mains un changed,

the pH will rise by 0.3 units. Nev er the less,

one can not make an ac cu rate as sess ment of

the amount of NaHCO3 to give be cause the

vol ume of dis tri bu tion HCO3
- is unknown.

Specific Causes for Metabolic
Acidosis

The list of causes of met a bolic ac i do sis is

pro vided in Ta ble 6.

Ketoacidosis

Ketoacids are a fat-de rived fuel des tined

for ox i da tion in the brain. The main sig nal for

their for ma tion is a rel a tive lack of in su lin

(Fig ure 3). There are 3 ma jor causes of keto -

acidosis (Ta ble 12). In bio chem i cal terms,

28

Chap ter I  -  Cli ni cal Nephro lo gy and Hy per ten si on

Ta ble 11. Ketoacid turn over dur ing chronic fast ing. Val ues are pre sented as mmol/day.

Ketoacid me tab o lism Or gan Turn over

- Net pro duc tion Liver 1500
- Ox i da tion Brain 750

Kid ney 250
Mus cle, etc. 200

- Con ver sion to ac e tone ? 150
- Ex cre tion Kid ney 150

Ta ble 12. Causes of ketoacidosis.

1. Di a betic ketoacidosis
– usu ally Type 1 or IDDM; rarely Type 2 or NIDDM
– dam age to b-cells of the pan creas
– pan cre atic de struc tion as in hemochromatosis

2. Al co holic ketoacidosis
– low in su lin due to low ECF vol ume (a-adrenergic ef fect)
– me tab o lism of eth a nol to ketoacids
– lower ox i da tion of ketoacids in brain (sed a tive ef fect of eth a nol), and kid neys (low GFR)

3. Low stim u lus to pan cre atic b-cells be cause of hypoglycemia
– star va tion
– low pro duc tion of glu cose in the liver (e.g. gly co gen stor age dis ease or in hi bi tion of
  gluconeogenesis)

4. High pro duc tion of ace tic and bu tyric acid by GI bac te ria to gether with in hi bi tion of
  hepatic acetyl-CoA carboxylase.



one must ap pre ci ate why there was a rel a tive

lack of in su lin to fa vor ketoacid pro duc tion

and why the rate of re moval of ketoacids was

di min ished. Pro duc tion oc curs in the liver

whereas re moval is largely the re sult of ox i -

da tion in the brain and kid neys (Ta ble 11).

The time course of events in pa tients with di a -

betic ketoacidosis (DKA) has an in ter est ing

fea ture. To wards the end-stage, the de gree of

ketoacidosis be comes more se vere, and very

quickly. Be cause there is lit tle le ver age to in -

crease the rate of ketogenesis ap pre cia bly due 

to the con trol ex erted by the lim ited rate of

turn over of ATP in hepatocytes [85, 86], for

ketoacidosis to worsen rap idly, there must be

a major decline in the rate of utilization of

ketoacids.

Brain: A de crease in the rate of turn over of

ATP in the brain will lead to a de creased rate

of ox i da tion of ketoacids. Should gen eral an -

es thet ics or sed a tives be ad min is tered, or if

coma be pres ent, the de gree of ketoacidosis

will be more severe.

Kid ney: If the GFR is very low, less Na+

will be of fil tered and this will de crease the re -

ab sorp tion of Na+ and thereby the re nal need

for re gen er a tion of ATP. In quan ti ta tive terms, 

a low GFR can lead to the fail ure to re move

sev eral hun dred mmoles of ketoacids per day.

Sum mary: One can ap pre ci ate why the

nat u ral his tory of DKA has a steep de te ri o ra -

tion late in its course be cause of coma and

prerenal failure.

Diabetic Ketoacidosis

DKA is the met a bolic con se quence of a

lack of ac tions of in su lin and it is char ac ter -

ized by the ac cu mu la tion of glu cose and

ketoacids in the body [16]. The pre cip i tat ing

ill ness and the com pli ca tions of this met a -

bolic dis tur bance can be life-threat en ing. The

changes in the hepatic me tab o lism that lead to 

over pro duc tion of ketoacids are depicted in

Fig ures 3 and 16.

Clinical Presentation

DKA may be the first in di ca tion of

undiagnosed type 1 di a be tes mellitus in chil -

dren. The pre cip i tat ing causes in clude an

inter current ill ness (gastroenteritis, pan cre -

ati tis, in fec tions), and sit u a tions where coun -

ter-reg u la tory hor mones may be pres ent in
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Fig ure 16. Me tab o lism of
ace tyl- CoA in the liver. There
are two ma jor sources of ace tic
acid and thereby hepatic ace -
tyl- CoA, eth a nol and ace tic ac -
id pro duced dur ing the bac te -
rial fer men ta tion of poorly
 absorbed car bo hy drates. Pro -
duc tion of acetyl-CoA from
these pre cur sors by passes the
usual reg u la tory steps that in -
volve fatty acid ox i da tion.
Hence a high sup ply of these
pre cur sors and in hi bi tion of
acetyl-CoA carboxylase (ACC)
by hor mones such as adren a -
line lead to the un reg u lated for -
ma tion of ketoacids.



ex cess (e.g., thyrotoxicosis, sur gery, stress,

preg nancy, and hyperadrenocorticism). With

re peat ep i sodes of DKA, fail ure to take in su -

lin can be an im por tant etiologic fac tor.

Rarely, DKA oc curs in older pa tients with

type 2 di a be tes mellitus when there is an un -

usu ally large de crease in the rate of ox i da tion

of ketoacids due to im paired level of con -

sciousness and a very low GFR.

The clin i cal man i fes ta tions are the ex -

pected con se quences of the ma jor bio chem i -

cal changes, hyperglycemia, glucosuria, and

ketoacidosis.

Hyperglycemia: Early signs and symp -

toms rep re sent ex ac er ba tions of the clas sic

fea tures of di a be tes mellitus in poor con trol –

thirst, polydipsia, polyuria, weak ness, leth -

argy, and malaise.

Glucosuria: Hyperglycemia causes an os -

motic diuresis with loss of Na+ and wa ter, re -

sult ing in ECF vol ume con trac tion, low blood 

pres sure, pos tural hypotension, and tachy car -

dia.

Ketoacidosis: Met a bolic ac i do sis re sults in 

an in creased rate and depth of breath ing (air

hun ger, Kussmaul res pi ra tion). The con ver -

sion of acetoacetic acid to ac e tone im parts the

char ac ter is tic fruity odor to the breath.

Other find ings: Not all the clin i cal find -

ings, how ever, are com pletely ex plained in

terms of bio chem i cal ab er ra tions. The state of 

con scious ness does not cor re late well with

the con cen tra tion of ketoacids in blood. A

much better cor re la tion was found be tween

the level of stu por and coma and the Posm that

in turn re flect the low cir cu lat ing vol ume (and 

pos si bly, the higher PCO2 in cells of the brain, 

Figure 7).

An other fea ture of DKA that re mains un ex -

plained is hy po ther mia, even in the pres ence

of in fec tion. This to gether with the fact that

leukocytosis is a com mon find ing in these pa -

tients may at times ob scure an un der ly ing

infection.

An orexia, nau sea, vom it ing, and ab dom i -

nal pain are fre quent non spe cific gas tro in tes -

ti nal com plaints, es pe cially in chil dren. These 

symp toms, to gether with ab dom i nal ten der -

ness, de creased bowel sounds, guard ing, and

leukocytosis, may be se vere, mim ick ing an

acute ab dom i nal emer gency. Re bound ten -

der ness is usu ally (but not uni ver sally) ab sent

– the pres ence of hyperglycemia and keto -

nemia should sig nal the cor rect di ag no sis.

The cause for the ab dom i nal pain is not en -

tirely clear, but in some cases it may be related 

to hypertriglyceridemia and panc reatitis.

Signs and symp toms of the dis or der that

pre cip i tated DKA should be ap pre ci ated – in

fact, these may dom i nate the clin i cal picture.

Laboratory Evaluation

Hyperglycemia, ketonemia, glucosuria,

and ketonuria are the 4 hall marks of the lab o -

ra tory di ag no sis of DKA.

Hyperglycemia: The de gree of hyper gly -

cemia var ies mark edly – the PGlu usu ally ex -

ceeds 250 mg/dl (14 mM). Higher PGlu val ues

are seen if there is a marked re duc tion in the

GFR (usu ally with oliguria) or if the pa tient

has con sumed a large quan tity of car bo hy -

drate, for ex am ple, in the form of sweet ened

soft drinks to quench thirst (usu ally with

polyuria) [87]. If the ECF vol ume is mark edly 

con tracted, not only will there be an ex ag ger -

ated de gree of hyperglycemia, but glucosuria

may be re duced con sid er ably be cause the fil -

tered load of glu cose may not ex ceed the tu -

bu lar ca pac ity for its re ab sorp tion. In rare

cases, hyperglycemia may be less marked for

other rea sons (e.g., a re duced rate of gluco -

neogenesis sec ond ary to the in take of eth a nol

or biguanides or exaggerated renal glucos -

uria).

Ketoacids: In DKA, se rum ke tones are

usu ally strongly pos i tive in a di lu tion of 1 in
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8. How ever, only acetoacetate and ac e tone

yield a pos i tive re ac tion with the nitroprus -

side test (Acetest) used for clin i cal screen ing

for ketoacids. If there is an in crease in the

NADH+ : NAD ra tio, as oc curs with hypoxia

or eth a nol ox i da tion, ketoacids will be pre -

dom i nantly in the form of b-hydroxybutyric

acid which is not de tected by these clin i cal

tests; a spe cific en zy matic anal y sis will be

nec es sary to mea sure b-hydroxybutyric acid.

If the uri nary ex cre tion of ketoacid an ions is

larger than ex pected, as may oc cur with the

in take of acetylsalicylic acid, or if there is a

de fect in re ab sorp tion of ketoacid an ions by

the PCT, a hyperchloremic type of metabolic

acidosis will be present [88].

So dium: In pa tients with DKA, there is a

large def i cit of Na+ (3 – 9 mmol/kg body

weight, Ta ble 13). This is the re sult of the os -

motic diuresis.

Plasma Na+ con cen tra tion: Much at ten -

tion is given to the pos si bil ity that glu cose

will draw wa ter out of cells and thereby, lower 

the PNa. This oc curs only when the ad di tion of 

glu cose is hyperosmolar to plasma. In con -

trast, when glu cose is added as a so lu tion that

has an osmolality sim i lar to or lower than the

Posm, there is no shift of wa ter from cells. In

this cir cum stance, the PNa will be lower than

seen with hypertonic glu cose ad di tion for an

iden ti cal rise in PGlu [89]. There fore cal cu la -

tions based on the ex pected shift of wa ter and

thereby an ex pected fall in PNa for a given PGlu

should not be done be cause the as sump tions

made are not valid [90 – 92]. There fore we

cal cu late the ef fec tive Posm (Equa tion 10) to

help clin i cal de ci sion-mak ing with re gard to

the ap pro pri ate tonicity of fluid ther apy [93].

Cor rec tions should be made for ma jor

changes in the PK.

Ef fec tive Posm = 2 × PNa + PGlu

 (in mM terms) (10)

Po tas sium: In pa tients with DKA and good 

re nal func tion, there is al ways a de crease in

the to tal body con tent of K+, usu ally in the

range of 4 – 6 mmol/kg body weight (Ta ble

13). De spite this def i cit of K+, the PK is usu -

ally in creased to the mid-5 range [94] be cause 

K+ has shifted from the ICF to the ECF
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Ta ble 13. Typ i cal def i cits in a pa tient with DKA.

Quan tity Com ment Dan ger

Na+ 3 – 9 mmol/kg Re store Na def i cit, Ce re bral edema if early
but not too quickly and too rapid

K+ 4 – 6 mmol/kg Must await in su lin Ini tial hyperkalemia
ac tion to shift K+ > 1.5 h, hypokalemia
into cells
Ex am ine PK

Wa ter Usually many Half ICF, half ECF Do not re pair wa ter
li ters def i cit too early

Bi car bon ate Can be > 500 mmol If in creased an ion Strong opin ions
of H+ buf fered gap, need not give held, but not backed

NaHCO3 un less up with clean data
very se vere ac i do sis



compartment due to the lack of in su lin (Fig -

ure 9) [73].

PHCO3: In pa tients with DKA, the PHCO3 is

low be cause H+ were added to the ECF along

with b-hydroxybutyrate and acetoacetate an -

ions. Nev er the less, there is also an in di rect

loss of Na+ and HCO3
- – this loss oc curs early

in the course of DKA be cause there is a lag

pe riod be fore there is a large in crease in the

rate of ex cre tion of NH4
+ [15]. As a re sult,

ketoacid an ions are ex creted in the urine with

Na+ or K+ and hence the in di rect loss of

NaHCO3 (Fig ure 4). This com po nent of the

met a bolic ac i do sis may not be ap pre ci ated

be cause there is of ten a 1 : 1 re la tion ship be -

tween the fall in PHCO3 and the rise in the

plasma an ion gap. This quan ti ta tive re la tion -

ship oc curs be cause con cen tra tions rather

than the con tent of HCO3
- in the ECF com -

part ment are con sid ered (Ta ble 14). This

com ponent of the HCO3
- def i cit be comes ev i -

dent dur ing ther apy as the ECF vol ume is ex -

panded [69, 95, 96].

PCO2: There should also be a pre dict able

de gree of hypocapnia de pend ing on the de -

gree of met a bolic ac i do sis (Ta ble 4). Since

hy po ther mia may oc cur in pa tients with

DKA, one must take this into con sid er ation

when in ter pret ing the PCO2 and PO2 val ues

re ported by the lab o ra tory be cause the mea -

sure ments are made at 37ºC.

GFR: Since pa tients with DKA of ten have

a very low ECF vol ume, their GFR will be re -

duced whereas the con cen tra tions of urea

(Purea) and creatinine (Pcreat) will be el e vated

in plasma. The Purea (BUN) is less re li able as

an in dex of the GFR be cause it is also in flu -

enced by pro tein in take, tis sue ca tab o lism,

rate of gluconeogenesis, cat a bolic drugs, and

urine flow rate. Not with stand ing, there may

also be er rors in the mea sure ment of creati -

nine de pend ing on the method used. Higher

Pcreat val ues are re ported with the pic ric acid

method if the level of AcAc is el e vated [97]

whereas lower Pcreat val ues are re ported with

se vere hyperglycemia if the en zy matic as say

for creatinine is performed on the Kodak

analyzer [98].

Treatment of the Patient with DKA

DKA is a med i cal emer gency that de mands

ur gent treat ment. Mor tal ity is in flu enced by a

num ber of fac tors that in clude its pre cip i tat -

ing cause, the age of the pa tient, the level of
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Ta ble 14. Con tent of HCo3
- in the ECF com part ment in a pa tient with DKA. The ex am ple given is a 70-kg

per son who has an ECF vol ume of 15 L when nor mal (top line) and 12 L while in DKA (bot tom line).  The con -
tent of HCO3

- is de creased by 75 mmol in DKA.  De spite this loss, there is a 1:1 re la tion ship be tween the fall
in PHCO3 and rise in Pb-HB be cause of an equiv a lent loss of b-HB with Na+ and/or K+ in the urine.  This rep re -
sents the in di rect loss of NaHCO3.

      Plasma               ECF vol ume           ECF con tent

PHCO3 Pb-HB HCO3
– Ketoacids HC03

– + Ketoacids
mmol/l mmol/l li ters mmol mmol mmol

nor mal 25 0 15 375 0 375
DKA 10 15 12 120 180 300



con scious ness, and the se ver ity of the bio -

chem i cal ab nor mal i ties. In chil dren, the lead -

ing cause of mor bid ity and mor tal ity is the de -

vel op ment of ce re bral edema (dis cussed

later) [99, 100]. Other causes of death are in -

fec tion, vas cu lar throm bo sis, and shock.

Early di ag no sis, a better de sign of ther apy,

and deal ing with the un der ly ing causes of

DKA may re duce the mor tal ity rate. Our em -

pha sis will be on the threats to the pa tient’s

life dur ing ther apy of DKA (Ta ble 15). Treat -

ment will be dis cussed un der the fol low ing

head ings: body fluid com part ments, in su lin,

bi car bon ate, predisposing factors and how to

avoid complications of therapy.

Body Fluid Compartments

Fo cus on the ECF vol ume: The ECF vol -

ume should be re-ex panded quickly only if

there is a hemodynamic emer gency. It is very

dif fi cult to as sess the de gree of ECF vol ume

con trac tion on clin i cal grounds [101 – 103].

The fol low ing lab o ra tory find ings can help to

pro vide a quan ti ta tive as sess ment of the pa -

tients’ ECF vol ume [69]. The hematocrit (ra -

tio of red blood cells (RBC) vol ume/blood

vol ume) is par tic u larly use ful if the pa tient is

not ane mic. For ex am ple, if the ini tial hema -

tocrit were 60%, this would sug gest that the

plasma vol ume is con tracted by more than

50% (Equa tion 11). More over, the ECF vol -

ume is con tracted to a greater de gree than the

plasma vol ume be cause the vol ume of RBC

should re main con stant (in the ab sence of a

se verely ab nor mal PNa) and Star ling forces

should ex pand the plasma volume at the

expense of the interstitial volume [69].

Nor mal: 0.40 = 2 l RBC vol ume/5 l blood vol -

ume (3 l plasma + 2 l RBC) 

Pa tient: 0.60 = 2 l RBC vol ume/3.3 l blood vol -

ume (1.3 l plasma + 2 l RBC) (11)

We also find 2 other in di ces help ful to mon -

i tor changes in the ef fec tive vas cu lar vol ume

[69]. First, if the ve nous PCO2 is ap pre cia bly

higher than the ar te rial PCO2 (> 10 mmHg), it

sug gests a slower blood flow rate past cells

drained by that ve nous sys tem (same CO2

pro duc tion, but CO2 is car ried away in fewer

li ters of blood, Fig ure 7). Sec ond, a rise in

urine out put usu ally sig nals an in crease in the

GFR and thereby a higher fil tered load of glu -

cose and a larger os motic diuresis. With the

ini tial urine out put rise, the rate of in tra ve -

nous in fu sion should be in creased by a sim i lar 

vol ume to main tain the slow and steady re-ex -

pan sion of the ECF vol ume.

The next de ci sion con cerns the com po si -

tion of the infusate. There is still some dis pute 

about which is the most ap pro pri ate in tra ve -

nous so lu tion to use. We strongly fa vor the

ini tial ad min is tra tion of 0.9% sa line (154 mM 

NaCl) to avoid a large fall in the ef fec tive Posm

(Equa tion 10). When the PGlu falls be low 250

mg/dl (15 mM), glu cose should be added to

the infusate. Fur ther fluid ther apy is de ter -

mined by the clin i cal as sess ment, bio chem i -

cal mea sure ments, and calculated and/or

expected losses.
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Ta ble 15. Com pli ca tions to avoid dur ing ther apy.

On ad mis sion
- Shock
- As pi ra tion pneu mo ni tis
- Throm botic ep i sodes
- Hyperkalemia with car diac arrhythmias

From 1.5 h on wards
- Hypokalemia with car diac arrhythmias

From 6 h on wards
- Neuroglucopenia

From 5 – 15 h
- Cerebral edema

Any time
- Com pli ca tions of the un der ly ing ill ness
- Lack of in su lin ac tions



Fo cus on the ICF vol ume: The def i cit of

ICF wa ter should be re placed much more

slowly. Once the hemodynamic emer gency is

dealt with, one can now safely switch to half

iso tonic sa line in adults with DKA be cause

ce re bral edema is not com mon in these pa -

tients. The goals for ICF ther apy dif fer in chil -

dren with DKA as dis cussed later in the sec -

tion on com pli ca tions of therapy.

In su lin: In su lin plays a cen tral role in ar -

rest ing ketogenesis, but this is rarely an ur -

gent as pect of ther apy be cause the max i mum

pos si ble rate of ketogenesis is only ~ 1

mmol/min [86]. In our view, the only emer -

gency ac tion of in su lin needed is its ef fect to

de crease the PK by ac cel er at ing a shift of K+

into cells in a pa tient with a sig nif i cantly ab -

nor mal EKG due to hyperkalemia. While in -

su lin will help lower the PGlu, its hypo -

glycemic ef fects are min i mal early in ther apy.

Rather, the PGlu will fall ini tially as a re sult of

re-ex pan sion of the ECF vol ume (di lu tion)

and glucosuria (de crease the glu cose pool

size) [104]. 6 – 8 hours af ter ther apy be gan,

in su lin will in crease the rate of ox i da tion of

glu cose (be cause com pet ing fat fu els are no

lon ger available) and by pro moting the

synthesis of glycogen [87].

Low-dose, short-acting in su lin reg i mens

are now com monly used. Given the un cer -

tainty of ab sorp tion by other routes, the

intravenous route is ad vis able. A typ i cal dose

in adults is 0.1 Units/kg as an in tra ve nous

bolus, fol lowed by a con stant in fu sion of 0.1

Units/kg/h. A bolus of in su lin should not be

used in chil dren be cause it may lead to brain

cell swell ing [93]. The pu ta tive mech a nism

in volves ac ti va tion of the Na+/H+ exchanger

in brain cell mem brane with a re sul tant gain

of ICF sol utes (Na+) [105].

In su lin ther apy has po ten tially det ri men tal

ef fects that should be an tic i pated and avoided.

The ma jor ones are hypokalemia (at 1 – 3 h)

and hypoglycemia (at 6 – 10 h). The for mer

risk is dis cussed be low and the lat ter one is

min i mized by in fus ing glu cose when the PGlu

falls to 250 mg/dl (~ 15 mM).

Po tas sium: Typ i cally, the PK on pre sen ta -

tion in pa tients with DKA is in the mid-5

range [94]. A lower PK in di cates that a rather

se vere K+ def i cit ex ists and pa tients are at

higher risk for car diac arrhythmias, par a lytic

ileus, and mus cle weak ness that may also in -

volve re spi ra tory mus cles af ter in su lin is

given. Once ther apy has com menced, the PK

falls rap idly, of ten within the first hour. This

is due pri mar ily to the up take of K+ into the

ICF (re plac ing Na+ and H+). Mi nor con trib ut -

ing fac tors are the loss of K+ in the urine, cor -

rec tion of the ac i do sis, and dilution from re-

 expansion of the ECF volume.

The ini tial aim of ther apy is to en sure a nor -

mal PK dur ing the acute stages of ther apy. Re -

plen ish ing the to tal def i cit of K+ in the body

will take time be cause it re quires the re-ac cu -

mu la tion of intracellular an ions (pri mar ily or -

ganic phos phates). K+ should be given as in -

tra ve nous KCl, but only when the PK is < 5.0

mM. Typ i cal reg i mens 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 PK is < 3.0 mM. The

EKG as well as the PK can be used to mon i tor

the rate of re place ment of K+.

While it is pru dent to con sider the urine out -

put, pa tients with oliguria may still need a

sup ple ment of K+ if their PK is dis tinctly low.

When DKA has been cor rected, oral sup -

plementation of K+ (and phos phate, usu ally

from diet) should be con tin ued over sev eral

days to re plen ish the def i cits in the intra -

cellular compartments.

Be cause hypokalemia is also a com pli ca -

tion of ther apy with NaHCO3, if a pa tient

pres ents with a low PK and ac i do sis that is

severe enough to re quire treat ment with

NaHCO3, one could make a case for with -

hold ing in su lin for an hour or so un til suf fi -
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cient K+ and HCO3
- have been ad min is tered.

Since the rate of net ketoacid pro duc tion is ~ 1 

mmol/min [86], with hold ing in su lin for that

hour will not have a ma jor im pact on the de -

gree of ac i do sis be cause more HCO3
- than

this can be given.

NaHCO3

Early ther apy: NaHCO3 is rarely needed.

Nev er the less, it is dif fi cult to re sist giv ing

NaHCO3 when the PHCO3 is < 5 mM es pe -

cially if there is a source of loss of NaHCO3
-.

A se vere de gree of hyperkalemia is also a pos -

si ble in di ca tion for the use of NaHCO3.

Later ther apy: Af ter the ketoacidosis has

been largely re versed, some pa tients may

have a lin ger ing hyperchloremic type of met -

a bolic ac i do sis due in part to a low rate of ex -

cre tion of NH4
+. These pa tients may need to

in gest NaHCO3 to raise their PHCO3.

Phosphate

The usual def i cit of phos phate is 1.5 – 2.5

mmol/kg body weight (Ta ble 13). While only

close to 10% of pa tients have hypophos -

phatemia at pre sen ta tion, once ther apy is in -

sti tuted vir tu ally ev ery pa tient be comes pro -

foundly hypophosphatemic. There are no

con trolled stud ies doc u ment ing the ab so lute

ben e fits of the acute re place ment of phos -

phate. A num ber of the o ret i cal con sid er -

ations, how ever, sug gest that it may be ben e -

fi cial to re place some of the def i cit of phos -

phate early in ther apy. The rate of in fu sion of

phosphate should not exceed 50 mmol/8 h.

Complications Observed During
Therapy

While hypokalemia, hypoglycemia, re -

lapse of ketoacidosis, and throm botic events

may oc cur, we shall fo cus on ce re bral edema

in this sec tion.

Ce re bral edema: Typically, DKA is first

di ag nosed in child hood. Ce re bral edema is

more com mon dur ing ther apy in the first ep i -

sode of DKA, pos si bly be cause there was a

de lay in sus pect ing that this may be the di ag -

no sis by fam ily mem bers. Ce re bral edema oc -

curs in ~ 1% of cases and it is the ma jor cause

of mor tal ity in this set ting [99, 100]. Even

though most chil dren with ce re bral edema

sur vive, many are left with sig nif i cant neu ro -

log i cal def i cits. Even those who seem to be

neu ro log i cally in tact may have sub tle cog ni -

tive and be hav ioral def i cits.

Ce re bral edema is the re sult of a rise in

brain wa ter and hence intracranial pres sure

be cause of the fixed vol ume of the skull. At

the clin i cal level, typ i cally, the child who de -

vel ops ce re bral edema ap pears to be re cov er -

ing nor mally from DKA, but takes a rapid

turn for the worse close to 5 – 15 h af ter the

on set of ther apy. Nev er the less, 1/20 chil dren

de vel oped ce re bral edema prior to re ceiv ing

ther apy – a pos si ble rea son for this was dis -

cussed in ref er ence [89]. The warn ing signs

of im pend ing ce re bral edema are of ten sub tle, 

in clud ing new on set of drows i ness and/or ir -

ri ta bil ity that can prog ress rap idly to a dis or -

dered state of con scious ness that may

terminate with respiratory arrest and death.

While CT or MRI im ag ing will con firm this 

di ag no sis, we are very re luc tant to send pa -

tients sus pected of hav ing ce re bral edema for

these stud ies be cause they need ex tremely ur -

gent med i cal treat ment that can not wait for

even a few min utes. More over, they need to

be ob served very care fully and the im ag ing

de part ment does not have the fa cil i ties to do
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this. Even when one has the re sults of the im -

ag ing stud ies, changes in the clin i cal state can

oc cur so rap idly that this re sult may not mir ror 

the current status in a timely fashion.

Pathophysiology of Cerebral Edema

A more de tailed view of the patho physiol -

ogy of ce re bral edema will be con sid ered un -

der the fol low ing head ings (Fig ure 17).

Fac tors re lated to an ex pan sion of the

ECF com part ment of the brain: One can

think of these as early or later events. The

early fac tors might in clude a less re stric tive

blood brain bar rier (BBB), the use of an ini tial 

bolus of sa line, es pe cially if there is not a

hemodynamic rea son to give it, and an ini tial

de cline in the colloid os motic pres sure of

plasma. In more de tail, al though some what

con tro ver sial, there is ev i dence of subclinical

ce re bral edema be fore ther apy is in sti tuted

when CT scans of the brain were ex am ined

[106 – 108]. This may be the re sult of a less re -

stric tive BBB that per mits the intracranial
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Ta ble 16. An tic i pated re sults of ther apy of DKA.

Glu cose: - Will fall 5.5 mmol/l (100 mg/dl) over each of the first 6 hours. Rea sons for
  fall are di lu tion (early), glucosuria (mid-time) and me tab o lism (late).

So dium: - Rise in the PNa of 1.6 mmol/l per 100 mg/dl (5.5 mmol/l) de cline
  in PGlu ow ing to a shift of wa ter into the ECF.

Po tas sium: - Sud den fall over 1 – 2 hours ow ing to shift of K+ into cells when in su lin acts.
- This is the best early in di ca tor of the bi o log i cal ac tions of in su lin.

Bi car bon ate: - Will not rise for sev eral hours.
- The PHCO3 will be close to 16 – 18 mmol/l once
  ketoacidosis largely dis ap pears (6 – 8 hours later).

Ketoacids: - Slow steady de cline over 8 hours to 1 mmol/l range.
- Se rum quick test for ke tones will be pos i tive much lon ger.
- The Quick test may ac tu ally be come more pos i tive, de spite less ketoacidosis
  ow ing to con ver sion of Hlb-HB to HlAcAc.

An ion gap: - Fall in par al lel with ketoacids, will re turn to nor mal in 8 – 12 hours.
Com pli ca tions: - See Ta ble 15.

Fig ure 17. Risk fac tors for ce re bral edema. The
solid rec tangle rep re sents the skull. The 2 risk fac -
tors for swell ing of brain cells are shown on the left
and in clude a higher con cen tra tion of glu cose
and/or its me tab o lites in the brain due to rapid low er -
ing of the PGlu (site 1) and ac ti va tion of the Na+ : H+

exchanger (NHE) by in su lin (site 2). The fac tors
caus ing ex pan sion of the ECF vol ume are shown on 
the right and could be the re sult of a less re stric tive
blood brain bar rier (site A), a fall in the colloid os -
motic pres sure (COP) in plasma (site B), and/or the
ex ces sive ad min is tra tion of sa line (site C). Re pro -
duced with per mis sion [187].



ECF vol ume to in crease, ef fec tively by pass -

ing the pro tec tive mech a nisms that nor mally

ex ist to pre vent a rise in intracranial pres sure.

The ini tial bolus of sa line will be dis trib uted

on first pass in the blood vol ume and cause a

sud den rise in hy dro static pres sure and a fall

in the colloid os motic pres sure of ar te rial

blood. In ad di tion to the fall in al bu min con -

cen tra tion, the colloid os motic pres sure could 

de crease due to a fall in the Donnan force in

plasma, pos si bly the re sult of a less an ionic

charge on al bu min as so ci ated with rapid

re-ex pan sion of the ECF vol ume [109].

Hence Star ling forces to gether with a less re -

stric tive BBB could act in con cert to ex pand

the vol ume of the intracerebral ECF com part -

ment fur ther. The mes sage we de rive from

these anal y ses is: a large bolus of sa line

should not be given unless there is frank

hemodynamic collapse in children with

DKA.

Fac tors as so ci ated with a rise in brain

cell vol ume: There are two fac tors to con -

sider, a fall in the ef fec tive Posm and a rise in

intra cellular osmoles. Firts treatment reg i -

mens that have been as so ci ated with ce re bral

edema usu ally cause a sig nif i cant fall in the

ef fec tive Posm (Equa tion 10). A rapid fall in

the PGlu may pre dis pose to ce re bral edema by

al low ing the shift of wa ter into brain cells (a

com part ment with an osmo lality that de -

creases less rap idly than the ef fec tive Posm).

As par tial com pen sa tion for the high ef fec tive 

Posm in a pa tient with DKA, the brain seems to 

ac cu mu late osmoles such as sorbitol, fruc -

tose, taurine and glutamine that min i mize the

de gree of wa ter shift out of brain cells. Once

the Posm falls, how ever, these or ganic osmoles 

can not be re moved rap idly from brain cells

and they will at tract wa ter, con trib ut ing to the

de vel op ment of ce re bral edema [110]. Sec -

ond, one should avoid an ini tial bolus of in su -

lin be cause it may cause an in crease in the

num ber of par ti cles in cells of the brain [105].

In more de tail, in su lin ac ti vates the Na+-H+

exchanger in the cell mem brane (Fig ure 9).

By caus ing an in crease in the en try of Na+ into 

brain cells along with the exit of H+ that were

bound to intracellular pro teins, there will be a

net increase in the number of particles in the

ICF, and this will draw water into these cells.

The PNa is typ i cally much higher in chil dren 

for a given de gree of hyperglycemia (i.e.,

with a PGlu of 50 mM (900 mg/dl), the PNa is

usu ally in the 125 – 130 mM range in adults

[81, 104] but closer to 140 mM in chil dren

[93, 111]. We spec u late that this could re flect

the higher GFR early in type 1 di a be tes mel -

litus lead ing to a higher rate of glucosuria for

the same de gree of hyperglycemia. More over, 

the UNa + UK in this urine is close to 1/3 – 1/2
iso tonic sa line (plus glucosuria). Hence there

would be a larger ex cre tion of elec tro lyte-free 

wa ter in chil dren.

Issues for Therapy

The best strat egy is to pre vent ce re bral

edema from de vel op ing. This can prob a bly be 

achieved by avoid ing ther a pies that will

over-ex pand the ICF and ECF vol umes of the

brain. We would not ad min is ter a bolus of in -

su lin to treat DKA in chil dren. The ini tial sa -

line in fu sion should be tar geted to avoid cir -

cu la tory col lapse – we would not oth er wise

give a bolus of sa line. Once the pa tient is

hemodynamically sta ble, the Na+ def i cit

should be re placed slowly, with an up per limit 

of 6 – 9 mmol/kg de pend ing on the ini tial im -

pres sion of the de gree of ECF volume con -

trac tion (use the hematocrit if pos si ble)  [69].

In chil dren, we use iso tonic sa line to avoid

a fall in the ef fec tive Posm (Equa tion 10). The

tar get value for the PNa in the first 5 – 15 hours

is that which keeps a con stant ef fec tive Posm.

Add ing KCl, to iso tonic sa line is a good

choice when the pa tient is un der go ing a rapid
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glu cose-in duced os motic diuresis be cause

this will de fend the ef fec tive POsm when the

PGlu falls. There is ev i dence to sug gest that

main tain ing a con stant “ef fec tive” Posm at the

ex pense of hypernatremia may pro tect against

ce re bral edema [93]. This can be ac com -

plished by per mit ting the PNa to rise by half the

fall in PGlu in mM terms (Equa tion 10),

thereby keep ing the ef fec tive Posm con stant

(Fig ure 18). As men tioned ear lier, the PNa in

chil dren with DKA who have a PGlu of 50 mM 

(900 mg/dl) is usu ally close to 140 mM [93,

111]. When this PGlu falls by 30 mM (540

mg/dl), the PNa would have to rise by 15 mM

to 155 mM to keep the ef fec tive Posm con stant

(Equa tion 10). To achieve this aim, the in tra -

ve nous so lu tions must have the same ef fec -

tive osmolality as the Posm in an oliguric pa -

tient or as the urine when the pa tient has a

large urine out put.

If signs of ce re bral edema did de velop,

hype rtonic sa line or mannitol should be in -

fused rap idly to re verse ce re bral edema by

draw ing wa ter out of the brain [112]. Our aim

would be to give enough hypertonic sol utes to 

see a prompt clin i cal re sponse. Usu ally, this

would re quire an in crease in the ef fec tive Posm

of 10 mOsm/kg H2O (ad min is ter 10 mmol of

mannitol or 5 mmol of hypertonic NaCl/l

body wa ter us ing the clin i cal re sponse as your 

guide).

Precipitating Events

Dur ing ther apy for DKA, it is also nec es -

sary to treat any pre cip i tat ing event or ac com -

pa ny ing ill ness. Al though clin i cal rhabdo -

myolysis is un com mon, en zymes of mus cle

or i gin (CPK, AST, and LDH) are of ten el e -

vated in plasma. Throm botic events in veins

due to a slow blood flow rate should also be

anticipated.

Alcoholic Ketoacidosis

Al co holic ketoacidosis is seen fol low ing

binge drink ing of large amounts of eth a nol

com pli cated by poor food in take and vom it -

ing (usu ally due to al co hol-induced gas tri tis)

[113, 114]. The lack of food in take and the

ECF vol ume de ple tion lead to sup pres sion of

in su lin se cre tion via an a-adrenergic ef fect

[115]. This com bi na tion of hor monal changes 

both in creases lipolysis in ad i pose tis sue

(stimu lation of hormone-sen si tive lipase) and 

di min ishes hepatic lipogenesis (in hi bi tion

of hepatic acetyl-CoA carboxylase (ACC))

(Fig ure 16).

Eth a nol, the prin ci pal car bon source for the

for ma tion of ketoacids, is me tab o lized in the

liver to pro duce acetyl-CoA. Con straints set

by the rate of turn over of ATP in hepatocytes

lim its the rate of ox i da tion of acetyl-CoA to

38

Chap ter I  -  Cli ni cal Nephro lo gy and Hy per ten si on

Fig ure 18. Fall in the ef fec tive plasma osmolality
and the de vel op ment of ce re bral ede ma. For de tails,
see text. A rise in the PNa is needed to pre vent a fall in
the ef fec tive Posm when there is a fall in the PGlu. The
PNa must rise by 1/2 the fall in the PGlu to main tain a
con stant Posm of 330 mOsm/kg H2O.



pro duce ATP [85, 86]. This, to gether with the

in hi bi tion of the syn the sis of fatty ac ids in

liver (in hi bi tion of ACC by the low in su lin

and high cir cu lat ing coun ter-in su lin hor -

mones such as adren a line and glucagon),

leads to the rapid for ma tion of ketoacids. The

ac i do sis may be quite se vere and have a rel a -

tively rapid on set, with ketoacid an ion lev els

of up to 20 mM; it is as so ci ated with an in -

crease in the an ion gap in plasma. Es tab lish -

ing the di ag no sis of al co holic ketoacidosis

may not be straight for ward. One rea son is

that there are fre quently co ex ist ing acid-base

dis tur bances that re sult in the blood pH be ing

nor mal or even alkalemic in up to 50% of pa -

tients. Met a bolic alkalosis com monly oc curs

as a re sult of the vom it ing, and re spi ra tory

alkalosis may oc cur due to stimulation of

ventilation by alcohol withdrawal or aspira -

tion pneumonia.

The sec ond dif fi culty in di ag no sis is that

there is oc ca sion ally a falsely low or per haps

neg a tive screen ing test for ke tones [116]. The

nitroprusside re agent re acts with acetoacetate 

and ac e tone. Acetoacetate is in equi lib rium

with b-HB in a re ac tion cat a lyzed by the

enzyme b-hydroxybutyrate dehydrogenase

(Equa tion 12). This is an NAD+-NADH linked 

re ac tion and the ra tio of end prod ucts de pends

on the NAD+/NADH ra tio which in turn re -

flects the re dox state in liver cells. In al co -

holic ketoacidosis, the NAD+/NADH ra tio in

the liver is of ten more re duced than usual due

in part to the me tab o lism of eth a nol (which

gen er ates NADH) or to tis sue hypo perfusion

as a re sult of the marked de gree of ECF vol -

ume con trac tion. In this set ting, the more re -

duced NAD+/NADH ra tio in creases the

amount of b-hydroxybutyrate rel a tive to that

of acetoacetate so that the screen ing test for

ke tones may be falsely low.

AcAc- + NADH + H+ « b-HB- + NAD+  (12)

The di ag no sis of al co holic ketoacidosis is

there fore sus pected in light of the clin i cal sit -

u a tion and lab o ra tory ab nor mal i ties noted

above. A key find ing is that the PGlu is not

very el e vated as it would be in DKA. At times

it is dif fi cult to dis tin guish al co holic

ketoacidosis from meth a nol or eth yl ene gly -

col poi son ing as the pri mary cause of ac i do -

sis. This di ag no sis is very im por tant to make

be cause ther apy dif fers. Both can cause met a -

bolic ac i do sis, a high an ion gap in plas ma, an

el e vated value for the plasma osmolal gap,

and a near-nor mal PGlu. Nev er the less, there is

one clin i cal clue that can help – if the ECF

vol ume is not very con tracted, one would sus -

pect meth a nol or eth yl ene gly col over dose. A

di rect as say for methanol and ethylene glycol

is needed to establish the diagnosis.

Treatment of Alcoholic Ketoacidosis

The treat ment of al co holic ketoacidosis is

usu ally straight for ward. Iso tonic sa line is re -

quired to cor rect the marked de gree of ECF

vol ume de ple tion [113]; if the PGlu is def i -

nitely low, a small quan tity of glu cose should

be added to raise the PGlu to the high-nor mal

range. The higher PGlu should now stim u late

in su lin se cre tion and thereby, di min ish the

rate of ketoacid pro duc tion. At ten tion must

be paid both to K+ and phos phate de ple tion,

which are com mon in this dis or der. Treat ment 

with NaHCO3 is rarely re quired be cause the

de gree of acidemia is usu ally mild and the net

pro duc tion of ketoacids can be re versed

quickly with ap pro pri ate in tra ve nous fluid

ther apy. One must bear in mind that a de fi -

ciency of thi a min might be pres ent in a pa tient 

who is mal nour ished so this vi ta min must be

given with the initial therapy in this setting.

The prog no sis is usu ally ex cel lent; in one

case se ries only about 50% of the pa tients re -

quired hos pi tal ad mis sion, and the mor tal ity
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rate was only 1% in clud ing prob lems re lated

to un der ly ing le sions such as pneu mo nia and

pancreatitis [114].

Ketoacidosis of Prolonged Fasting

Ketoacidosis of fast ing is usu ally a mild

dis or der with a PHCO3 that is char ac ter is ti cally 

close to 18 mM and an an ion gap that is less

than 19 mEq/l (sug gest ing that the ac cu mu la -

tion of ketoacid an ions is not more than 7

mM). The rate of pro duc tion of ketoacids is

close to that in DKA, but the rate of pro duc -

tion is matched by the re moval of ketoacids

by ox i da tion in the brain and kid neys plus

their ex cre tion with NH4
+ in the urine [46].

The PGlu is usu ally close to 60 mg/dl (3 mM).

Spe cific treat ment for this form of ketoaci -

dosis other than re-feed ing is not re quired be -

cause it is rap idly cured by intake of carbo -

hydrate.

L-lactic Acidosis

L-Lac tic ac i do sis may be clas si fied into

two ma jor cat e go ries de pend ing on whether

or not the sup ply of ox y gen is matched to tis -

sue de mands for en ergy me tab o lism. In type

A L-lac tic ac i do sis, the pro duc tion of L-lac tic

acid is in creased and its re moval im paired be -

cause of tis sue hypoxia (Fig ure 19). In con -

trast, in type B L-lac tic ac i do sis, hepatic re -

moval of L-lac tate is im paired for rea sons

other than hypoxia [117] (Table 17).

Type A Lactic Acidosis

Type A L-lac tic ac i do sis is par tic u larly frus -

trating to treat be cause its un der ly ing cause
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Ta ble 17. Causes of L-lac tic ac i do sis.

Type A (hypoxic)
– cir cu la tory fail ure (cardio gen ic shock or

sec ond ary to sep sis)
– se vere hypoxemia (lung prob lem or high

al ti tude)
– se vere ane mia
– ex ces sive de mand for ox y gen (e.g.

gen er al ized sei zure, vig or ous ex er cise)

Type B (com pro mised me tab o lism of L-lac tate)
– a va ri ety of dis eases that se verely af fect the

liver
– in hi bi tion of gluconeogenesis (e.g. by eth a nol)
– in born er ror of me tab o lism af fect ing pyruvate

dehydrogenase, the tricarboxylic acid
– cy cle, or the elec tron trans port sys tem
– thi a mine de fi ciency
– ri bo fla vin de fi ciency or low bioactivity
– isoniazide (vi ta min B6 de fi ciency)

Fig ure 19. Bio chem is try of
L- lactic ac i do sis. The ma jor
pro duc tion of L-lac tic acid oc -
curs when the sup ply of O2 is in -
ad e quate to meet de mand to
sup port met a bolic and phys i cal
work and/or uncoupling of ox i -
da tive phosphorylation due to
open H+ chan nels (UCP). Vi ta -
min B1 (thi a min), is a co fac tor
in the re ac tion cat a lyzed by pyr -
u vate dehydrogenase (PDH).
L-lac tic acid can also ac cu mu -
late when the abil ity to me tab o -
lize L-lac tate is com pro mised.



may be ex tremely dif fi cult to re verse. Ex am -

ples in clude cardio gen ic shock, sep tic shock,

and mul ti ple or gan fail ure. It is also im por tant

to rec og nize that the rate of net L-lac tate pro -

duc tion may be ex tremely rapid, re sult ing in

se vere ac i do sis very quickly. It is widely be -

lieved that the ac cu mu la tion of the L-lac tate

an ion per se is not harm ful and is im por tant

only as a sign of se ri ous met a bolic dys -

functions. Nev er the less, the L-lac tate an ion

can che late ion ized Ca2+ [118 – 120], an ion

that is crit i cal for myo car dial con trac tion

[121]. In ad di tion, Veech and Fowler [122]

have sug gested that a higher NADH/NAD+ ra -

tio can im pair me tab o lism. There fore there are

the o ret i cal rea sons to sus pect a pri mary role

for the L- lactate an ion in the poor out come.

Hypovolemic shock: L-lactic ac i do sis

caused by hem or rhage or ex ten sive loss of

Na+-rich fluid (di ar rhea, etc.) is the eas i est of

the causes to treat. In fu sion of iso tonic sa line

is the most ap pro pri ate ini tial ther apy for

most pa tients. In pa tients with se vere hypo -

albuminemia, colloids, such as al bu min or

plas ma, may also be given. Whether one

should add NaHCO3 to the ini tial in tra ve nous

fluid de pends on the fac tors dis cussed ear lier

– the se ver ity of the ac i do sis, the re spi ra tory

com pen sa tion, the PK, and prob a bly most im -

por tant, the like li hood of rapid re ver sal of the

un der ly ing cause of the hypovolemia. Usually, 

cor rec tion of hypovolemia will cor rect tissue

hypoxia and rapid re ver sal of the L-lactic ac i -

do sis due to met a bolic con ver sion of the ac -

cu mu lated L-lactate an ions to HCO3
- should

be an tic i pated (~ 4 – 8 mmol of L-lactate may

be re moved per min ute via ox i da tion or

gluco neogenesis [2]).

Cardio gen ic shock: This is much more

dif fi cult to man age, be cause the un der ly ing

cause of the tis sue hypoxia – low car diac out -

put – is of ten dif fi cult to re verse rap idly. Key

is sues to con sider in pa tients with this di ag no -

sis are en sur ing that left ven tric u lar fill ing

pres sure is ad e quate (which usu ally re quires

pul mo nary cap il lary wedge pres sure mea -

sure ment) and that readily treat able causes of

cardio gen ic shock such as pericardial tam -

ponade are not over looked. The use of ino -

tropes, afterload re duc ing agents, and/or an

intraaortic bal loon pump may be re quired.

The ad min is tra tion of NaHCO3 is of ten of

lim ited use be cause of con straints im posed

by ECF vol ume ex pan sion and pul mo nary

edema.

Sep tic shock: L-lactic ac i do sis in a pa tient

with sep sis is a grave prog nos tic find ing.

Treat ment of the un der ly ing in fec tion with

ap pro pri ate an ti bi ot ics, sur gi cal drain age of

an ab scess if pres ent, op ti mi za tion of intra -

vascular vol ume, and the use of inotropic

agents are all es sen tial, but of ten fu tile once

mul ti ple or gan fail ure is pres ent.

Use of dichloroacetate: One ap proach to

treat ment of pa tients with L-lac tic ac i do sis is

to use dichloroacetate (DCA) [123]. DCA ac -

ti vates the pyruvate PDH and thereby fa cil i -

tates pyruvate (and there fore L-lac tate) re -

moval via met a bolic con ver sion to acetyl-

 CoA and then to CO2 and wa ter. This may al -

low for more re gen er a tion of ATP per mo lec -

u lar of O2 con sumed be cause now glu cose or

L-lac tate rather than fatty ac ids are se lected as 

the fuel to be ox i dized [124]. DCA may have

ben e fi cial ef fects on myo car dial function via

a similar mechanism.

Early re ports on the use of DCA in crit i cally 

ill pa tients with L-lactic ac i do sis were some -

what en cour ag ing. Not with stand ing, a pro -

spec tive, ran dom ized con trolled trial of 252

pa tients with L-lactic ac i do sis, the ma jor ity of 

whom had sep sis and multi-organ fail ure,

failed to show clin i cally sig nif i cant ben e fit of

DCA [125]. The re sults are not sur pris ing

con sid er ing that 18 mmol of H+ are pro duced

when 18 mmol of ATP are re gen er ated by an -

aer o bic glycolysis, but only 1 mmol of H+ is

re moved when the same amount of ATP is re -
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gen er ated by the aer o bic ox i da tion of L-

 lactate [2]. There fore one can not over come a

ra pid rate of pro duc tion of L-lactic acid by en -

hanc ing its rate of re moval un less an aer o bic

glycolysis is in hib ited. Fur ther more, as

pointed out be fore, L-lactic ac i do sis per se

may be an epiphenomenon that re flects the

pres ence of se ri ous met a bolic dysfunctions.

Type B L-lactic Acidosis

Hepatic dis ease: L-lac tic ac i do sis is fre -

quently seen in pa tients with acute hepatic ne -

cro sis with liver fail ure, such as that caused

by vi ral hep a ti tis. It may also be seen as a

more sta ble, chronic L-lac tic ac i do sis where

L-lac tate re moval is im paired in pa tients, for

ex am ple, with ma lig nancy that have liver

metastases or in fil tra tion with or with out a

large tu mor bur den out side the liver. The

mech a nisms that con trib ute to the L-lac tic ac -

i do sis in these pa tients in clude re place ment of 

a suf fi cient num ber of liver cells with tu mor

cells to im pair L-lac tate re moval, pro duc tion

of me tab o lites by tu mor cells such as the

amino acid tryptophan that may lead to in hi -

bi tion of hepatic gluconeogenesis, and/or the

fact that tu mor cells pro duce a quan tity of

L-lac tic acid that exceeds the hepatic capacity 

to remove it in this setting.

Ad min is tra tion of NaHCO3 to pa tients with 

type B L-lac tic ac i do sis due to liver dis ease

may have neg a tive ef fects. First, the NaHCO3

may in crease L-lac tate pro duc tion (from glu -

cose) by de-in hib it ing phosphofruct okinase-

 1 in ma lig nant cells. Thus if the source of this

glu cose is ul ti mately from gluconeogenesis, a 

con sid er able amount of lean body mass may

be lost [126]. Sec ond, if for in stance 150

mmol of NaHCO3 were given along with 1 l

of D5W, the 276 mmol of glu cose pro vided

could be con verted to 552 mmol of H+ (2

L-lac tate- and 2 H+ per glu cose), a quan tity

that ex ceeds the 150 mmol of HCO3
- given.

Thi a min de fi ciency: Thi a min (vi ta min B1) 

de fi ciency is a spe cific ex am ple of type B

L-lac tic ac i do sis that mer its em pha sis. Thi a -

min is an es sen tial co fac tor of the PDH com -

plex, an en zyme re quired for the re gen er a tion

of ATP from glu cose [2, 127]. A spe cial cir -

cum stance where the ef fect of thi a min de fi -

ciency can be very acute oc curs when keto -

acids were the main brain fuel (al co holic

ketoacidosis), but ketoacids dis ap peared

when in su lin lev els rise (res to ra tion of ECF

vol ume, es pe cially if hyperglycemia is also

pres ent). The tar get or gan for a def i cit of thi a -

min is the brain for two rea sons: first, the

brain is de pend ent on glu cose as its en ergy

fuel, and there fore flux through the PDH must 

oc cur in or der to have ATP re gen er a tion (un -

less keto acids are pres ent); sec ond, there are

very high rates of ATP turn over in cer tain ar -

eas of the brain. Hence, one can an tic i pate

two haz ards from a de fi ciency of thi a min, a

lo cal def i cit of ATP, and a con se quent lo cal

H+ ac cu mu la tion in an or gan with lim ited

buffer ca pac ity. This may help ex plain why

Wernicke-Korsa koff syn drome de vel ops in

these pa tients. Treat ment is ob vi ously thi a -

min re place ment be fore the ketoacid con cen -

tra tion in plasma falls to very low lev els.

Thi a min de fi ciency is most of ten seen in al -

co hol ics who are poorly nour ished, but it has

also been de scribed in pa tients re ceiv ing to tal

parenteral nu tri tion when thi a min was not

sup ple mented. The clin i cal man i fes ta tions of

the L-lac tic ac i do sis due to thi a min de fi -

ciency are con fu sion, hypotension, tachy car -

dia, tachypnea and signs of congestive heart

failure.

Eth a nol: The ac i do sis ob served in pa tients

who have con sumed large quan ti ties of eth a -

nol is fre quently multifactorial. One com po -

nent that may be ob served in ad di tion to

ketoacidosis is L-lactic ac i do sis. The de gree
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of L-lactic ac i do sis is usu ally mild (< 5 mM)

be cause it re flects the more re duced

NADH/NAD+ ra tio due to eth a nol me tab o -

lism that is largely re stricted to the liver. A

more se vere de gree of L-lactic ac i do sis sug -

gests that there is L-lactic acid over pro duc -

tion caused by hypoxia (re sult ing from shock

due to gas tro in tes ti nal bleed ing, for ex am -

ple), thi a min de fi ciency, sei zures (al co hol

with drawal, de lir ium tremens, and/or a CNS

le sion), or L-lactic acid underutilization due

to se vere liver dis ease. The man age ment of

this sit u a tion is mainly sup port ive, in clud ing

nor mal iza tion of the ECF vol ume and pro vi -

sion of thi a min. Once eth a nol is com pletely

me tab o lized, NADH lev els will fall, L-lactate 

will be con verted to pyruvate, and thereby to

ei ther glu cose and/or CO2 and wa ter. This

will lead to the re gen er a tion of HCO3
-, and

the res o lu tion of the L-lactic ac i do sis.

Biguanides: Biguanides are fre quently

used for pa tients with type 2 di a be tes to lower

the PGlu. Ini tially, phenformin was the drug

that was used, but be cause it led to the de vel -

op ment of L-lac tic ac i do sis [128], its use was

cur tailed. Cur rently, metformin is the drug of

choice in this class – it does not seem to be a

sin gle cause of L-lac tic ac i do sis [128b].

Biguanides, are lipophylic weak ac ids that

can cross the mi to chon drial mem branes and

cause un cou pling of ox i da tive phosphor y -

lation in a fash ion simi lar to dinitrophenol.

The rea son for the higher like li hood of L-lac -

tic ac i do sis with phenformin than metformin

is that phenfor min has a larger hy dro pho bic

end. Cer tain con di tions lead to higher blood

lev els of these drugs, in clud ing re nal in suf fi -

ciency, re duced liver func tion or al co hol

abuse, and heart fail ure and there fore, pa -

tients with these con di tions are more pre dis -

posed to serious L-lactic acidosis with this

class of drugs.

Antiretroviral drugs: L-lac tic ac i do sis

has been re ported in pa tients with HIV in fec -

tion treated with var i ous antiretroviral agents. 

The agent most fre quently as so ci ated with

L-lac tic ac i do sis is zi dovu dine [129], but

didanosine, stavudine, lamivudine, and indi -

navir have also been im pli cated. Antiretro -

viral drug ther apy is as so ci ated with mi to -

chon drial myopathy as well as hepatic stea -

tosis. Ei ther mus cle or liver in volve ment

could, in the ory, ex plain the L-lac tic ac i do sis.

Ini tially, mi to chon drial myopathy, as man i -

fested by rag ged-red fi bers and mi to chon drial 

DNA de ple tion, was thought to be the main

mech a nism of L-lac tic ac i do sis. Be cause the

L-lac tic ac i do sis did not be come much more

se vere with ex er cise [129], we sus pect that a

more likely mech a nism of the lac tic ac i do sis

might be the mas sive hepatomegaly and

steatosis (Fig ure 20). This view was sup -

ported by the fact that a small dose of ethanol

markedly increased the degree of L-lactic

acidosis [129].

Ri bo fla vin de fi ciency and/or tricyclic

an ti de pres sants: The ac tive me tab o lites

formed from vi ta min B2 (ri bo fla vin), flavin

mononucleotide (FMN) and flavin ad e nine

dinucleotide (FAD), are com po nents of the

mi to chon drial elec tron trans port sys tem, the

prin ci pal path way to re gen er ate ATP, and for

the en zyme, glut athione reductance. Ri bo fla -

vin must be ac ti vated via an ATP-dependent

kinase to produce FMN and FAD (Fig ure 21).

This kinase is in hib ited by tricyclic an ti de -

pres sant drugs, such as amitriptyline and

imipramine [130]. The ac tiv ity of the kinase

is de creased in hypo thyroidism. De creased

ac tiv ity of this kinase in a pa tient with myx -

edema cri sis was as so ci ated with pyro -

glutamic ac i do sis [131]. Pa tients who con -

sume a diet that is poor in B vi ta mins and take

this class of an ti de pres sants, can de velop a

chronic form of L-lactic ac i do sis. The rea son

that this is a chro nic steady state L-lactic ac i do -

sis is still not clear.
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The di ag no sis is sus pected by the his tory,

and ri bo fla vin de fi ciency is sup ported by

find ing a low ac tiv ity of glutathione reductase 

in eryth ro cytes (a flavoprotein-de pend ent en -

zyme). Ri bo fla vin supplementation leads to a

prompt re ver sal of the met a bolic ac i do sis in

these pa tients sug gest ing that the de fect is via

com pet i tive in hi bi tion that is over come by

high riboflavin levels [132, 133].

Isoniazide: Pro longed con vul sive sei zure,

re gard less of cause, can lead to L-lac tic ac i do -

sis. The sei zure dis or der in duced by iso nia -

zide is in ter est ing be cause of its mech a nism

and clin i cal im por tance (Fig ure 22). Of note,

the in ci dence of tu ber cu lo sis is ris ing world -

wide and isoniazide is fre quently used for its

therapy.

The mech a nism of the sei zure and L-lactic

ac i do sis may be the re sult of the for ma tion of

an isoniazide-vitamin B6 com plex, pyri doxal -

-isonicotinoyl-hydrazone, via a non- enzy ma -

tic re ac tion. This re sults in a rapid de vel op -

ment of vi ta min B6 (pyridoxine) de fi ciency

state [134]. Pyridoxal phos phate is a co fac tor

for the en zy matic re ac tion of gluta mic acid

de car box yl ase in which glu ta mate is con -

verted to gamma amino bu tyric acid (GABA). 

GABA is an in hib i tory neu ro trans mit ter.

There fore a de fi ciency of GABA could re sult

in in creased ex cit abil ity and there by lead to a

sei zure [135].

Pa tients on chronic hemodialysis are at in -

creased risk of isoniazide-in duced tox ic ity

be cause they tend to be de fi cient in vi ta min

B6 due to the ef fi cient re moval of this vi ta min

by hemodialysis. Vi ta min B6 de fi ciency can

be sus pected by find ing a low ac tiv ity of

alanine aminotransferase in erythrocytes.
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Fig ure 20. L-lac tic ac i do sis and anti-retroviral drugs. The ma jor ba sis for 
L-lac tic ac i do sis is due to a problemwith L-lac tic me tab o lism in the liver.
While a lower ac tiv ity of the mi to chon drial elec tron trans port  system is pos -
si ble, we fa vor the hy poth e sis that a large re place ment of liver pa ren -
chyma by triglyderides (hepatic steatosis, de picted by the gray ovals)
could ex plain why there is a re duced rate of L-lac tic acid re moval and a
sen si tiv ity to eth a nol-in duced L-lacitc ac i do sis.

Fig ure 21. L-lac tic ac i do sis and ri bo fla vin defi -
ciency. Ri bo fla vin (vi ta min B2) must be ac ti vated to
FMN or FAD to be come an ac tive com po nent in the
elec tron trans port sys tem, the mi to chon drial path -
way to re gen er ate ATP. Ei ther a de fi ciency of ri bo fla -
vin or in hi bi tion of its kinase by tricyclic an ti de pres -
sant drugs can lead to low lev els of FMN and/or
FAD.



There are two fac tors that con trib ute to the

de gree of L-lac tic ac i do sis (Fig ure 22). First,

the de fi ciency of vi ta min B6 is re spon si ble for 

isoniazide-as so ci ated sei zure and thereby

L-lac tic ac i do sis. This is sup ported by the fact 

that there is a rapid and al most in vari able ces -

sa tion of sei zure and re cov ery from L-lac tic

ac i do sis in re sponse to a large dose of in tra ve -

nous vi ta min B6 [136 – 138]. The rec om -

mended dose of vi ta min B6 for treat ment of

isoniazide tox ic ity is the same gram amount

as the isoniazide dose in gested. If the amount

of isoniazide is un known, the rec om mended

ap proach is to give 5 g of pyridoxine in 500

ml of fluid over 2 hours [138]. The sec ond

fac tor that could con trib ute to the de gree of

L-lac tic ac i do sis is iron de fi ciency caused by

chel ation of iron by the isoniazide-vi ta min B6

com plex. This could re sult in an elec tron

trans port de fect and hence higher pro duc tion

of L-lac tic 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

Meth a nol is me tab o lized by hepatic al co hol 

dehydrogenase. It is, how ever, a poor sub -

strate for this en zyme and there fore high lev -

els of meth a nol are needed for an ap pre cia ble

rate of meth a nol me tab o lism. The mo lec u lar

weight of meth a nol is only 32, so sub jects do

not need to in gest a large num ber of grams of

meth a nol to pro duce an ap pre cia ble quan tity

of toxic me tab o lites. One can sus pect that

meth a nol is pres ent from the his tory and the

lab o ra tory find ings of a large plasma osmolal

gap or met a bolic ac i do sis ac com pa nied by a

large in crease in the an ion gap in plasma

[139]. Note that the osmolal gap in plasma is

due to meth a nol whereas the an ion gap in

plasma is due to formate an ions. There fore,

later in the dis or der when meth a nol has been

largely ox i dized, the plasma osmolal gap will

not be el e vated, but a high anion gap type of

metabolic acidosis may be present.

The con se quences of meth a nol in ges tion

may be clas si fied as those aris ing from the ef -

fects of meth a nol it self and those of its me tab -

o lites. Meth a nol causes ine bri a tion like eth a -

nol. The se ri ous tox ic ity of meth a nol arises

from its me tab o lism to yield form al de hyde.

Fur ther me tab o lism of form al de hyde yields

for mic acid; how ever, ac i do sis is not usu ally

the ma jor con cern. Form al de hyde is highly

toxic to the cen tral ner vous sys tem re sult ing

in pro gres sive coma and thalamic hem or -

rhage. The en zyme retinol dehydrogenase is

lo cated in the ret ina and it can cat a lyze the

Mal lu che et al.  -  Cli ni cal Nephro lo gy, Dia ly sis and Trans plan ta tion  -  I-3 - Up da te 2 (2005) 45

3.I

3  Hal pe rin et al. - Dis or ders of Acid-base Balance

Fig ure 22. L-lac tic ac i do sis
due to the me tab o lism of isoni -
azide. For de tails, see text. The 
ma jor cause of L-lac tic ac i do -
sis is a sei zure due to vi ta min
B6 de fi ciency (site 1). A mi nor
con trib u tor to the de vel op ment
of lac tic ac i do sis could be
the chelation of iron (site 2) that 
di min ishes the L-lac tic acid re -
moval rate, ETS elec tron
 transport sys tem.



con ver sion of meth a nol to formaldehyde and

this leads to optic neuritis and blindness.

There may be dif fi cul ties in di ag nos ing

meth a nol poi son ing. In many cases, the or i gin 

of the in gested meth a nol is not rec og nized

(e.g., sub sti tu tion of meth a nol for eth a nol in a

rec re ational set ting), so that clin i cal sus pi cion 

of the di ag no sis may be lack ing. Be cause

meth a nol has such a low af fin ity for al co hol

dehydrogenase, meth a nol tox ic ity can be de -

layed if eth a nol is also in gested. Con se -

quently, if one re lies on find ing met a bolic ac i -

do sis, the di ag no sis may be missed early on,

even though plasma meth a nol lev els are high. 

Ac cord ingly, if there is the slight est sus pi cion 

that meth a nol may have been con sumed and

the plasma osmolal gap is sig nif i cantly el e -

vated, spe cific as says in blood for meth a nol

should be un der taken. An other clue is that

metabolic acidosis is present when the ECF

vol ume is not ap pre cia bly contracted.

Treatment of Methanol Poisoning

First and fore most, the rate of me tab o lism

of meth a nol to toxic end prod ucts should be

slowed by giv ing eth a nol or an in hib i tor of

alcohol dehydrogenase, 4-methylpyrazole

(fomepizole, Antizol). The meth ods for ad -

min is ter ing Antizol and eth a nol are de scribed 

in the sec tion on ethylene glycol.

Prog no sis: The prog no sis in meth a nol poi -

son ing is closely re lated to the pH at pre sen ta -

tion, with al most 100% mor tal ity seen when

the pH is less than 6.80. It is likely that the

mor tal ity is not caused di rectly by acidemia

it self, but that the se ver ity of ac i do sis re flects

the gen er a tion of form al de hyde that causes

the cen tral ner vous sys tem tox ic ity. There -

fore, al though ac i do sis should be ag gres -

sively treated, the re moval of meth a nol and its 

me tab o lites is the key to successful treatment.

Ethylene Glycol Poisoning

Eth yl ene gly col (au to mo bile an ti freeze,

mo lec u lar weight 62) is readily avail able and

is highly toxic. Like meth a nol, eth yl ene gly -

col is me tab o lized by the liver al co hol dehy -

drogenase to a va ri ety of toxic end prod ucts.

Pa tients with eth yl ene gly col poi son ing have

sim i lar find ings to those with meth a nol poi -

son ing – CNS de pres sion, in creased an ion

gap met a bolic ac i do sis and in creased plasma

osmolar gap. They dif fer in that they will of -

ten de velop acute re nal fail ure and pul mo nary 

edema. The di ag no sis may be sus pected with

the above find ings plus abun dant ox a late crys -

tals in the urine, and con firmed by an as say that 

quantitates eth yl ene gly col in blood.

Treatment of Methanol and Ethylene Glycol 

Poisoning

The prin ci ples of treat ment of eth yl ene gly -

col poi son ing are vir tu ally iden ti cal to that for 

meth a nol. They in clude ad min is tra tion of

eth a nol to achieve blood con cen tra tions of

about 20 mM (100 mg/dl) in or der to re duce

eth yl ene gly col me tab o lism, and re moval of

eth yl ene gly col and its me tab o lites by hemo -

dialysis. One could ad min is ter fomepizole, an 

in hib i tor of hepatic al co hol dehydrogenase,

in stead of eth a nol. The ma jor dif fer ence in

treat ing eth yl ene gly col poi son ing is that

when acute oliguric re nal fail ure is pres ent,

ECF vol ume over load or pul mo nary edema

may limit the amount of NaHCO3 that can be

administered so early dialysis is critically

important.

Eth a nol ad min is tra tion: Main te nance of

a plasma eth a nol level of about 20 mM (100

mg/dl) nearly com pletely in hib its meth a nol

and eth yl ene gly col me tab o lism. Since eth a -

nol dis trib utes through out to tal body wa ter,

ad min is ter a bolus of 0.6 g of eth a nol per kg of 

body weight to in crease its plasma level by 1
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mg/ml (100 mg/dl). The main te nance dose

should be equal to the ex pected met a bolic re -

moval rate for eth a nol; at a plasma level in ex -

cess of 3 mM (14 mg/dl) – the hourly amount

of eth a nol re moval is about 0.11 g per kg body 

weight [140]. In an al co holic pa tient, the

amount of eth a nol me tab o lized is ex pected to

be about 50% higher, and hence about 0.16 g

of eth a nol per kg body weight should be in -

fused hourly. In a pa tient on hemodialysis,

one can in crease the rate of in fu sion of eth a -

nol or add eth a nol to the di al y sis bath to

achieve a con cen tra tion of 20 mM. The only

way to en sure an op ti mal eth a nol plasma level 

is to measure ethanol levels frequently and

adjust its rate of infusion.

Ad min is tra tion of fomepizole (4-methyl -

pyrazole): The tar get level of fomepizole in

hu mans is 100 – 300 mmol/l (8.6 – 24.6 mg/l)

to as sure near-com plete in hi bi tion of hepatic

al co hol dehydrogenase. Its plasma half-life

var ies with the dose, even in pa tients with

nor mal re nal func tion. Fomepizole dis trib -

utes rap idly in to tal body wa ter. With mul ti ple 

doses, fomepizole aug ments its own me tab o -

lism by in duc ing the cytochrome P450 mixed -

function oxidase sys tem; this ef fect in creases

the elim i na tion rate by about 50% af ter about

30 – 40 hours. The side ef fects of fomepizole

in clude head ache, nau sea, diz zi ness, and al -

ler gic re ac tions (rash and eosino philia). Ve -

nous ir ri ta tion and phlebosclerosis oc cur if

the drug given is un di luted; there fore it

should be di luted with at least 100 ml of 0.9%

so dium chlo ride or D5W.

The load ing dose is 15 mg/kg, fol lowed by

10 mg/kg q2h for four doses, then 15 mg/kg

q12h (be cause of the P-450 en zyme in duc -

tion) there af ter un til the toxic al co hol level is

less than 20 mg/dl. All doses should be ad -

min is tered as a slow in tra ve nous in fu sion

over 30 min utes. Fomepizole is dialyzable

and the fre quency of dos ing should be in -

creased to q4h during hemodialysis. 

Salicylate Intoxication

The most com mon acid-base dis tur bance

as so ci ated with salicylate in tox i ca tion is re -

spi ra tory alkalosis due to cen tral re spi ra tory

stim u la tion [141]. Met a bolic ac i do sis may

com pli cate the pic ture, how ever, es pe cially in 

chil dren. Be cause toxic lev els of salicylate

are con sid er ably less than 10 mM (140 mg/dl),

the el e va tion of the plasma an ion gap in salic -

ylate-associated met a bolic ac i do sis is caused

by the ac cu mu la tion b-HB, some times L-

 lactate an ions, and other un iden ti fied or ganic

an ions in ad di tion to a small con tri bu tion by

sa licy lates. Acidemia is un com mon be cause

of co ex ist ing re spi ra tory alkalosis.

Treatment of Salicylate Intoxication

Treat ment of salicylate in tox i ca tion is aimed 

at in creas ing urine salicylate ex cre tion and

pre vent ing the ac cu mu la tion of sa licy lates in

brain cells. Salicylate is a weak or ganic acid

that is trans ported across cells and re nal epi -

thelia, in its undissociated form. Al ka lin izing

the urine re duces salicylate re ab sorp tion by

the kid ney and this may en hance its ex cre tion; 

sim i larly, al ka lin iz ing the ECF tends to pre -

vent salicylate ac cu mu la tion in cells, so

acidemia should be avoided.

Al ka lin izing the urine can be achieved with

NaHCO3 ad min is tra tion. The ma jor risk of this 

ther apy is ex ces sive el e va tion of blood pH

because of co ex is tent re spi ra tory alkalosis

and the risk of wors en ing pul mo nary or ce re -

bral edema. If the blood pH ex ceeds 7.55 as a

re sult of this ther apy, one dose of aceta zola -

mide (250 mg) should be given to in duce bi -

carbonaturia. Al though acetazola mide causes 

an acid dis equi lib rium pH in the lu men of the

PCT, it still pro motes salicylate ex cre tion

[142]. One must avoid larger doses of aceta -

zolamide as this may in duce sig nif i cant met a -
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bolic ac i do sis. Of more im por tance, aceta -

zolamide will bind to al bu min and dis place

bound sa licy lates thereby in creas ing its tox ic -

ity [143]. Acetazolamide also causes ex ces -

sive losses of K+ in the urine due to in duc ing

bicarbonaturia.

In se vere in tox i ca tions com pli cated by the

adult re spi ra tory dis tress syn drome, car dio -

vas cu lar in sta bil ity, ev i dence of ce re bral

edema, and pos si bly with se vere el e va tions in 

salicylate level per se (greater than 6 mM),

hemodialysis is the treat ment of choice; if

hemodialysis is not avail able, peritoneal di -

alsis may be used.

Metabolic Acidosis due to
Glue-sniffing

Pa tients who sniff glue for its in tox i cat ing

prop er ties ab sorb a sig nif i cant quan tity of

 toluene (methylbenzene). To lu ene is me tab o -

lized via a se ries of re ac tions in the liver to

hippuric acid that pro vides the load of H+

(Fig ure 23). De spite the pro duc tion of the

hippurate an ion, the plasma an ion gap is gen -

er ally not sig nif i cantly el e vated be cause the

kid ney, both via fil tra tion and more im por -

tantly by tu bu lar se cre tion, very ef fi ciently

ex cretes hippurate. As a re sult, there is the de -

vel op ment of a hyperchloremic type of met a -

bolic ac i do sis. To gether with the an ion ex cre -

tion, vari able amounts of uri nary ex cre tion of

Na+ and K+ may be seen, lead ing to a de gree

of ECF vol ume con trac tion and hypokalemia, 

both of which ag gra vate the de gree of intra -

cellular ac i do sis (Fig ure 7). Even though

there is an en hanced rate of ex cre tion of

NH4
+, this does not re sult in a neg a tive urine

net charge (i.e., UNa+K > UCl, Fig ure 11) be -

cause of the very high rate of ex cre tion of the

hippurate an ion. The pres ence of NH4
+ and

hippurate in the urine could be de tected by the 

pres ence of a sig nif i cant urine osmolal gap

(Fig ure 11). Thus the clin i cal fea tures of to lu -

ene in tox i ca tion in clude met a bolic ac i do sis,

near-nor mal plasma an ion gap, nor mal plas -

ma osmolal gap, ECF vol ume con trac tion,

hypokalemia, lower than ex pected BUN and
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Fig ure 23. Met a bolic ac i do -
sis due to the me tab o lism of
 toluene. The me tab o lism of  tol -
uene oc curs in the liver. It is ini -
ti ated by cytochrome P450,
and then ben zoic acid is pro -
duced via al co hol and al de hyde
dehy drogenases. Hippuric acid
is pro duced due to conjugation
with glycine (all rep re sented as
site 1 for sim plic ity). The H+ are
ti trated by HCO3

- for the most
part (site 2). The hippurate an -
ion is se creted by the PCT and
ex creted in the urine, ini tially
with NH4

+ (site 4) and then with
Na+ and K+ when the ca pac ity
to ex crete NH4

+ is ex ceeded
(site 5). The ex cre tion of hip -
purate an ions with Na+ and/or
K+ (and not NH4

+) is the main
rea son for the met a bolic ac i do -
sis.



a high urine osmolal gap. It had for merly been 

thought that glue-sniff ing was a cause of dis -

tal RTA [144], but the high rate of ex cre tion of 

NH4
+ in re sponse to the met a bolic ac i do sis in

many of these pa tients means that they do not

have dis tal RTA. Some pa tients may have an -

other rea son for a low rate of ex cre tion of

NH4
+ (e.g., a low GFR) so they have two rea -

sons for the met a bolic ac i do sis, ex ces sive

over pro duc tion of hippuric acid and a low

rate of NH4
+ 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 treat ment of to lu ene in ha la tion re -

quires that each of these clin i cal fea tures be

ad dressed. When the in ha la tion of to lu ene

stops, ul ti mately the pro duc tion of hippuric

acid will be di min ished, but there can be a lag

of 1 – 3 days be fore there is lit tle hippuric acid 

gen er a tion be cause of the large vol ume of dis -

tri bu tion of to lu ene [21]. Hypokalemia and

ECF vol ume con trac tion need to be cor rected

with the ad min is tra tion of KCl and sa line, ac -

cord ing to their se ver ity. If met a bolic ac i do sis 

is par tic u larly se vere, con sid er ation should be 

given to the use of NaHCO3 be cause there is

no an ion pres ent in the body that can be me -

tab o lized to HCO3
-. The ma jor ca veat to the

use of NaHCO3 in this set ting is that co ex ist -

ing K+ de ple tion could be se vere. Given the

risk of a car diac ar rhyth mia, the PK must be

raised first to the low 3 range be fore NaHCO3

is ad min is tered be cause of the con cern that

NaHCO3 may exacerbate hypokalemia.

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

Cer tain bac te ria in the gas tro in tes ti nal (GI)

tract may con vert car bo hy drate (cel lu lose and 

fruc tose) into or ganic ac ids. The three fac tors

that make this pos si ble are slow GI tran sit

(blind loops, ob struc tion), change of the nor -

mal flora (usu ally with an ti bi otic ther apy),

and the sup ply of car bo hy drate sub strate to

these bac te ria (foods con tain ing fruc tose or

sorbitol [145] (Fig ure 24, [70]). The most

prev a lent or ganic acid is D-lactic acid [71].

Hu mans me tab o lize this D-isomer some what

more slowly than L-lactate, but ac i do sis per

se rarely is life-threatening. Al though hu -

mans lack the en zyme D-lactate dehydro -

genase, me tab o lism of D-lactate oc curs via the 

en zyme D-2-hydroxy acid dehydrogenase.

There are three ad di tional points that should

be noted with re spect to D-lactic ac i do sis.

First, the usual clin i cal lab o ra tory test for lac -

tate is spe cific for the L-lactate iso mer. Hence

the usual lab o ra tory mea sure ment for lac tate

will not be el e vated. Sec ond, GI bac te ria pro -

duce amines, mer cap tans, and other com -

pounds that may cause the clin i cal symp toms

re lated to CNS dys func tion (per son al ity

changes, gait changes, con fu sion, 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 de gree of rise in

the plasma an ion gap may not be as high as

ex pected for the fall in the PHCO3.

Treat ment should be di rected at the GI

prob lem. The oral in take of fruc tose and

 complex car bo hy drates should be de creased.

Ant ac ids should be avoided to de crease the

rate of fermentation. In su lin may be help ful

by low er ing the rate of ox i da tion of fatty ac ids 

and hence per mit a higher rate of ox i da tion of

or ganic ac ids (Fig ure 25). An ti bi ot ics could

be con sid ered to change the bacterial flora.
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Pyroglutamic Acidosis

The list of causes of met a bolic ac i do sis

with a high an ion gap in plasma does not usu -

ally in clude pyroglutamic ac i do sis (PGA) be -

cause it was thought to rep re sent pri mar ily

rare in born er rors of me tab o lism in the gluta -

thione syn the sis path way (de fects in 5-oxo -

prolinase or in glutathione synthetase, Fig ure

26) [148, 149]. Not with stand ing, there have

been an in creas ing num ber of case re ports

where PGA ac cu mu lated and caused met a -

bolic ac i do sis with an in crease in the an ion

gap in plasma [131, 150 – 152]. When plasma

lev els of PGA rose to the 5 – 10 mM range, the 

24-h urine con tained 50 – 150 mmol of PGA

[131, 150, 151]. The ques tion raised by these

ob ser va tions is, what is responsible for the

accumulation of PGA?

Key to the un der stand ing of the ac cu mu la -

tion of PGA is the fact that the re duced form

of glutathione (GSH) feeds back to in hibit the

en zyme (g-glutamylcysteine synthetase) that

cat a lyzes the first step in the cy cle that leads

to the syn the sis of glutathione, the con ver sion 

of glu ta mate to g-glutamylcysteine (Fig ure

26) [153]. 

A ma jor func tion of re duced glut a thione is

to de tox ify re ac tive ox y gen spe cies (ROS). In 

this pro cess, the re duced form of GSH is con -

verted to its ox i dized form (GS-SG) (Equa -
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Fig ure  24. Or ganic acid pro duc tion in the GI tract. Bac te ria are nor mally
seg re gated from di etary sugar by GI “ge og ra phy”. For over pro duc tion of
D-lac tic acid, bac te ria in the lower GI tract must mix with sug ars. The sup -
ply of sugar is crit i cal for or ganic acid pro duc tion. Bac te ria mi grate up to
and pro lif er ate in the small in tes tine. When pro vided with sugar in this
“friendly en vi ron ment”, fer men ta tion pro duces a va ri ety of or ganic ac ids
and nox ious al co hols, al de hydes and amines; more are pro duced if more
al kali is sup plied. There must also be enough mucosal sur face area to
trans port these ac ids into the body and cause the high plasma an ion gap;
oth er wise the H+ pro duced might sim ply de stroy luminal HCO3

- from the
se creted NaHCO3 and lead to the loss of Na+ plus D-lac tate in the stool (a
nor mal an ion gap type of met a bolic ac i do sis). The de gree of the ac i do sis
also de pends on the rate that these or ganic ac ids can be ox i dized and/or
con verted to glu cose or fat (pri mar ily in the liver).
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Fig ure 26. Pro duc tion of pyroglutamic acid. The path way be gins with glu ta mate, a key in ter me di ate in
transamination re ac tions. When there are low levels of re duced glutathione (e.g., due to com bi na tion with a
me tab o lite of acetaminophen), the pro duc tion of g-glutamylcysteine is stim u lated. If the g-glutamylcysteine
so-formed ac cu mu lates, pyroglutamic acid will be formed. In ad di tion, if 5-oxyprolinase is in hib ited,
pyroglutamic acid will also ac cu mu late. As de scribed in the text, a di min ished abil ity to de tox ify ROS is likely to
be more im por tant than the ac i do sis in this set ting. Re pro duced with per mis sion [187].

Fig ure 25. Strat egies for ther -
apy in D-lactic ac i do sis. There
are two fam i lies of or ganic ac ids
de pend ing on whether they yield 
pyruvate or acetyl- CoA, by pass -
ing pyruvate as a met a bolic pr o -
duct. Or ganic an ions that cannot 
be con verted to pyr uvate can
only be ox i dized, con verted to
stor age fat, or be con verted to
ketoacids, but are not sub -
strates for the syn the sis of glu -
cose. Fatty acid syn the sis only
oc curs at ap pre cia ble rates
when in su lin lev els are high
(with meals). If in su lin acts and
de presses the rate of ox i da tion
of fatty ac ids, more or ganic ac -
ids may be ox i dized [70].



tion 13). Hence when ROS ac cu mu late, the

con cen tra tion of GSH de clines and this leads

to an ac cel er ated for ma tion of g-glu tamyl -

cysteine (g-GC). This g-GC will be  converted

to PGA by the en zyme g-glutamylcysteine

cyclo trans ferase when its con cen tra tion rises

(Fig ure 26). Com po nents of the glutathione

cy cle re side in dif fer ent com part ments of the

cell [1]. This adds to the com plex ity of under -

standing the regulation of this feedback sys -

tem.

2 GSH + ROS ® GS-SG + In ac tive ROS (13)

PGA can be syn the sized from glu ta mate

when an in ter nal pep tide bond forms be tween

its g-car boxyl group and the free a-amino

group (i.e., if glu ta mate is free or the N- termi -

nal amino acid is a pep tide or pro tein) as long

as the lat ter’s g-car boxyl group is in an ac ti -

vated state. A num ber of drugs have been

iden ti fied as po ten tial causes of PGA ac i do sis.

Some like acetaminophen, af ter con ver sion to

a me tab o lite N-acetyl-p-benzo quino nimide

(NAPBQI), de crease the con cen tra tion of

GSH, thereby driv ing the syn the sis of g- glu -

ta mylcysteine, and thereby PGA (Fig ure 26).

Other drugs (e.g., the an ti bi otic fluc loxa cillin

[150] and the anticon vulsant, vigabatrin

[154]) may in hibit 5-oxo prolinase. A third

mode of ac tion could be with drugs or in born

er rors of me tab o lism (e.g., G6PDH de fi -

ciency) that re sult in a di min ished con cen tra -

tion of NADPH, the co fac tor that re duces

GS-SG to GSH [1] (Equa tion 13).

Acid-base as pects: Ap ply ing con cept 1 to

this path way, H+ will only ac cu mu late when

the pre cur sor of pyroglutamic acid is gluta -

mine pro vid ing that the NH4
+ so-formed is

me tab o lized to urea in the liver (Equa tion 14).

Glutamine ® Glu ta mate- + NH4
+ ®

Pyroglutamate- + NH4
+ ® Urea + H+  (14)

Renal Acidosis

As de scribed in Ta ble 6, re nal dis or ders

may cause met a bolic ac i do sis with ei ther a

nor mal or an in creased an ion gap in plasma.

Most causes have in com mon a re duced rate

of NH4
+ ex cre tion [56]; in con trast, with a re -

cent on set of prox i mal RTA, the ex cre tion of

HCO3
- may also con trib ute to the de gree of

met a bolic ac i do sis. Whether the plasma an -

ion gap will be el e vated or not de pends pri -

mar ily on the GFR. For ex am ple, if the GFR is 

very low, an ions such as phos phate and SO4
2-

need to have higher con cen tra tions in plasma

to be ex creted at their usual rate. This in turn

leads to a rise in the plasma an ion gap (Fig ure

6), but it does not usu ally ex ceed 22 mEq/l or

about 10 mEq/l above nor mal. In this semi -

quantitative in ter pre ta tion, it is im por tant to

ex am ine the con cen tra tion of al bu min in plas -

ma be cause this is the most im por tant con stit -

u ent of the nor mal plasma an ion gap and

hypoalbuminemia is not an un com mon find -

ing in this group of pa tients. The pos si ble mo -

lec u lar ba sis for a low rate of ex cre tion of

NH4
+ (Fig ure 5) or a high rate of ex cre tion of

HCO3
- is shown in Figure 27.

Clinical Approach to a Patient with HCMA

Pa tients who have HCMA can be di vided

into three broad cat e go ries based on the rate

of ex cre tion of com po nents of net acid (Ta ble

18). Our ap proach to pa tients with HCMA

starts with an as sess ment of the rate of ex cre -

tion of NH4
+ (Fig ure 28). A low rate of ex cre -

tion of NH4
+ is the key find ing in pa tients with 

dis tal RTA; it is also ex pected in pa tients with

prox i mal RTA and an al ka lin ized PCT ICF

pH. In the lat ter group, the low rate of ex cre -

tion of NH4
+ is usu ally due to a di min ished

rate of pro duc tion of NH4
+ be cause of ex ces -

sive dis tal de liv ery of HCO3
- from the PCT. If

an as say of urine NH4
+ is not avail able, the
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urine osmolal gap should be used to reflect

this excretion rate (Figure 11).

If the rate of ex cre tion of NH4
+ is high in a

pa tient with HCMA (e.g., over pro duc tion of

b-hydroxybutyric acid) (Fig ure 28), a re nal

com po nent to the ac i do sis could be pres ent if

there is a large loss of the me tab o liz able b -

hydroxybutyrate an ions in the urine [155]. It

should be clear that the main cause of the met -

a bolic ac i do sis in this pa tient is over pro duc -

tion of or ganic ac ids; nev er the less, the se ver -

ity of the ac i do sis may be ag gra vated by the

pres ence of a re nal le sion that leads to the loss

of or ganic an ions (po ten tial HCO3
-) in the

urine. An ex ces sive rate of ex cre tion of or -

ganic an ions in the urine is sus pected if the

sum of Na+ + K+ + NH4
+ in the urine greatly

ex ceeds that of Cl- (Figure 11).

In a pa tient with HCMA and a low rate of

ex cre tion of NH4
+, the ba sis for low NH4

+ ex -

cre tion can be de duced from the urine pH. If

the urine pH is greater than 7, one should ex -

am ine the se cre tion of H+ in the PCT (re ab -

sorp tion of HCO3
-) and in the dis tal nephron

(Fig ure 28). We rec om mend ex am in ing the

PCO2 in al ka line urine to de tect whether there 
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Fig ure 27. Mo lec u lar com po nents for H+ and HCO3
- trans port in the nephron. The events in the PCT are

shown in the left por tion of the figure and the events in the col lect ing duct (CD) are shown in the right por tion
of the figure. Car bonic anhydrase (CA) is de picted by the small solid cir cles. Ab bre vi a tions: NHE = Na+/H+

exchanger in the PCT; NBC = Na(HCO3)3
2- exit step in the PCT; AE = Cl-/HCO3

- an ion exchanger.

Fig ure 28. Ap proach to pa -
tients with HCMA. If there is a
low rate of ex cre tion of NH4

+,
the urine pH is help ful to de ter -
mine whether a low dis tal
and/or prox i mal H+ se cre tion or 
a low NH3 avail abil ity was the
cause for the low rate of NH4

+

ex cre tion.



is a de fect in dis tal H+ se cre tion. If urine

PCO2 is < 70 mm Hg, a pri mary H+ATPase

pump de fect or an al ka line a-in ter ca lated col -

lect ing duct cell pH (e.g., CA11 de fi ciency)

should be sus pected. This lat ter le sion also in -

volves the PCT, caus ing prox i mal RTA. If

urine PCO2 > 70 mm Hg, sus pect a back leak

of H+ from the collecting duct or a de fect

caus ing dis tal HCO3
- se cre tion (e.g., a

mis-tar geted Cl-/HCO3
- an ion ex change.

HCMA with a low rate of ex cre tion of NH4
+

and a low value for the urine pH (the ac tual

value is dif fi cult to de fine pre cisely, but we

con sider a low value to be less than 5.3) sug -

gests that there is a re duced avail abil ity of

NH4
+/NH3 in the re nal medullary in ter sti tial

com part ment (Fig ure 12). The usual causes

for the low NH4
+/NH3 sub group are a low

GFR or hyper kalemia (Ta ble 18). In their ab -

sence, we would look for low lev els of

glutamine [158], the sub strate in plasma for

re nal ammonia genesis, and/or a high level of

fat-de rived  fuels (e.g., pa tients on TPN), be -

cause these fu els may com pete with

glutamine as the source for re gen er a tion of

ATP in cells of the PCT [159], and hence lead

to a lower rate of pro duc tion of NH4
+. Pa tients 

with prox i mal RTA also have a low rate of ex -

cre tion of NH4
+. This could be due to an al ka -

line PCT cell or it could be part of a gen er al -

ized PCT cell dys func tion (the Panconi syn -

drome [156, 157]). Both of these groups of

pa tients will have hypercitraturia de spite the

pres ence of met a bolic ac i do sis. In the for mer

group, the hypercitraturia is due to an al ka line 

PCT cell and may dis ap pear if an acid load

were ad min is tered. In the lat ter group, the

hypercitraturia is part of the gen er al ized PCT

cell trans port de fects.

Loss of NaHCO3 in the Urine

The ini tial mech a nism for the ac i do sis in

pa tients with prox i mal RTA is the loss of

HCO3
- in the urine. In con trast, once a steady

state su per venes, chronic met a bolic ac i do sis

is sus tained be cause the rate of NH4
+ ex cre -

tion is much lower than ex pected in this set -

ting [30, 31]. As men tioned above, these pa -

tients will have hypercitraturia de spite hav ing 

met a bolic ac i do sis. The de fect in prox i mal

HCO3
- re ab sorp tion can be dem on strated by

find ing a FEHCO3 that ex ceeds 10 – 15% dur -

ing NaHCO3 load ing. This, how ever, need

not be per formed be cause the di ag no sis is

usu ally ev i dent when large doses of NaHCO3

fail to the PHCO3 the nor mal range. Prox i mal

RTA can oc cur as an iso lated de fect [160] or

as part of a gen er al ized prox i mal tu bu lar cell

dys func tion (Fanconi’s syn drome with a

glucosuria, phos phaturia, aminoacidosis,

uricosuria and citra turia among oth ers) [156]. 

The ma jor causes of prox i mal RTA in adults

in clude in creased blood lev els of monoclonal

immuno globulins found in pa tients with mul -

ti ple myeloma and pa tients who use the car -

bonic anhydrase in hib i tor, acetazolamide. In

con trast, cystinosis [161] and the use of

ifosfamide [162] are the most com mon causes 

of prox i mal RTA in chil dren. The he red i tary

iso lated prox i mal RTA is a rare autosomal re -

ces sive dis ease that can pres ent with oc u lar

ab nor mal i ties such as band keratopathy, cat a -

racts and glau coma [163]. Mu ta tions in the

gene en cod ing for the Na(HCO3)3
2- co -

transporter (NBC1) has been iden ti fied in

these fam i lies. The autosomal dom i nant form

may be caused by mu ta tions in the gene for

NHE [164].

Re cently, the use of Chi nese herbs was de -

scribed as a cause of the Fanconi’s syn drome

[165]. Typ i cal Chi nese herb nephropathy is

as so ci ated with acellular in ter sti tial fi bro sis

and tu bu lar at ro phy. Some of these pa tients
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have a pro found de gree of hypokalemia with

mus cle pa ral y sis as the pre sent ing fea ture

[166]. Hypokalemia in other causes of the

Fanconi’s syn drome is usu ally absent or mild

in degree.

The patho log i cal mech a nisms of Fanconi’s

syn drome due to Chi nese herb re main un -

clear. Aristolochic acid found in the Chi nese

herb has an in hib i tory ef fect on calcium-

 dependent phospholipase A2. This may in

turn lead to a de fect in en ergy-pro duc ing

or energy-linked trans port ing mech a nisms

and/or have a di rect toxic ef fect on the

brush-bor der mem brane of the tu bu lar cells

that may cause re nal tu bule in jury with the

resultant Fanconi’s syndrome.

From a ther a peu tic stand point, the ac i do sis

in these pa tients is usu ally mild and com pli ca -

tions due to the ac i do sis are mi nor. These

facts alone ar gue against al kali ther apy in

adults. In ad di tion, if ex og e nous NaHCO3 is

given, as the PHCO3 rises tem po rarily, but its

ex cre tion will also rise mark edly. A large in -

crease in de liv ery of Na+ and HCO3
- to the

CCD may aug ment the se cre tion of K+ [84],

re sult ing in hypokalemia and pos si bly nephro -

calcinosis. In con trast, al kali ther apy is use ful

in chil dren to pre vent growth re tardation

[167].

Cause of a Low Rate of Excretion of NH4
+

Re nal fail ure: As the GFR falls, the syn -

the sis of NH4
+ de clines in the PCT due to ATP 

turn over con straints [33]. Met a bolic ac i do sis

is there fore a com mon find ing with ad vanced

re nal in suf fi ciency, al though the de gree of ac -

i do sis is vari able. It is rarely se vere enough to

re quire ur gent ther apy with NaHCO3. On the

other hand, chronic met a bolic ac i do sis may

con trib ute to fa tigue and an orexia, and also

skel e tal mus cle wast ing [168] and bone dis -

ease [169]. There fore it is rea son able to give

oral NaHCO3 to these pa tients to main tain the

PHCO3 close to 20 – 25 mM mak ing cer tain

that the Na+ load does not lead to hy per ten -

sion or con ges tive heart fail ure. With the on -

set of di al y sis ther apy, acid-base bal ance is

main tained by the ad di tion of NaHCO3 or a

met a bolic pre cur sor of HCO3
- (e.g., acetate,

L-lactate) added to the dialysis fluid.

Dis tal RTA (clas si cal RTA): The hall mark

of dis tal RTA is a low rate of ex cre tion of

NH4
+ in a pa tient with chronic met a bolic ac i -

do sis, a nor mal value for the an ion gap in

plasma, and a GFR that is not mark edly re -

duced [56]. Hav ing de fined these com po -

nents, the next step is to find out why the rate

of ex cre tion of NH4
+ is lower than ex pected in 

this set ting. We rely on the urine pH at this

point to sep a rate the pa tients into 3 cat e go ries, 

those with a pri mary prob lem with NH3 avail -

abil ity (urine pH less than 5.3), those where

there is a struc tural le sion in the re nal me dulla

that com pro mises both medullary NH3 avail -

abil ity and dis tal H+ se cre tion (urine pH close

to 6), and those with a de fect in net dis tal H+

se cre tion (urine pH close to 7). In this lat ter

group, the low rate of ex cre tion of NH4
+ is

due pri mar ily to re duced dis tal H+ se cre tion

per se and/or to an ex ces sive amount of

HCO3
- de liv ered to or se creted in the dis tal

nephron (Fig ure 29). Gen er al ized medullary

dam age with a urine pH that is close to 6 is the

most com mon clin i cal sub group [53]. Au to -

im mune dis or ders (such as Sjögren’s syn -

drome and rheu ma toid ar thri tis, hyper -

gammaglobul i n emia) are the most com mon

causes of dis tal RTA with a very high urine pH 

in adults [56]. RTA in pa tients with Sjögren’s

syn drome seems to be due to a de fect in H+ se -

cre tion in the dis tal nephron. In some of these

pa tients, there was an ab sence of the

H+-ATPase pump in in ter ca lated cells of the

col lect ing tu bule as re vealed by an

immunocytochemical anal y sis of tis sue ob -

tained by re nal bi opsy [170]. It is not known

how the im mune in jury leads to the loss of
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H+-ATPase ac tiv ity. It has also been sug -

gested that the de fect may be due to

autoantibodies against car bonic anhydrase II,

as high lev els of these an ti bod ies were de -

tected in some pa tients. If these an ti bod ies

could en ter cells, one would also ex pect to

find a de fect in H+ se cre tion in the PCT.

Ifosfamide, an analog of cyclophosphamide,

is also a cause of proximal and distal RTA in

both children and adults [162].

He red i tary RTA is most com mon cause in

chil dren [171]. Fa mil ial dis tal RTA is in her -

ited in both dom i nant and re ces sive pat terns.

The autosomal dom i nant form is as so ci ated

with mu ta tions in the gene en cod ing for the

AE [172]. Red blood cells of these in di vid u -

als dis play nor mal AE polypeptide abun -

dance. These mu tant forms show only a mod -

est re duc tion in func tion and do not have a

dom i nant neg a tive ef fect when ex pressed in

heterologous sys tems. It is not clear how

these mu ta tions lead to the phe no type of dis -

tal RTA. In vivo de fects in sta bil ity, traf fick -

ing or sort ing of these mu tant an ion ex -

changers are pos si ble mech a nisms. In Cau ca -

sians, AE1 has not been as so ci ated with the

re ces sive form of dis tal RTA; how ever, AE1

mu ta tions are the ma jor cause of re ces sive

dis tal RTA in Thai land, Ma lay sia and Pa pua

New Guinea [173]. In those South east Asian

pa tients in whom dis tal RTA is as so ci ated

with ovalocytosis, com pound het ero zy gotes

of AE1 plus dis tal RTA mu ta tions with the

in-frame de le tion ovalocytosis mu ta tion were 

found [174]. Al tered tar get ing of the mu tant

AE1 was sug gested in one pa tient with dis tal

RTA and South east Asian ovalocytosis be -

cause of a high U-B PCO2 in alkaline urine

[175].

Mu ta tions in the gene en cod ing for the V1

sub unit B1 of the api cal mem brane vas cu lar

H+-ATPase have been de scribed to cause

autosomal re ces sive dis tal RTA and bi lat eral

sensorineural hear ing loss [176]. Re ces sive

dis tal RTA with out deaf ness due to mu ta tions

in the a V0 sub unit of the H+-ATPase have

also been re ported [177]. Mu ta tions in the cy -

to plas mic car bonic anhydrase II are in her ited

in autosomal re ces sive fash ion [178]. Pa tients 

with this dis or der ex hibit osteopetrosis, ce re -

bral cal ci fi ca tion and de fect in H+ se cre tion in 

both the PCT and the distal nephron.

While nephrocalcinosis may be a con se -

quence of dis tal RTA, hypercalciuria and

nephrocalcinosis seem to be the pri mary

events lead ing to dis tal RTA in pa tients with
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Fig ure  29. Ba sis for a high
urine pH. There are two sub -
groups to con sider. First, those
where the net ad di tion of
HCO3

- by fail ing to re ab sorb
NaHCO3 in up stream nephron
seg ments (site 1) or via se cre -
tion in the MCD via AE (site 2),
ex ceeds the usual H+ se cre tion 
by the H+-ATPase in the CCD
and MCD (site 2). Sec ond, as
shown to the right of the
dashed line, those where there
is a high medullary NH3 con -
cen tra tion (due to en hanced
PCT pro duc tion of NH4

+, site 5) 
ex ceeds the se cre tion of H+ by
the H+/K+ ATPase in the MCD
(site 4).



Dent’s dis ease [179]. Dent’s dis ease is char -

ac ter ized by low mo lec u lar weight protein -

uria, hyperphosphaturia, hypercalciuria. The

ClC-5 chlo ride chan nel has been iden ti fied as

the mu tated gene in pa tients with Dent’s

disease [180].

RTA with hypokalemia: Dis tal RTA is of -

ten com pli cated by hypokalemia [181] (the

high luminal con cen tra tion of HCO3
- stim u -

lates net se cre tion of K+ in the CCD [84], see

Chap ter on K+ for more dis cus sion). If dis tal

RTA is pres ent with a se vere de gree of hypo -

kalemia (PK < 2 mM), symp toms of mus cle

weak ness or even pa ral y sis might be pres ent

[182]. Of greater im por tance, there is a dan -

ger of a car diac ar rhyth mia, es pe cially if the

EKG is sig nif i cantly ab nor mal. Even if the

de gree of met a bolic ac i do sis is se vere, the ad -

min is tra tion of al kali alone could cause

move ment of K+ into cells, wors en ing the de -

gree of hypokalemia with re sul tant car diac ef -

fects and/or acute re spi ra tory ac i do sis. In this

cir cum stance, there is a better strat egy for

ther apy. KCl should be given first; larger

amounts can be given safely by the oral or by

a nasogastric tube than in tra ve nously pro vid -

ing that the pa tient can ab sorb this K+ load –

i.e., that bowel sounds are pres ent. Glu -

cose-containing so lu tions should be avoided,

since they may stim u late in su lin re lease,

which may cause an acute shift of K+ into the

cells. Al though the ad di tion of K+-spar ing di -

uret ics such as amiloride will re duce the on -

go ing urine K+ loss, their quan ti ta tive ef fect is 

very small and they may pro voke hyper -

kalemia later on; hence we do not rec om mend 

their use in this set ting. Ad min is tra tion or

larger amounts of NaHCO3 should be de layed 

un til the PK is above 3.0 mM. In the ab sence

of se ri ous hypokalemia, one then asks, how

much al kali is re quired? The an swer is not

easy to de duce. One must ul ti mately give

enough NaHCO3 to bring the PHCO3 to the nor -

mal range. There af ter, the dose of NaHCO3

needed can be de duced. Since the daily nor mal

acid load from the diet is usu ally about 70

mmol/day [7]. Since urine net acid ex cre tion

is usu ally re duced but not ab sent, con sid er -

ably less NaHCO3 is usu ally re quired. Sup -

ple men tal K+ is of ten needed as well.

Dis tal RTA with hyperkalemia: In some

clas si fi ca tions, this is called type IV RTA. We

do not think that this no men cla ture is par tic u -

larly help ful and pre fer a clas si fi ca tion that is

based on pathophysiology (see ref er ence

Kamel et al. 1997 [56] for more dis cus sion).

Re duced ex cre tion of NH4
+ is com monly as -

so ci ated with hyperkalemia [32]. Hyper -

kalemia leads to re duced ex cre tion of NH4
+

pri mar ily be cause it in hib its ammonia g -

enesis. This sub type of low ex cre tion of NH4
+

is rec og nized by find ing a low urine pH (usu -

ally < 5.3) (Fig ure 30). A more de tailed dis -

cus sion of hyperkalemia can be found in the

Chapter on Potassium in this book.

Ther apy de pends on the pathogenesis of the 

hyperkalemia and on the pa tients’ ECF vol -

ume sta tus. In pa tients with hypoaldo stero n -

ism due to ad re nal dis ease, ECF vol ume and

blood pres sure are usu ally re duced and al -
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Fig ure 30. Types of in com plete re nal tu bu lar ac i do -
sis. The top line de picts the nor mal state. There are
two ma jor causes of a high urine pH. First, there is oc -
cult dis tal RTA due to low dis tal H+ se cre tion in con -
junc tion with the in ges tion of a net al kali load (line 2).
Sec ond, there is an over-pro duc tion of NH4

+ in the
PCT due to an acid i fied PCT cell, the re sult of a
lower ac tiv ity of the Na(HCO3)3

2- exit step (see Fig -
ure 27).



dosterone re place ment with 0.05 – 0.1 mg

9a-fludro cor ti sone per day plus sa line ad -

min is tra tion is the treat ment of choice. Gluco -

corticoid de fi ciency, if pres ent, should be cor -

rected. Pa tients with hyperkalemia due to a

faster re ab sorp tion of Cl- in the CCD are fre -

quently ECF vol ume ex panded and hy per ten -

sive (see sec tion on K+ for more de tails) [183,

184]. In these pa tients, 9a-fludro cor ti sone is

of no ben e fit for the treat ment of the

hyperkalemia and it may ag gra vate the de gree 

of Na+ re ten tion. Ad di tional ther a peu tic al ter -

na tives would in clude di uret ics such as furo -

semide to in crease the ex cre tion of K+ and

Na+. Cor rec tion of hyperkalemia by ei ther

mech a nism should in crease the ex cre tion of

NH4
+ sufficiently to correct the metabolic

acidosis.

In com plete RTA: The car di nal fea tures

here are a high urine pH and the ab sence of

acidemia. This per sis tently al ka line urine pH

leads to a high uri nary con cen tra tion of di va -

lent phos phate and pre cip i ta tion of Ca phos -

phate stones (brushite (CaHPO4) stones).

There are 3 pos si ble sub groups in cluded in

this def i ni tion. In the first, a high di etary al -

kali load is re spon si ble for the high urine pH.

The rate of ex cre tion of NH4
+ is low and cit -

rate ex cre tion is high. The sec ond sub group

of pa tients may have a high al kali in take plus

re duced dis tal H+ se cre tion. This group will

have the unique find ing of a low urine PCO2

in al ka line urine. The third sub group seem to

have an acid i fied PCT pH de spite the ab sence

of sys temic acidemia [185]. These pa tients

have a high rate of ex cre tion of NH4
+ rel a tive

to their urine pH. Their intracellular ac i do sis

in the PCT should stim u late the pro duc tion of

NH4
+ and this will lead to a high con cen tra -

tion of NH3 in the medullary interstitium

(Fig ure 28). Ac cord ingly, this higher de liv ery 

of NH3 as com pared the rate of H+ se cre tion in 

the dis tal nephron will re sult in a urine pH that 

is high. Be cause of an acid i fied PCT cell pH,

these pa tients have a very low rate of ex cre -

tion of citrate, which also increases their risk

of renal calcium-containing stones.

Respiratory Acid-base Disorders

Con trol of PCO2 is im por tant in acid-base

phys i ol ogy. Changes in the ar te rial PCO2 re -

sult in al ter ations in the plasma H+ con cen tra -

tion; far more im por tant, how ever, is that a

change in the ve nous PCO2, which re flects

the PCO2 in cells, re sults in more or less bind -

ing of H+ to intracellular pro teins which could 

change their con fig u ra tion, and thereby their

func tion (Fig ure 7). The value for the ar te rial

PCO2 re flects the con cen tra tion of CO2 in al -

ve o lar air re quired for bal ance be tween CO2

pro duc tion (me tab o lism) and CO2 removal

(alveolar ventilation).

CO2 pro duc tion: There is a very large pro -

duc tion of CO2 rel a tive to the con cen tra tion

of CO2 in the plasma (i.e., 10 mmol of CO2 are 

pro duced per min ute, yet the ar te rial PCO2

and H2CO3 are only 1.2 mmol of CO2 per li ter

of blood). The rate of pro duc tion of CO2 is de -

ter mined by the amount of met a bolic and me -

chan i cal work, and to a lesser ex tent, the fu els

be ing uti lized (ox i da tion of car bo hy drates

yields more CO2 rel a tive to ATP pro duc tion

than does the ox i da tion of fat-de rived fu els

[2]).

CO2 re moval (al ve o lar ven ti la tion): Nor -

mal ven ti la tion is me di ated by in ter ac tion be -

tween the cen tral re spi ra tory cen ters, pe riph -

eral chemoreceptors, re spi ra tory mus cles,

and lung pa ren chyma. A ma jor clin i cal task is

to con sider why ven ti la tion is ab nor mal; this

re quires a de tailed clin i cal anal y sis, but for

brev ity, it will not be pro vided here.

Ef fect of an ab nor mal PCO2: With CO2

ac cu mu la tion, H+ + HCO3
- are pro duced in

equimolar amounts (Equa tion 3) even though
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the PHCO3 nor mally ex ceeds the con cen tra tion 

of H+ by close to 106-fold. Fail ure to re move

CO2 at a low enough con cen tra tion leads to

re spi ra tory ac i do sis be cause of the gen er a tion 

of H+ by dis place ment of the BBS equi lib -

rium to the left. Ex ces sive ven ti la tion causes a 

low PCO2 and this re sults in re spi ra tory

alkalosis via dis place ment of the equi lib rium

to the right. In chronic re spi ra tory ac i do sis,

there is an in crease in the rate of re ab sorp tion

of HCO3
- by the PCT which re sults in an el e -

va tion in the PHCO3 which min i mizes the fall

in the plasma pH due to the re spi ra tory ac i do -

sis; the con verse changes oc cur in chronic re -

spi ra tory alkalosis. Since these ex pected val -

ues dif fer in acute and chronic re spi ra tory

acid- base dis tur bances, it is im por tant for the

cli ni cian to de ter mine, on clin i cal grounds,

whether the acid-base dis tur bance is acute or

chronic in or i gin.

Al though re spi ra tory acid-base dis or ders

are de fined by changes in the ar te rial PCO2,

im por tant clin i cal in for ma tion can also be de -

rived by in ter pret ing the ar te rial PO2. The ar -

te rial PO2 is a func tion of the PO2 of al ve o lar

air, the dif fu sion of O2 across the al ve o lar

cap il lary mem brane, and the de gree of

unsatu ration of ve nous blood. The al ve o lar

PO2 is cal cu lated as the in spired PO2 – 1.25 X

the ar te rial PCO2. The A-a dif fer ence can also 

clar ify whether hypoxemia is due to lung dis -

ease or cen tral sup pres sion of ven ti la tion; in

the lat ter case, the A-a dif fer ence should be

nor mal. The nor mal value for the A-a dif fer -

ence de pends on age and is up to 15 mmHg,

but larger val ues are seen when more O2 is

 extracted from each liter of blood in the

capillary.

There are two ma jor types of pul mo nary le -

sions that cause the ar te rial PO2 to be sub stan -

tially lower than that of al ve o lar air:

– Blood could pass from the pul mo nary ar -

tery to the pul mo nary vein with out per -

fusing al ve oli that have a high PO2 (i.e., a 

shunt that pre vents a good ex change of

air). Most lung dis eases that cause hy -

poxemia are nu mer ous small ar eas of

shunt ing as well as ar eas of non-ven ti -

lated, non-perfused lung; to gether, these

le sions lead to ven ti la tion-per fu sion mis -

match.

– There might be a bar rier to dif fu sion of

O2 from al ve o lar air to the cap il lar ies in

lungs. The mag ni tude of the A-a dif fer -

ence is a pa ram e ter to be eval u ated when

try ing to de cide if a pul mo nary con di tion

is im prov ing or wors en ing.

While the A-a dif fer ence is widely used

clin i cally, there are sev eral pit falls that must

be kept in mind:

– For the cal cu la tion of the A-a dif fer ence,

one uti lizes the ar te rial PO2 that pro vides

a poorer re flec tion of the con tent of O2

than does the O2 sat u ra tion. Thus, the

same re duc tion in O2 con tent will have a

dif fer ent im pact on the PO2 at dif fer ent

sites on the ox y gen-he mo glo bin dis so ci -

a tion curve be cause this func tion is sig -

moid rather than lin ear.

– If a fixed vol ume of ve nous blood is

shunted into ar te rial blood, the lower its

O2 con tent, the greater the ul ti mate fall in 

ar te rial PO2.

– If the car diac out put is lower, but the

same vol ume of blood is shunted from

the ve nous to the ar te rial side of the cir -

cu la tion as in nor mal sub jects, the de -

cline in ar te rial PO2 will now be greater

be cause more O2 is lost on a per li ter of

ar te rial blood ba sis.

– The PO2 of in spired air must be known.

When pa tients are re ceiv ing O2 by mask

or na sal prongs, the in spired PO2 may not 

be known with suf fi cient ac cu racy. There -

fore, the A-a dif fer ence is most use ful

when pa tients are breath ing room air or

are on ven ti la tors with a mea sured con -

tent of in spired PO2.
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– In the cal cu la tion of the al ve o lar PO2,

one must es ti mate the amount of O2 re -

moved and re placed by CO2. To do so,

one uses the ar te rial PCO2 and as sumes

an RQ of 0.8. The RQ could be 1 if car bo -

hy drate is the only type of fuel be ing me -

tab o lized and 0.7 with fat as the sole fuel.

Re spi ra tory ac i do sis, clin i cal ap proach:

Pa tients who hypoventilate can be di vided into 

two groups: those who will not breathe ap pro -

priately (de fec tive stim u lus) and those who

can not breathe ap pro pri ately (de fec tive re spi -

ra tory “equip ment”). In ad di tion, pa tients

with a fixed al ve o lar ven ti la tion (i.e., those on 

ven ti la tors) de velop in creased ar te rial PCO2

if they have an in creased rate of pro duc tion of

CO2 or an in crease in dead space (e.g., pul mo -

nary embolus).

Di ag nos tic ap proach: The first step is to

de cide if the pa tient has chronic lung dis ease

by the his tory, phys i cal exam, and avail able

past re cords. Next, one com pares the acid-

 base sta tus with that ex pected for that

acid-base dis or der (Ta ble 4). If a dis crep ancy

ex ists, a mixed dis or der is pres ent. In acute

and chronic re spi ra tory ac i do sis in pa tients

who were pre vi ously nor mal, an em pir i cal

lin ear re la tion ship has been found be tween

the con cen tra tion of H+ and the ar te rial PCO2. 

In es sence, there is close to a 3 – 3.5 mM

change in the PHCO3 for ev ery 10 mmHg par -

al lel change in the ar te rial PCO2 and close to a 

1 mM change in the PHCO3 in acute dis or ders.

Pa tients with chronic ob struc tive pul mo -

nary dis ease are of ten on di uret ics and may

have a co ex is tent met a bolic alkalosis. Be -

cause H+ stim u late ven ti la tion, a lower con -

cen tra tion of H+ can make the hy po ven ti la -

tion more se vere. In ter est ingly, cor rec tion of

the met a bolic alkalosis in these pa tients does

not re sult in a large change in their con cen tra -

tion of H+; in stead, there is a sig nif i cant fall in

both the PHCO3 and the ar te rial PCO2, cou pled

with an in crease in the ar te rial PO2. These

changes may be as so ci ated with a dra matic

clin i cal im prove ment [186]. It is tempt ing to

spec u late that the clin i cal im prove ment is

due, in part, to the re duc tion in H+ buffering

on the ICF proteins [4].

Re spi ra tory alkalosis, clin i cal ap proach:

Re spi ra tory alkalosis is a com mon ab nor mal -

ity that is of ten ig nored. The mor tal ity rate as -

so ci ated with it in the hos pi tal, which may

well be greater than that for re spi ra tory ac i do -

sis, re flects the im por tance of the un der ly ing

dis ease pro cess. One can only be sure that the

ar te rial PCO2 is low by de ter min ing ar te rial

blood gases in most pa tients. Re spi ra tory

alkalosis oc curs when the ventilatory re moval 

of CO2 tran siently ex ceeds its rate of pro duc -

tion: thus, both the al ve o lar and ar te rial PCO2

fall. At this lower level of ar te rial PCO2, the

daily pro duc tion of CO2 is then re moved by

the in creased ven ti la tion, which leads to a

new steady state. A fall in tis sue PCO2 has an

im por tant im pact on the con cen tra tion of H+

in the ICF. A de crease in the con cen tra tion of

H+ re sults in back-ti tra tion of the protonated

ICF pro teins which may make these

intracellular pro teins less pos i tively charged

than nor mal, a change that could lead to al -

tered func tion. Re spi ra tory alkalosis may re -

sult from stim u la tion of the pe riph eral

chemoreceptors (hypo xia or hypotension),

the af fer ent pul mo nary re flexes (in trin sic pul -

mo nary dis ease), or cen tral stim u la tion by a

host of stim uli. In chronic re spi ra tory

alkalosis, there is a tem po rary small sup pres -

sion of re nal NH4
+ pro duc tion and ex cre tion,

and the PHCO3 falls (H+ of di etary or i gin con -

tinue to con sume HCO3
- with out equiv a lent

re nal for ma tion of new HCO3
-) un til the

plasma H+ con cen tra tion ap proaches nor mal.

Chronic re spi ra tory alka losis is the only

acid-base dis or der in which a nor mal plasma

con cen tra tion of pH might be expected.

60

Chap ter I  -  Cli ni cal Nephro lo gy and Hy per ten si on



References

[1] Voet D, Voet HG 1990 Bio chem is try. Wiley &
Sons, New York

[2] Halperin ML, Rolles ton FS 1993 Clin i cal de tec -
tive sto ries: a prob lem-based ap proach to clin i cal
cases in en ergy and acid-base me tab o lism. Port -
land Press, Lon don

[3] Steinmetz PR, Andersen OS 1982 Electrogenic
pro ton trans port in ep i the lial mem branes. J Mem -
brane Biol 65: 155-174

[4] Vasuvattakul S, Warner LC, Halperin ML 1992
Quan ti ta tive role of the intracellular bi car bon ate
buffer sys tem in re sponse to an acute acid load. Am 
J Physiol 262: R305-R309

[5] West J 1989 The 1988 Stevenson Me mo rial Lec -
ture. Phys i o log i cal re sponses to se vere hypoxia in
man. Can J Physiol Pharmacol 67: 173-178

[6] Bo ron WF 1992 Cel lu lar buff er ing and intra -
cellular pH. In: Seldin DW, Giebisch G (eds): The
reg u la tion of acid-base bal ance. Ra ven Press, New 
York, pp 33-56

[7] Halperin ML, Jungas RL 1983 Met a bolic pro duc -
tion and re nal dis posal of hy dro gen ions. Kid ney
Int 24: 709-713

[8] Halperin ML 1989 How much “new” bi car bon ate
is formed in the dis tal nephron in the pro cess of net
acid ex cre tion? Kid ney Int 35: 1277-1281

[9] Cheema-Dhadli S, Lin S-H, Halperin ML 2002
Mech a nisms used to dis pose of a pro gres sively in -
creas ing al kali load in the rat. Am J Physiol 282:
F1049-F1055

[10] Jungas RL, Halperin ML, Brosnan JT 1992 Les -
sons learnt from a quan ti ta tive anal y sis of amino
acid ox i da tion and re lated gluconeogenesis in
man. Physiol Re views 72: 419-448

[11] Lin S-H, Cheema-Dhadli S, Chayaraks S, Chen
C-B, Gowrishankar M, Halperin ML 1998 Phys i o -
log i cal role of the po ten tial al kali load in the diet of
the rat for acid-base bal ance. Am J Physiol 274:
F1037-F1044

[12] Oh MS, Carroll HJ 1992 Whole body acid-base
bal ance. Contrib Nephrol 100: 89-104

[13] Coe FL, Parks JH, Asplin JR 1992 The patho -
genesis and treat ment of kid ney stones. N Engl J
Med 327: 1141-1152

[14] Simpson D 1983 Ci trate ex cre tion: a win dow on
re nal me tab o lism. Am J Physiol 244: F223-F234

[15] Halperin ML, Kamel KS, Ethier JH, Stinebaugh
BJ, Jungas RL 1992 Bio chem is try and phys i ol ogy
of am mo nium ex cre tion. In: Seldin D, Giebisch G

(eds): The Kid ney. Phys i ol ogy and Patho physi -
ology. Ra ven Press, New York, pp 1471-1490

[16] Halperin ML, Cherney DZI, Kamel KS 2002
Ketoacidosis. In: DuBose TD Jr, Hamm LL (eds):
Acid-base and elec tro lyte dis or ders: a com pan ion
to brenner and rec tor’s. The Kid ney. WB Saunders, 
Phil a del phia, pp 67-82

[17] Kassirer JP, Schwartz WB 1966 The re sponse of
nor mal man to se lec tive de ple tion of hy dro chlo ric
acid. Am J Med 40: 10-18

[18] Scheich A, Don nel ly S, Cheema-Dhadli S,
Schweigert M, Vasuvattakul S, Halperin ML 1994
Does sa line “cor rect” the ab nor mal mass bal ance
in met a bolic alkalosis as so ci ated with chlo ride-de -
ple tion in the rat? Clin In vest Med 17: 448-460

[19] Van Leeuven A 1969 Net cat ion equiv a lency (“base 
bind ing power”) of the pro teins. Acta Med Scand
422: 36-57

[20] Halperin ML, Vasuvattakul S, Bayoumi A 1992 A
mod i fied clas si fi ca tion of met a bolic ac i do sis: a
pathophysiologic ap proach. Nephron 60: 129-133

[21] Carlisle EJF, Don nel ly SM, Vasuvattakul S, Kamel
KS, Tobe S, Halperin ML 1991 Glue-sniff ing and
dis tal re nal tu bu lar ac i do sis: stick ing to the facts. J
Am Soc Nephrol 1: 1019-1027

[22] Shafiee MA, Kamel KS, Halperin ML 2002 A con -
cep tual ap proach to the pa tient with met a bolic ac i -
do sis: ap pli ca tion to a pa tient with di a betic keto -
acidosis. Nephron 92S1: 46-55

[23] Juel C, Halestrap AP 1999 Lac tate trans port in
skel e tal mus cle – role and reg u la tion of the mono -
carboxylate trans porter. J Physiol 517: 633-642

[24] Soleimani M, Singh G 1995 Phys i o logic and mo -
lec u lar as pects of the Na+/H+ exchangers in health
and dis ease pro cesses. J In vest Med 43: 419-430

[25] Alper S 1991 The band 3-re lated an ion ex -
changer (AE) gene fam ily. Ann Rev Physiol 53:
549-564

[26] Nilius B, Droogmans G 2003 Amaz ing chlo ride
chan nels: an over view. Acta Physiol Scand 177:
119-147

[27] DeMars C, Hollister K, Tomassoni A, Himmelfarb
J, Halperin ML 2001 Cit ric ac i do sis: a life-
 threatening cause of met a bolic ac i do sis. Ann
Emerg Med 38: 588-591

[28] Madias NE, Adrogue HJ, Horowitz GL, Co hen JJ,
Schwartz WB 1979 A re def i ni tion of nor mal
acid-base equi lib rium in man: car bon di ox ide ten -
sion as a key de ter mi nant of nor mal plasma bi car -
bon ate con cen tra tion. Kid ney Int 16: 612-618

[29] Kamel KS, Rich ard son RMA, Goguen JM, Fine A,
Levin A, Halperin ML 1993 Rate of pro duc tion of
car bon di ox ide in pa tients with a se vere de gree of
met a bolic ac i do sis. Nephron 64: 514-517

Mal lu che et al.  -  Cli ni cal Nephro lo gy, Dia ly sis and Trans plan ta tion  -  I-3 - Up da te 2 (2005) 61

3.I

3  Hal pe rin et al. - Dis or ders of Acid-base Balance



[30] Mad i son LL, Seldin DW 1958 Am mo nia ex cre tion
and re nal en zy matic ad ap ta tion in hu man sub jects,
as dis closed by ad min is tra tion of pre cur sor amino
ac ids. J Clin In vest 37: 1615-1627

[31] Simpson D 1971 Con trol of hy dro gen ion ho meo -
sta sis and re nal ac i do sis. Med i cine 50: 503-541

[32] Tannen RL 1987 Ef fect of po tas sium on re nal acid -
i fi ca tion and acid-base ho meo sta sis. Sem i nars
Nephrol 7: 263-273

[33] Halperin ML, Jungas RL, Pichette C, Goldstein
MB 1982 A quan ti ta tive anal y sis of re nal am mo -
niagenesis and en ergy bal ance: a the o ret i cal ap -
proach. Can J Physiol Pharmacol 60: 1431-1435

[34] Mandel L, Balaban R 1981 Stoichiometry and
 coupling of ac tive trans port to ox i da tive me tab o -
lism in ep i the lial tis sues. Am J Physiol 240:
F357-F371

[35] Marliss EB, Aoki TT, Pozefsky T, Most AS, Cahill
GFJ 1971 Mus cle and splanchnic glutamine and
glu ta mate me tab o lism in post-ab sorp tive and
starved man. J Clin In vest 50: 814-817

[36] Lemieux G, Vinay P, Robitaille P, Plante G, Lussier
Y, Mar tin P 1971 The ef fect of ketone bod ies on re -
nal ammoniagenesis. J Clin In vest 50: 1781-1791

[37] Halperin ML, Kamel KS, Ethier JH, Magner PO
1989 What is the un der ly ing de fect in pa tients with 
iso lated, prox i mal re nal tu bu lar ac i do sis? Am J
Nephrol 9: 265-268

[38] Nagami GT 2000 Re nal am mo nia pro duc tion and
ex cre tion. In: Seldin DW, Giebisch G (eds): The
Kid ney. Phys i ol ogy & Pathophysiology. WB
Saunders, Phil a del phia PA, pp 1995-2014

[39] Knepper MA, Packer R, Good DW 1989 Am mo -
nium trans port in the kid ney. Physiol Rev 69:
179-249

[40] Kamel KS, Halperin ML 2003 Dog mas and con tro -
ver sies in the han dling of ni trog e nous wastes. J
Exp Biol 2: 2003-2010

[41] Pitts RF 1964 Re nal pro duc tion and ex cre tion of
am mo nia. Am J Med 36: 720-742

[42] Al-Awqati Q, Norby LH, Mueller A, Steinmetz PR
1976 Char ac ter is tics of stim u la tion of H+ trans port 
by aldosterone in tur tle uri nary blad der. J Clin In -
vest 58: 351-358

[43] Bengele HH, Schwartz JH, McNamara ER, Al ex -
an der EA 1986 Chronic met a bolic ac i do sis aug -
ments acid i fi ca tion along the in ner medullary col -
lect ing duct. Am J Physiol 250: F690-F694

[44] Wingo CS, Armitage FE 1993 Po tas sium trans -
port in the kid ney: reg u la tion and phys i o logic rel e -
vance of H+, K+-ATPase. Semin Nephrol 13:
213-224

[45] Coe FL, Parks JH 2000 Pathogenesis and treat -
ment of nephrolithiasis. In: Seldin DW, Giebisch G 

(eds): The Kid ney. Phys i ol ogy & Pathophysiol -
ogy. Lippincott, Phil a del phia PA, pp 1841-1867

[46] Kamel KS, Lin S-H, Cheema-Dhadli S, Marliss
EB, Halperin ML 1998 Pro longed to tal fast ing: a
feast for the in te gra tive phys i ol o gist. Kid ney Int
53: 531-539

[47] Asplin JR 1996 Uric acid stones. Semin Nephrol
16: 412-424

[48] Kamel KS, Cheema-Dhadli S, Halperin ML 2002
Stud ies on the pathophysiology of the low urine
pH in pa tients with uric acid stones. Kid ney Int 61:
988-994

[49] Bushinsky DA 1999 Cal cium, mag ne sium, and
phos pho rus: re nal han dling and uri nary ex cre tion.
In: Favus M (ed): Primer on the met a bolic bone
dis eases and dis or ders of min eral metabolism.
Lippencott, Philadelphia, pp 67-74

[50] Parks JH, Cow ard M, Coe FL 1997 Cor re spon -
dence be tween stone com po si tion and urine super -
saturation in nephrolithiasis. Kid ney Int 51:
894-900

[51] Coe FL, Margolis HC, Deutsch LH, Strauss AL
1980 Uri nary macromolecular crys tal growth in -
hib i tors in cal cium urolithiasis. Miner Elec tro lyte
Metab 3: 268-275

[52] Cockcroft DW, Gault MH 1976 Pre dic tion of
creatinine clear ance from se rum creatinine. Nephron
16: 31-41

[53] Wrong O 1991 Dis tal re nal tu bu lar ac i do sis: the
value of uri nary pH, PCO2 and NH4

+ mea sure -
ments. Pediatr Nephrol 5: 249-255

[54] Carlisle EJF, Don nel ly SM, Halperin ML 1991 Re -
nal tu bu lar ac i do sis (RTA): rec og nize the am mo -
nium de fect and pHorget the urine pH. Pediatr
Nephrol 5: 242-248

[55] Batlle DC, Arruda JAL, Kurtzman NL 1981 Hyper -
kalemic dis tal re nal tu bu lar ac i do sis as so ci ated with 
ob struc tive uropathy. N Engl J Med 304: 373-380

[56] Kamel KS, Briceno LF, Santos MI, Brenes L,
Yorgin P, Kooh SW, Balfe JW, Halperin ML 1997 A
new clas si fi ca tion for re nal de fects in net acid ex -
cre tion. Am J Kid ney Dis 29: 126-136

[57] Kurtzman NA 1987 Re nal tu bu lar ac i do sis: a con -
stel la tion of syn dromes. Hosp Prac 22: 131

[58] Vasuvattakul S, Gougoux A, Halperin ML 1993 A
method to eval u ate re nal ammoniagenesis in vivo.
Clin In vest Med 16: 265-273

[59] Brenes LG, Sanchez MI 1993 Im paired uri nary am -
mo nium ex cre tion in pa tients with iso lated prox i -
mal re nal tu bu lar ac i do sis. J Am Soc Nephrol 4:
1073-1078

[60] Mor ris RC Jr 1969 Re nal tu bu lar ac i do sis. Mech a -
nisms, clas si fi ca tion and im pli ca tions. N Engl J
Med 281: 1405-1413

62

Chap ter I  -  Cli ni cal Nephro lo gy and Hy per ten si on



[61] Pitts RF, Lotspeich WD 1946 Bi car bon ate and the
re nal reg u la tion of acid-base bal ance. Am J
Physiol 147: 138-154

[62] Edelman C Jr, Soriano J, Boichis H, Gruskin A,
Acosta M 1967 Re nal bi car bon ate re ab sorp tion
and hy dro gen ion ex cre tion in nor mal in fants. J
Clin In vest 46: 1309-1317

[63] Dedmond RE, Wrong O 1962 The ex cre tion of or -
ganic an ion in re nal tu bu lar ac i do sis with par tic u -
lar ref er ence to ci trate. Clin Sci 22: 19-32

[64] Nor man ME, Feldman NI, Cohn RM, Roth KS,
McCurdy DK 1978 Uri nary ci trate ex cre tion in the
di ag no sis of dis tal re nal tu bu lar ac i do sis. J Pe di at -
rics 92: 394-400

[65] Don nel ly S, Brenes L, Halperin ML 1991 Iso lated
prox i mal re nal tu bu lar ac i do sis: dis so ci a tion of
cel lu lar and sys temic pH. J Am Soc Nephrol 2: 279

[66] Halperin ML, Goldstein MB, Haig A, John son
MD, Stinebaugh BJ 1974 Stud ies on the patho -
genesis of type I (dis tal) re nal tu bu lar ac i do sis as
re vealed by the uri nary PCO2 ten sions. J Clin In -
vest 53: 669-677

[67] Ber liner RW, DuBose TDJ 1992 Car bon di ox ide
ten sion of al ka line urine. In: Seldin DW, Giebisch
G (eds): The Kid ney. Physiology and Patho phy -
siology. Ra ven Press, New York, pp 2681-2694

[68] Halperin ML, Kamel KS 2000 Dy namic in ter ac -
tions be tween in te gra tive phys i ol ogy and mo lec u -
lar med i cine: the key to un der stand the mech a nism
of ac tion of aldosterone in the kid ney. Can J
Physiol Pharmacol 78: 587-594

[69] Napolova O, Urbach S, Davids MR, Halperin ML
2003 How to as sess the de gree of extracellular fluid
vol ume con trac tion in a pa tient with a se vere de gree
of hyperglycemia. Nephrol Dial Trans 18:
2674-2677

[70] Halperin ML, Kamel KS 1996 Turn ing sugar into
ac ids in the gas tro in tes ti nal tract. Kid ney Int 49:
1-8

[71] Oh MS, Phelps KR, Traube M, Carroll HJ 1979
D-lac tic ac i do sis in a man with the short bowel
syn drome. N Engl J Med 301: 249-251

[72] Kamel KS, Ethier JH, Stinebaugh BJ, Schloeder
FX, Halperin ML 1990 The re moval of an in or -
ganic acid load in sub jects with ketoacidosis of
chronic fast ing: the role of the kid ney. Kid ney Int
38: 507-511

[73] Zierler K, Rabinowitz D 1963 Ef fect of very small
con cen tra tions of in su lin on fore arm me tab o lism:
per sis tence of its ac tion on po tas sium and free fatty 
ac ids with out its ef fect on glu cose. J Clin In vest
43: 950-962

[74] Wil liam son JR, Safer B, Rich T, Schaffer S,
Koyabashi K 1976 Ef fects of ac i do sis on myo car -

dial con trac til ity and me tab o lism. Acta Med Scand 
587: 95-111

[75] Nahas GG, Zaguy D, Milhard A 1967 Acidemia
and catecholamine out put of the iso lated ca nine
ad re nal gland. Am J Physiol 213: 1186-1192

[76] Mazer CD, Naser B, Kamel KS 1996 Ef fect of al -
kali ther apy with NaHCO3 or Tham on car diac
con trac til ity. Am J Physiol 270: R955-R962

[77] Halperin ML, Halperin FA, Cheema-Dhadli S,
Kamel KS 1994 Ra tio nale for the use of so dium bi -
car bon ate in a pa tient with lac tic ac i do sis due to a
poor car diac out put. Nephron 66: 258-261

[78] Kamel KS 1996 The acute im pact of NaHCO3 in
treat ment of met a bolic ac i do sis on back-ti tra tion
of non-bi car bon ate buff ers: a quan ti ta tive anal y -
sis. Clin Nephrology 45: 51-55

[79] Coo per JD, Walley KR, Wiggs BR, Rus sell JA 1990
Bi car bon ate does not im prove hemo dynamics in
crit i cally ill pa tients who have lac tic ac i do sis. Ann
In tern Med 112: 492-498

[80] But ler AM, Tal bot NB, Bur nett CH, Stanbury JB,
MacLachlan EA 1947 Met a bolic stud ies in di a -
betic coma. Trans Assoc Am Phys 60: 102-109

[81] Danowski T, Pe ters J, Rathbun J, Quashnock J,
Greenman L 1949 Stud ies in di a betic ac i do sis and
coma, with par tic u lar em pha sis on the re ten tion of
ad min is tered po tas sium. J Clin In vest 28: 1-9

[82] Nabarro J, Spencer A, Stowers J 1952 Met a bolic
stud ies in se vere di a betic ke to sis. Q J Med 82:
225-243

[83] Robin ED 1972 Dy namic as pects of met a bolic acid 
base dis tur bances: phenformin lac tic ac i do sis with
al ka line over shoot. Trans Amer Assoc Physiol 85:
317-324

[84] Carlisle E, Don nel ly S, Ethier J, Quaggin S, Kai ser 
U, Kamel K, Halperin ML 1991 Mod u la tion of the
se cre tion of po tas sium by ac com pa ny ing an ions in
hu mans. Kid ney Int 39: 1206-1212

[85] Schreiber M, Kamel KS, Cheema-Dhadli S,
Halperin ML 1994 Ketoacidosis: an in te gra tive view. 
Di a be tes Rev 2: 98-114

[86] Flatt JP 1972 On the max i mal pos si ble rate of
ketogenesis. Di a be tes 21: 50-53

[87] Halperin ML, Goguen JM, Scheich AM, Kamel KS
1993 Clin i cal con se quences of hyperglycemia and
its cor rec tion. In: Seldin DW, Giebisch G (eds):
Clin i cal dis tur bances of wa ter me tab o lism. Ra ven
Press, New York, pp 249-272

[88] Adrogue HH, Eiknoyan G, Suki WN 1984 Di a betic
ketoacidosis. Role of the kid ney in the acid-base
ho meo sta sis re-eval u ated. Kid ney Int 25: 591-598

[89] Davids MR, Lin S-H, Edoute Y, Cheema-Dhadli S,
Halperin ML 2002 Hyponatremia and hypergly -

Mal lu che et al.  -  Cli ni cal Nephro lo gy, Dia ly sis and Trans plan ta tion  -  I-3 - Up da te 2 (2005) 63

3.I

3  Hal pe rin et al. - Dis or ders of Acid-base Balance



cemia dur ing lap aro scopic sur gery. Quart J Med
95: 321-330

[90] Hill ier TA, Abbott RD, Barrett EJ 1999 Hypo na -
tremia: eval u at ing the cor rec tion fac tor for hyper -
glycemia. Am J Med 106: 399-403

[91] Katz MA 1973 Hyperglycemia-in duced hypo na -
tremia: cal cu la tion of ex pected se rum so dium de -
pres sion. N Engl J Med 289: 843-844

[92] Ros coe JM, Halperin ML, Rolles ton FS, Goldstein
MB 1975 Hyperglycemia-in duced hyponatremia:
met a bolic con sid er ations in cal cu la tion of se rum
so dium de pres sion. CMA J 112: 452-453

[93] Carlotti A, Bohn D, Halperin ML 2003 Im por tance 
of tim ing of risk fac tors for ce re bral edema dur ing
ther apy for di a betic ketoacidosis. Arch Dis Child
88: 170-173

[94] Beigelman P 1973 Po tas sium in se vere di a betic
ketoacidosis. Am J Med 54: 419-420

[95] Oh MS, Carroll HJ, Uribarri J 1990 Mech a nism of 
normochloremic and hyperchloremic ac i do sis in
di a betic ketoacidosis. Nephron 54: 1-6

[96] Halperin ML, Bear RA, Hanna ford MC, Goldstein
MB 1981 Se lected as pects of the pathophysiology
of met a bolic ac i do sis in di a be tes mellitus. Di a be -
tes 30: 781-787

[97] Molitch ME, Rodman E, Hirsch CA, Dubinsky E
1980 Spu ri ous se rum creatinine el e va tions in keto -
acidosis. Ann Int Med 93: 280-281

[98] Gerrard S, Khayam-Bashi H 1984 Neg a tive in ter -
fer ence with the Ektachem (Ko dak) en zy mic as say 
for creatinine by high se rum glu cose. Clin Chem
30: 1884 (let ter)

[99] Edge JA 2000 Ce re bral e dema dur ing treat ment of
di a betic ketoacidosis: are we any nearer find ing a
cause? Di a be tes Metab Res Rev 16: 316-324

[100] Glaser N, Barnett P, McCaslin I, Nel son D,
Trainor J, Louie J, Kaufman F, Quayle K, Roback
M, Malley R, Kuppermann N 2001 Risk fac tors for
ce re bral edema in chil dren with di a betic keto aci -
dosis. N Engl J Med 344: 264-269

[101] Chung HM, Kluge R, Schrier RW 1987 Clin i cal as -
sess ment of extracellular fluid vol ume in hypo -
natremia. Am J Med 83: 905-908

[102] McCance RA 1936 Med i cal prob lems in min eral
me tab o lism. III. Ex per i men tal hu man salt de fi -
ciency. Lan cet 230: 823-830

[103] McGee S, Aber nethy WB, Simel DL 1999 Is this pa -
tient hypovolemic? J Am Med Ass 17: 1022-1029

[104] West M, Mar sden P, Singer G, Halperin ML 1986 A 
quan ti ta tive anal y sis of glu cose loss dur ing acute
ther apy for the hyperglycemia hyperosmolar syn -
drome. Di a be tes Care 9: 465-471

[105] Van der Meulen JA, Klip A, Grinstein S 1987 Pos si -
ble mech a nism for ce re bral edema in di a betic
ketoacidosis. Lan cet 1: 306-308

[106] Durr JA, Hoffman WH, Sklar AH, Gammal TE,
Steinhart CM 1992 Cor re lates of brain edema in
un con trolled IDDM. Di a be tes 41: 627-632

[107] Hoffman WH, Steinhart CM, Gammal TE, Steele S, 
Cuadrado AR, Morse PK 1988 Cra nial CT
in children and ad o les cents with di a betic
ketoacidosis. Am J Neuroradiol 9: 733-739

[108] Hoffman WH, Pluta RM, Fisher AQ, Wag ner MB,
Yanovski JA 1995 Transcranial Dopp ler ul tra sound 
as sess ment of intracranial hemodynamics in chil -
dren with di a betic ketoacidosis. J Clin Ul tra sound
23: 517-523

[109] Kamel KS, Cheema-Dhadli S, Halperin FA, Vasu -
de van S, Halperin ML 1996 An ion gap: do the an -
ions re stricted to the intravascular space have mod -
i fi ca tions in their va lence? Nephron 73: 382-389

[110] Sil ver SM, Clark EC, Schroeder BM, Sterns RH
1997 Pathogenesis of ce re bral edema af ter treat -
ment of di a betic ketoacidosis. Kid ney Int 51:
1237-1244

[111] Mahoney CP, Vlcek BW, DelAguila M 1999 Risk
fac tors for de vel op ing brain herniation dur ing di a -
betic ketoacidosis. Pediatr Neurol 21: 721-727

[112] Porzio P, Halberthal M, Bohn D, Halperin ML
2000 De sign of a treat ment for acute symp tom atic
hyponatremia: en sur ing the ex cre tion of a pre dict -
able amount of elec tro lyte-free wa ter. Crit i cal Care 
Med 28: 1905-1910

[113] Halperin ML, Hammeke M, Josse RG, Jungas RL
1983 Met a bolic ac i do sis in the al co holic: a patho -
physiologic ap proach. Metabolism 32: 308-315

[114] Wrenn KD, Slovis CM, Min ion GE, Rutkowski R
1991 The syn drome of al co holic ketoacidosis. Am
J Med 91: 119-128

[115] Porte DJ 1969 Sym pa thetic reg u la tion of in su lin
se cre tion. Arch In tern Med 123: 252-260

[116] Marliss EB, Ohman JL, Aoki TT 1970 Al tered
 redox state ob scur ing ketoacidosis in di a betic
 patients with lac tic ac i do sis. N Engl J Med 283:
978

[117] Co hen RD, Woods HF 1976 Type A lac tic ac i do sis.
In: Co hen RD, Woods HF (eds): Clin i cal and bio -
chem i cal as pects of lac tic ac i do sis. Blackwell, Ox -
ford, pp 77-91

[118] Jack son DC 2002 Hi ber nat ing with out oxigen:
phys i o log i cal ad ap ta tions of the painted tur tle. J
Physiol 543: 731-737

[119] Hallas J 1987 The as so ci a tion be tween cal cium
and acetoacetate, 3-hydroxybutyrate, pyruvate and
lac tate as de ter mined by potentiometry. Scan J Clin
Lab In vest 47: 581-585

64

Chap ter I  -  Cli ni cal Nephro lo gy and Hy per ten si on



[120] Ur ban P, Scheidegger D, Buchmann B, Barth D
1988 Car diac ar rest and blood ion ized cal cium lev -
els. Ann Int Med 109: 110-113

[121] Marks AR 2003 Cal cium and the heart: a ques tion
of life and death. J Clin In vest 111: 597-600

[122] Veech R, Fowler R 1987 Ce re bral dys func tion and
re spi ra tory alkalosis dur ing peritoneal di al y sis with
D-lactate-containing di al y sis flu ids. Am J Med 82:
572-573

[123] Stacpoole PW, Har man EM, Curry SH, Baum -
gartner TG, Misbin RI 1983 Treat ment of lac tic
 acidosis with dichloroacetate. N Engl J Med 309:
390-396

[124] Kamel KS, Cheema-Dhadli S, Halperin ML
1993 Is ac cel er ated ox i da tion of lac tate re -
quired for dichloroacetate to lower the level
of lactate in blood? Can J Physiol Pharm 71:
1477-1482

[125] Stacpoole PW, Wright EC, Baumgartner TG,
Bersin RM, Buchalter S, Curry SH, Duncan CA,
Har man EM, Henderson GN, Jenkinson S, Lachin
JM, Lorenz A, Schnei der SH, Siegel JH, Sum mer
WR, Thomp son D, Wolfe CL, Zorovich B 1992 A
con trolled clin i cal trial of dichloroacetate for treat -
ment of lac tic ac i do sis in adults. N Engl J Med 327:
1564-1569

[126] Fields ALA, Wolman SL, Halperin ML 1981 Chro -
n ic lac tic ac i do sis in a pa tient with can cer: ther apy
and met a bolic con se quences. Can cer 47:
2026-2029

[127] Randle PJ 1986 Fuel se lec tion in an i mals. Bio -
chem Soc Trans 14: 799-806

[128] Misbin RI 1977 Phenformin-as so ci ated lac tic ac i -
do sis: pathogenesis and treat ment. Ann In tern
Med 87: 591-595

[128b]Salpeter SR, Greyber E, Pasternak GA, Salpeter
EE 2003 Risk of fa tal and nonfatal lac tic ac i do sis
with meformin use in type 2 di a be tes mellitus: sys -
tem atic re view and meta-anal y sis. Arch Int Med
163: 2594-2602

[129] Gopinath R, Hutcheson M, Cheema-Dhadli S,
Halperin ML 1992 Chronic lac tic ac i do sis in a pa -
tient with ac quired im mu no de fi ciency syn drome
and mi to chon drial myopathy: bio chem i cal stud -
ies. J Am Soc Nephrol 3: 1212-1219

[130] Pinto J, Huang YP, Rivlin RS 1981 In hi bi tion of ri -
bo fla vin me tab o lism in rat tis sues by chlor pro m -
azine, imipramine, and amitriptyline. J Clin In vest
67: 1500-1506

[131] Pitt JJ, Hauser S 1998 Tran sient 5-oxoprolinuria
and high an ion gap met a bolic ac i do sis: clin i cal and 
bio chem i cal find ings in eleven sub jects. Clin
Chem 44: 1497-1503

[132] Fouty B, Frerman F, Reves R 1998 Ri bo fla vin to
treat nucleoside an a logue-in duc ing lac tic ac i do sis. 
Lan cet 352: 291-292

[133] Luzzati R, Del Bravo P, Di Perri G, Luzzani A,
Concia E 1999 Riboflavine and se vere lac tic ac i -
do sis. Lan cet 353: 901-902

[134] Oh MS, Halperin ML 2003 Toxin-in duced met a -
bolic ac i do sis. In: Madias N, Addrogue H (eds): 
(in press)

[135] Chin L, Sievers ML, Herrier RN, Picchioni AL
1979 Con vul sions as the eti ol ogy of lac tic ac i do sis
in acute isoniazid tox ic ity dogs. Toxicol Appl
Pharmacol 49: 377-384

[136] Black LE, Ros SP 1989 Com plete re cov ery from
se vere met a bolic ac i do sis as so ci ated with iso -
niazid poi son ing in a young boy. Pediatr Emerg
Care 5: 257-258

[137] Brent J, Vo N, Kulig K, Rumack BH 1990  Re -
versal of pro longed isoniazid-in duced coma
by pyri doxine. Arch In tern Med 150: 1751-1753 

[138] Alvarez FG, Guntupalli KK 1995 Isoniazid over -
dose: four case re ports and re view of the lit er a ture.
In ten sive Care Med 21: 641-644

[139] Jacobsen D, Bredesen JE, Eide I, Ostborg J 1982
An ion and osmolal gaps in the di ag no sis of meth a -
nol and eth yl ene gly col poi son ing. Acta Med
Scand 212: 17-23

[140] Cheema-Dhadli S, Halperin FA, Sonnenberg K,
MacMillan V, Halperin ML 1988 Reg u la tion of
eth a nol me tab o lism in the rat. Can J Biochem  Cell
Biol 65: 458-466

[141] Emmett M, Seldin DW 1989 Over pro duc tion ac i do -
sis: salicylate poi son ing. In: Seldin DW, Geibisch G
(eds): The reg u la tion of acid-base bal ance. Ra ven
Press, New York, pp 418-420

[142] Bayoumi A, Camp bell P, Schreiber M, Cheema-
 Dhadli S, Halperin ML 1993 To wards a more ra -
tional treat ment of as pi rin (ASA) over dose. J Am
Soc Nephrol 3: 293

[143] Swee ney KR, Chapron DJ, Brandt JL 1986 Toxic
in ter ac tion be tween acetazolamide and salicylate:
case re ports and a pharmacokinetic ex pla na tion.
Clin Pharm Ther 40: 518-524

[144] Taher SM, An der son RJ, McCartney R, Popovtzer
MM, Schrier RW 1974 Re nal tu bu lar ac i do sis as so -
ci ated with to lu ene “sniff ing”. N Engl J Med 290:
765-768

[145] Mishkin B, Mishkin D, Mishkin S 2002 Nat u ral gas: 
myths and facts. Ca na dian J CME 14: 85-92

[146] Oh MS, Uribarri J, Alveranga D, La zar I,
Bazilinski N, Carroll HJ 1985 Met a bolic uti li za -
tion and re nal han dling of D-lactate in men. Me tab -
o lism 34: 621-625

Mal lu che et al.  -  Cli ni cal Nephro lo gy, Dia ly sis and Trans plan ta tion  -  I-3 - Up da te 2 (2005) 65

3.I

3  Hal pe rin et al. - Dis or ders of Acid-base Balance



[147] Fine A 1989 Me tab o lism of D-lac tate in the dog
and in man. Perit Dial Int 9: 99

[148] Al-Jishi E, Meyer BF, Rashed MS, Al-Essa M,
Al-Hamed MH, Sakati N, Sanjad S, Ozand PT,
Kambouris M 1999 Clin i cal, bio chem i cal, and mo -
lec u lar char ac ter iza tion of pa tients with gluta -
thione synthetase de fi ciency. Clin Genet 55:
444-449

[149] Dahl N, Pigg M, Ristoff E, Gali R, Carisson B,
Mannervik B, Larsson A, Board P 1997 Missense
mu ta tions in the hu man glutathione synthetase
gene re sult in se vere met a bolic ac i do sis, 5-oxo -
prolinuria, hemolytic ane mia and neurological dys -
func tion. Hu man Mo lec u lar Ge net ics 6: 1147-1152

[150] Croal BL, Glen ACA, Kelly CJG, Lo gan RW 1998
Tran sient 5-oxoprolinuria (pyroglutamic ac id uria) 
with sys temic ac i do sis in an adult re ceiv ing an ti bi -
otic ther apy. Clin Chem 44: 336-340

[151] Demp sey GA, Lyall HJ, Corke CF, Scheinkestel
CD 2000 Pyroglutamic acidemia: a cause of high
an ion gap met a bolic ac i do sis. Crit Care Med 28:
1803-1807

[152] Yale SH, Mazza JJ 2000 An ion gap ac i do sis as so -
ci ated with acetaminophen. Ann Int Med 133:
752-753

[153] Richman PG, Meister A 1975 Reg u la tion of g-
 glutamyl-cysteine snthetase by glutathione. J Biol
Chem 250: 1422-1426

[154] Bonham JR, Rattenbury JM, Meeks A, Pollitt RJ
1989 Pyroglutamic ac id uria from vigabatrin. Lan -
cet I: 1452-1453

[155] Hammeke M, Bear R, Lee R, Goldstein M, Halperin
ML 1978 Hyperchloremic met a bolic ac i do sis in di -
a be tes mellitus: a case re port and dis cus sion of the
pathophysiologic mech a nisms. Di a be tes 27: 16-20

[156] Bergeron M, Gougoux A, Vinay P 1989 The Re nal
Fanconi Syn drome. In: Scriver CR, Beaudet AL,
Sly WS, Valle D (eds): Met a bolic ba sis of in her ited 
dis ease. Ra ven Press, New York, pp 2569-2580

[157] Breitschwerdt EB, Ochoa R, Waltman C 1983 Mul -
ti ple en do crine ab nor mal i ties in Basenji dogs with
re nal tu bu lar dys func tion. JAMA 182: 1348-1353

[158] Halperin ML, Chen CB 1987 Plasma glutamine
and re nal ammoniagenesis in dogs with chronic
met a bolic ac i do sis. Am J Physiol 252: F474-F479

[159] Halperin ML, Ethier JH, Kamel KS 1989 Am mo -
nium ex cre tion in chronic met a bolic ac i do sis: risks 
and ben e fits. Am J Kid ney Dis 9: 265-268

[160] Brenes LG, Brenes JN, Hernandez MM 1977 Fa -
mil ial prox i mal re nal tu bu lar ac i do sis: a dis tinct
clin i cal en tity. Am J Med 63: 244-252

[161] Gahl WA, Thoene JG, Schnei der JA, O’Regan S,
Kai ser-Kupfer MI, Kuwabara T 1988 NIH con fer -

ence, cystinosis: prog ress in a pro to typic dis ease.
Ann In tern Med 109: 557-569

[162] Skin ner R, Pearson AD, Eng lish MW, Price L, Wyl -
lie RA, Coulthard MG, Craft AW 1996 Risk fac tors
for ifosfamide nephrotoxicity in chil dren. Lan cet
31: 578-580

[163] Igarashi T, Inatomi J, Sekine T, Seki G, Shimadzu
M, Tozowa F, Takeshima Y, Takumi T, Takahashi T,
Yoshikawa N, Nakamura H, Endou H 2001 Novel
non sense mu ta tion in the Na+/HCO3

- cotran -
sporter gene (SLC4A4) in a pa tient with per ma -
nent iso lated prox i mal re nal tu bu lar ac i do sis and
bi lat eral glaucoma. J Am Soc Nephrol 12: 713-718

[164] Igarashi T, Sekine T, Inatomi J, Seki G 2002 Un -
rav el ing the mo lec u lar pathogenesis of iso lated
promixal re nal tu bu lar ac i do sis. J Am Soc Nephrol
13: 2171-2177

[165] Vanherweghem JL, Depierreux M, Tielemans C,
Abramowicz D, Dratwa M, Jadou M, Rich ard C,
Vandervelde D, Verbeelen D, Vanhaelen-Fastre R
1993 Rap idly pro gres sive in ter sti tial re nal fi bro sis
in young women: as so ci a tion with slim ming reg i -
men in clud ing Chi nese herbs. Lan cet 341: 387-391

[166] Lin Y-F, Lin S-H, Tsai W-S, Davids MR, Halperin
ML 2002 Se vere hypokalemia in a Chi nese male. Q 
J Med 95: 695-704

[167] McSherry E, Mor ris RCJ 1978 At tain ment and
main te nance of nor mal stat ure with al kali ther apy
in in fants and chil dren with clas sic re nal tu bu lar
ac i do sis. J Clin In vest 61: 509-527

[168] Greiber S, Mitch WE 1992 Ca tab o lism in ure mia:
met a bolic ac i do sis and ac ti va tion of spe cific path -
ways. Contrib Nephrol 98: 20-27

[169] Bushinsky DA 1994 Ac i do sis and bone. Min
Electrol Met 20: 40-52

[170] Co hen EP, Bastini B, Co hen MR, Kolner S, Hemken
P, Gluck S 1992 Ab sence of H+ATPase in cor ti cal
col lect ing tu bules of a pa tient with Sjögren’s syn -
drome and dis tal re nal tu bu lar ac i do sis. JASN 3:
264-271

[171] Alper SL 2002 Ge netic dis eases of acid-base trans -
port ers. Annu Rev Physiol 64: 899-923

[172] Karet FE, Gainza FJ, Gyory AZ, Unwin RJ, Wrong
O 1998 Mu ta tions in the chlo ride-bi car bon ate
exchanger gene AE1 cause autosomal dom i nant
but not autosomal re ces sive dis tal re nal tu bu lar ac -
i do sis. Proc Natl Acad Sci USA 95: 6337-6342

[173] Bruce LJ, Cope DL, Jones JK, Schoefield AE, Bur -
ley M, Povey S, Unwin RJ, Wrong OM 1997 Fa mil -
ial dis tal re nal tu bu lar ac i do sis is as so ci ated with
mu ta tions in the red cell an ion exchanger (Band 3,
AE1). J Clin In vest 100: 1693-1707

[174] Vasuvattakul S, Yenchitsomanus P, Vachuanich -
sanong P, Thuwajit P, Kaitwatcharachai C,

66

Chap ter I  -  Cli ni cal Nephro lo gy and Hy per ten si on



Laosombat V, Malasit P, Wilairat P, Nimmannit S
1999 Autosomal re ces sive dis tal re nal tu bu lar ac i -
do sis as so ci ated with South east Asian ovalo -
cytosis. Kid ney Int 56: 1674-1682

[175] Kaitwatcharachai C, Vasuvattakul S, Yenchitso -
manus P, Thuwajit P, Malasit P, Chuawatana D,
Mingkum S, Halperin ML, Nimmannit S 1999 Dis -
tal re nal tu bu lar ac i do sis in a pa tient with South -
east Asian ovalocytosis: pos si ble in ter pre ta tions
of a high urine PCO2. Am J Kid ney Dis 33:
1147-1152

[176] Karet FE, Finberg KE, Nel son RD, Nayir A,
Mocan H, Sanjad SA, Ro dri guez-Soriano J, Santos 
F, Cremers CWRJ, Di Pietro A, Hoffbrand BI,
Winiarski J, Bakkaloglu A, Ozen S, Dusunsel R,
Goodyer P, Hulton SA, Wu DK, Skvorak AB, Mor -
ton CC, Cunningham MJ, Jha V, Lifton RP 1999
Mu ta tions in the gene en cod ing B1 sub unit of
H+-ATPase cause re nal tu bu lar ac i do sis with
sensorineural deaf ness. Nat Genet 21: 84-90

[177] Smith AN, Skaug J, Choate KA, Nayir A,
Bakkaloglu A 2000 Mu ta tions in ATP6N1B, en -
cod ing a new kid ney vacuolar pro ton pump 116-
 kD sub unit, cause re ces sive dis tal re nal tu bu lar ac -
i do sis with pre served hear ing. Nat Genet 26:
71-75

[178] Sly WS, Whyte MP, Sundaram V, Tashian RE,
Hewett-Emmett D 1985 Car bonic anhydrase II de -
fi ciency iden ti fied in 12 fam i lies with the auto -
somal re ces sive syn drome of osteopetrosis with
re nal tu bu lar ac i do sis and ce re bral cal ci fi ca tion. N
Engl J Med 313: 139-145

[179] Wrong OM, Norden AGW, Feest TG 1994 Dent’s
dis ease: a fa mil ial prox i mal re nal tu bu lar syn -
drome with low-mo lec u lar-weight proteinuria,
hypercalciuria, nephrocalcinosis, met a bolic bone
dis ease, pro gres sive re nal fail ure and a marked
male pre dom i nance. Q J Med 87: 473-493

[180] Gun ther W, Piwon N, Jentsch TJ 2003 The ClC-5
chlo ride chan nel knock-out mouse – an an i mal
model for Dent’s dis ease. Pflüger’s Arch 445:
456-462

[181] Sebastian A, McSherry E, Mor ris RCJ 1971 Re nal
po tas sium wast ing in re nal tu bu lar ac i do sis (RTA): 
its oc cur rence in types 1 and 2 RTA de spite sus -
tained cor rec tion of sys temic ac i do sis. J Clin In -
vest 50: 667-678

[182] Lin SH, Lin YF, Halperin ML 2001 Hypokalemia
and pa ral y sis. Q J Med 94: 133-139

[183] Yang CL, Angell J, Mitch ell R, Ellison DH 2003
WNK kin ases reg u late thiazide-sen si tive Na-Cl
cotransport. J Clin In vest 111: 1039-1045

[184] Wil son FH, Disse-Nocodeme S, Choate KA,
Ishikawa K, Nel son-Wil liams C, Desitter I, Gunel
M, Milford DV, Lipkin GW, Archard J-M, Feely
MP, Dussol B, Berland Y, Unwin RJ, Ma yan H, Si -
mon DB, Far fel ZJZ, Lifton RP 2001 Hu man hy -
per ten sion caused by mu ta tions in WNK kin ases.
Sci ence 293: 1107-1112

[185] Don nel ly SM, Kamel KS, Vasuvattakul S, Narins
RG, Halperin ML 1992 Might dis tal re nal tu bu lar
ac i do sis be a prox i mal dis or der? Am J Kid ney Dis
19: 272-281

[186] Bear R, Goldstein MB, Phillipson E, Ho M,
Hammeke M, Feldman R, Handelsman S, Halperin 
ML 1977 The ef fect of met a bolic alkalosis on re -
spi ra tory func tion in six pa tients with chronic ob -
struc tive lung dis ease. Can Med Ass J 117:
900-903

[187] Halperin ML 2004 The ACID truth and BA SIC
facts – with a Sweet Touch, an enLYTEnment.  5th

edi tion,  Toronto ON, Can ada

Mal lu che et al.  -  Cli ni cal Nephro lo gy, Dia ly sis and Trans plan ta tion  -  I-3 - Up da te 2 (2005) 67

3.I

3  Hal pe rin et al. - Dis or ders of Acid-base Balance


