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INTRODUCTION

Like the other components of the extracellular fluid, the H* concentration is
maintained within narrow limits. The normal extracellular H* concentration is
approximately 40 nanomol/L (1 nanomol/L equals 107° mmol/L), roughly one-
millionth the millimole per liter concentrations of Na*, K+, CI~, and HCOj.

Regulation of the H concentration at this low level is essential for normal
cellular function because of the high reactivity of H* ions, particularly with
proteins."? This property is related to the relatively small size of hydronium
ions, the hydrated form of H*,* in comparison with that of Na* and K* ions.
As a result, H" ions are more strongly attracted to negatively charged portions of
molecules and are more tightly bound than Na*t or K+

When there is a change in the H" concentration, proteins gain or lose Ht
ions, resulting in alterations in charge distribution, molecular configuration, and
consequently protein function. As an example, the rate of glycolysis (as mea-
sured by the rate of lactate production) varies inversely with the H* concentra-
tion, increasing as the latter is reduced (Fig. 10-1). This change in cellular

*In the aqueous environment in the body, H* ions combine with H,O and exist primarily as
hydronium ions, H;O*. For simplicity, H* will be used in place of H;0" for the remainder of this
discussion.




300 PART TWO ° REGULATION OF WATER AND ELECTROLYTE BALANCE

{H*}, nanomol/L

160 80 40 20 10
| I I I |

®e
5 1600~ .
E
S 1400
£
o 1200
§
£ 1000
=
§ 800
ket
2 600
2.
: o Inft fH* ntration and
b Physiologic Figure 10-1 In uence o conce!
E 2007 l‘— };ﬂ"ge —-l pH on lactate production by leukocytes. (From

NN Halperim ML, Comnors HP, Relman AS,
6.0 6.5 7.0 7

Karnovsky ML, J Biol Chem, 244.384, 1969,
pH with permission.)

11111
.5 8.0

metabolism is mediated by a similar inverse relationship between. the H* con-

centration and the activity of several glycolytic enzymes, particularly phos-
. 1

pho%lféce)ll'q r?(?rsrial conditions, the H concentration varies little frorp the normal

value of approximately 40 nanomol/L.> This occurs even though ac1df and ba.ses

are continually being added to the extracellular fluid. The process of H™ regulation

involves three basic steps:

¢ Chemical buffering by the extracellular and intra.cellular buffers .

o Control of the partial pressure of carbon dioxide in the blood by alterations
in the rate of alveolar ventilation _ ' N

o Control of the plasma bicarbonate concentration by changes in renal H
excretion

This chapter will review the basic principles of acid-basi physiology,. including the
efficacy of buffers in preventing large changes in the H COIICCI'ltratIOIl: The rolf:s
of ventilation and renal H* excretion in acid-base homeostasis are discussed in

Chap. 11.

ACIDS AND BASES

Using the definitions proposed by Bronsted, an acid is a sulzsstance that can Qonate
H™ jons and a base is a substance that can accept H* ions.* _These properties 'arej
independent of charge. Thus H,CO,, HCI, NH;, and H,POj all can act as acids:
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H,CO; < H'4+HCO;
HCl < H'+CI”
NH;f <« H'4+NH,
H,PO; < H*4HPOZ"
Acid Base

There are two classes of acids that are physiologically important: carbonic
acid (H,CO;) and noncarbonic acids. This distinction is important because of the
different rates of production and routes of elimination of these acids. Each day,
the metabolism of carbohydrates and fats results in the generation of approxi-
mately 15,000 mmol of CO,. Although CO;, is not an acid, it combines with water
to form H,COs (see below). Thus, there would be progressive accumulation of

acid if the endogenously produced CO, were not excreted. This is prevented by the
loss of CO, via respiration.

Noncarbonic acids, in comparison, are primarily derived from the metabolism
of proteins. As an example, the oxidation of sulfur-containing amino acids results
in the generation of H,S0,.5 Only 50 to 100 meq/day of acid is produced from
these sources;>® these H* ions are then excreted in the urine.

Law of Mass Action

The law of mass action states that the velocity of a reaction is proportional to the
product of the concentrations of the reactants. For example, water can dissociate
into hydrogen and hydroxyl ions*:

H,O0 <« H'+O0H™
The velocity with which this reaction moves to the right is equal to
v; = k[H,0]

where K is the rate constant for this reaction. Similarly, the velocity with which
the reaction moves to the left can be expressed by

vy = ko[H*] [OH]
At equilibrium, v, = v,. Therefore,
k)[H,0] = k,[H*] [OH]

k,  [H0]

Since the H,O concentration is relatively constant in the body fluids, this equation
can be rearranged, so that

K'=

* This reaction actually should be written

H,0+H,0 <« H,0t+OH"
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K,, = [H*] [OH] (10-2)

where k,, is equal to the product of the two constants, K’ and [H,O]. At body
temperature, K, = 2.4 x 1074, Thus, for distilled water,

[H*] [OH™] =24 x 107"
[H*] = 1.55 x 107" mol/L
[OH™] = 1.55 x 107" mol/L

Since the normal H* concentration in the extracellular fluid is 40 nanomol/L, we
can see that the extracellular fluid is slightly less acid than water (where the H'
concentration is 155 nanomol/L).

The law of mass action can be written for the dissociation of all the acids and
bases in the body. For example, for the dissociation of an acid HA into H* and
A_,

_H[AT]

L (10-3)

where K, is the apparent ionization or dissociation constant for this acid. In the
body, K, has a single value for the dissociation of each acid. Although K, can vary
slightly with changes in temperature, solute concentration, and H* con-
centration,”® these parameters are held relatively constant under normal con-
ditions.*® Since the same principles can be applied to the dissociation of a base,

BOH <« BY3+OH™

the behavior of bases will not be discussed separately.'®

Acids and bases may be strong or weak. Strong acids are those that are
essentially completely ionized in the body. Since most of the acid exists as H*
and A", a strong acid, from Eq. (10-3), has a relatively high K,. HCl and NaOH
are examples of a strong acid and a strong base, respectively. In comparison,
H,POj is only 80 percent dissociated at the normal extracellular H* concentration
and is considered a weak acid. As we will see, weak acids are the principal buffers
in the body.

pH
The pH of a solution can be defined by the following relationship:
pH = —log[H"] (10-4)

In the laboratory, the H* concentration of the blood can be measured with a glass
membrane electrode that is permeable only to H'. The diffusion of H* ions
between the blood and the fluid in the electrode results in the generation of a
measurable electrical potential (E,,) across the membrane.” The magnitude of this
potential is proportional to the logarithm of the ratio of the H" concentration in
the two compartments according to the Nernst equation:
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[H'],
(H*],

where t.he subs'cripts e and b refer to the fluid within the electrode and the blood
respectively. Since [H™), is a known value, ,

Em =61 log

Em ~ log m
b

The log(1/a) is equal to —loga. Thus,
Ey ~ —log[H*],
Since pH = — log[H*],
E, ~ pH*

Since t.he PH varies inversely with the H' concentration, an increase in the HY
concentration reduces the pH, and a decrease in the H* concentration elevates the
pH. T.he relationship between the H* concentration and the pH within the phy-
smloglp range is depicted in Table 10-1. In general, the range of H* concentration
that is compatible with life is 16 to 160 nanomol/L (pH equals 7.80 to 6.80). The

normal arterial pH is approximately 7.40; thus, the norm + i
40; R al H™ con
be calculated from centration can

pH = —log[H*]
log[H*] = —7.40
Taking the antilogarithm of both sides,
[H*] = antilog (—7.40)
= antilog (0.60 — 8)
The antilogarithm of 0.60 is 4, and that of —8 is 1078, Thus,
[H*] =4 x 10 mol/L

= 40nanomol/L

* .
th The membrane potentlil and the pH are actually proportional to the activity of H, that is, to
3 £l
e rfmdorn Bloveme.nt (')f H™ across the membrane, not to its molar concentration. Although the
activity of H" (ag+) is directly proportional to the H+ concentration,

ag+ = y[H*]

.the valu.e of yis dependfnt upon the ionic strength of the solution. In concentrated jonic solutions, ionic
11.1tefact10n between H* and anions can retard the random movement of HY so that its activity is
significantly less than its concentration. However, the body fluids are relatively dilute, and it can be

ith t muc h Yy 1 q H+
assumed withou h error that s equal to 1 and l][elel()le that the a 18 equal to the H
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Table 10-1 Relationship between the
arterial pH and H' concentration in
the physiologic range

pH [H*], nanomol/L
7.80 16
7.70 20
7.60 26
7.50 32
7.40 40
7.30 50
720 63
7.10 80
7.00 100
6.90 125
6.80 160

. . +
The relative merits of measuring the acidity of a slcl>1u_t10n 1n.te-rrns o.f pH ol-rkH1
concentration have been the subject of much deba.te. Slnce .th1s issue is n;)tt 11 e I_yI
to be important in the clinical setting, the follow1.ng discussion will use both p
and HY concentration to familiarize the reader with these concepts.

Henderson-Hasselbalch Equation

Equation (10-3) can be rearranged in the following manner:
[HA]

“[A7]

If we take the negative logarithm of both sides,

Y — K (10-5)

[HA]
[A7]
Substituting pH for —log[H*] and +log ([A7]/[HA]) for —log([HA]/[A7]), and

defining pK, as —log K, (the H* concentration and K, being expressed in units of
moles per liter),

—log[H"] = —log K, — log

A (10-6)
pH =pK, + IOg[HA]
This is the Henderson-Hasselbalch equation, which.c.an b.e wri'Ften fclr thte
dissociation of any weak acid. Using the Bronsted definition, in which A~ acts
as a base and HA as an acid, this equation becomes

base (10_7)
pH =pK, + logm

For example, for the reaction
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H2PO; <> H+ + HPO4—
the relationship between the concentrations of
either by the law of mass action or by the Hend
[(H,PO;]
a W (10-8)

the reactants can be expressed
erson-Hasselbalch equation;

[HT=K

[HPO; ]

H =pK, +log— 4! 10-9
p p g[H2P04] (10-9)

The K, for this reaction is 1.6 x 10~ mol
6.80.

To show how these equations can be used,
H,POy concentrations in the extracellular fluid j
tion is I mmol/L, and the H*
From the law of mass action,

/L (or 160 nanomol/L), and the pK, is

let us calculate the HPO?}™ and
f the total phosphate concentra-
concentration equals 40 nanomol/L (pH is 7.40).

(H,PO;]

40 = 160
[HPOZ]

or

[HPO;"]
[H,POy]
Since the total phosphate concentration is I mmol/L,
[HPO;™] = 0.8 mmol/L
[H,POz] = 0.2 mmol/L

The same results can be obtained from the Henderson-Hasselbalch equation:

[HPOZ ]

7.40 = 6.80 + log——2 -

*[H,P0; ]

Since the antilogarithm of 0.60 (7.40 — 6.80) is 4,
[HPO;™]
[H,PO;]

The phosphate system is somewhat more comp

licated, since phosphate also
can exist as POi_ and H3PO,:

1 2 3
POy +H" & HPOI +H' & HPO; +H' 3 H,PO,

However, only trace amounts of PO;™ and H3PO, are present in the body, since
the pK, of reaction 1 (pK

a1 = 12.4) is much higher than that of reaction 3

(PKa3 = 2.0) is much lower than the extracellular pH of 7.40. For example, for
reaction 1,
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40 +1 [PO; ]

7.40 = 12.40 + Og[HPO?f]

3—

POs 1 _ antilog (—5) = 107>

[HPOZ"]

- 5

Thus, at a pH of 7.40, there is only one molecule of POi present for every 10
molecules of HPO3 ™. .

BUFFERS

One of the major ways in which large changes.in H+ concentrghon areb;;retve?;i(:
is by buffering. The body buffers, which are prlinarlly weak _amds, are at eiZ:d xe
up or release H* so that changes in the free H_ concentratlpn are ntl.mn.n .

an example, phosphate is an effective buffer, via the following reaction:

HPO}  +H" <« H,PO;

If H™ ions are added to the extracellular fluid, t}ley will drive t}ns Ef:gctlon toli)hsi
right by combining with HPO3~ to form H2P04 . Conversely, if H Il;)ils.are; ost
from the extracellular fluid, the reaction w111. move to the left as 1obn -
released from H,POy . In contrast, strong a01ds,' su.ch as HCI, are po{cin;l +u' eis
at the body pH, since they are almost completely ionized qr1d cannot bin o 10‘1111 .
The efficiency of phosphate buffering can be appreciated from the ? Holzg 2
example. Let us assume that in 1 liter of solution there are 10 mmol each o 4

and H,POj as the Na" salts. From Eq. (10-8),
H,PO;
“HPOZ-

— 160 x 10
=70

= 160 nanomol/L (pH = 6.80)

[H1=K

— 2

Note that when the concentrations of acid (H,PO;) and base (HPO; ") are the
same, the H* concentration equals K, and the pH equals ijr,._ y

If 2mmol of HCl is added to this solution, the excess H™ ions can combine

with HPO; :
HCIl + NazHPO4 —> NaCl + NaH2P04
. 2—
If we assume that virtually all the added H' is taken up by HPOj~, then the

HPO32~ concentration will fall to 8 mmol/L and the H,PO; concentration will
rise to 12mmol/L. The new H* concentration will be

CHAPTER TEN  ACID-BASE PHYSIOLOGY 307

[H*] = 160 x %

= 240 nanomol/L (pH = 6.62)

Thus, even though 2 mmol/L or 2 million nanomol/L of H" has been added to the
solution, the H* concentration has increased by only 80 nanomol/L. As a result,
more than 99.99 percent of the excess H* ions has been taken up or buffered by
HPOy~. If no buffers had been present, the H* concentration would have been
2million nanomol/L, with a pH of 2.70.

If more H* ions are added or if I+ ions are removed by adding NaOH,

NaOH + NaH,PO, — Na,HPO, + H,0

the change in pH (or H* concentration) can be calculated in a similar manner. If
the new pH is plotted against the amount of acid or base added, the result is the
buffer curve in Fig. 10-2, Although the shape of the curve is sigmoidal, there is a
linear midregion (pH equals 5.80 to 7.80) in which relatively large amounts of acid
or base can be added without much change in pH. Thus, a buffer is most efficient
when the pH of the solution is within +1.0 PH unit of its pK,,. If the pH is outside
these limits, buffering will still occur, but a small amount of acid or base can
produce a relatively large change in pH.

Bicarbonate/Carbon Dioxide Buffer System

Carbonic acid can dissociate into a hydrogen ion and a bicarbonate ion:
H,CO; « H*4HCO;

the pK, of this reaction is 3.57 (K4 equals 2.72 x 107*)."2 Since this is far from the
normal pH of 7.40, it seems as if HCOj3 would be an ineffective buffer in the body.
However, H,CO; is formed from the hydration of carbon dioxide (CO,), and this

Figure 10-2 Titration curve of 1 liter of a
20 mmol/L NaH,POy, Na,HPO, solution.
Initially, the concentration of HPO;~
equals that of H,PO; at 10 mmol/L, and
the concentration of H* equals 160
nanomol/L (pH equals 6.80). The different
points represent the effects on the pH of
the solution of the addition of a strong
acid or base. (From Woodbury JW, in Ruch
TC, Patton HC (eds): Physiology and Bio-
physics, 20th ed. Philadelphia, Saunders,
1974, with permission.)

Millimoles strong

-——Base
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buffer system can be more accurately described by the following series of
reactions:™

CO, <« CO,+H,0 <« H,CO; <« H'+HCO;
gas aqueous (10-10)
phase phase

Dissolved carbon dioxide All gases partially dissolve in water (that is, they enter
the aqueous phase), The degree to which this occurs is proportional to the partial
pressure of the gas in the solution. In humans, the partial pressure of CO, (Pco,)
in the arterial blood is in equilibrium with that in the alveolar air and normally is
approximately 40 mmHg. At 37°C (normal body temperature), the amount of CO,
dissolved in the plasma is

[CO, lis = 0.03 Pco,

(10-11)
=0.03 x 40 = 1.2mmol/L

where 0.03 is the solubility constant for CO, in the plasma.

Hydration of carbon dioxide The equilibrium of the reaction
[COslyis + H,O < H,COs

normally is far to the left, so that there are approximately 340 molecules of CO, in
the solution for each molecule of H2CO3.12 Nevertheless, an increase in the Peg,
increases the [CO,ly;, and, therefore, the H,CO; concentration. Thus, CO,, which
is not an acid, increases the acidity of the solution through the formation of
H,CO;.

In certain tissues, such as red blood cells and the renal tubular epithelium, the
rate of the hydration and dehydration reactions is enhanced by the enzyme
carbonic anhydrase. The importance of this enzyme for renal H* secretion and
HCOj5 reabsorption will be discussed in Chap. 11.

Dissociation of carbonic acid The degree to which H,CO; dissociates into
H' + HCO3 [Eq. (10-10)] can be appreciated from the law of mass action for
this reaction:
[H] [HCO;]

[H,COs]

Since the K, is 2.72 x 107* and the normal H* concentration is 40 x 10~ mol/L,

K. =

* An additional reaction can occur, as HCOj3 can dissociate into hydrogen and carbonate ions
HCO; <« H'4C0}

However, the pK, of this reaction is 9.8, so that only trace elements of carbonate are present in the
physiologic pH range.

In plasma at 37°
6.10). Thus,

Since the norrilal H* concentration is 40 nano
normal HCO3 concentration can be calculated from Eq. (10-15):
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272 % 104 — 40 x 107 x [HCO3]
[H,CO;]

[HCO;]

——"=0. 3
[H,CO,] 8 x 10

Thus, there are ap

roximatel —
H,CO,. p ately 6800 molecules of HCO3 for each molecule of

Law of mass action for bicarbonate/carbon dioxide buffer system Since the con

centration of H,CO; is so low in relatio
n t ; : 3
concentration (1:6800), the reactions © the [COslus (1:340) and the HEos

[COsl4is + H,0 < H,CO; < H* + HCO;

can be simplified to

CO, 4 -
[CO2l4is + H2O <  H* + HCO; (10-12)

The law of mass action for this reaction is
k. - [H"1[HCO3]
a=——at 3]
[CO,)dis [H,O]

Since the concentration of water is constant, (K, x [H,0]) can be replaced by K.:
a

k! = [H'THCO5]
Y [COslg (10-13)

If we solve this equation for [H],

Ka X [CO, ]y

H'] =
(] [HCO;]

C, K, is equal to 800 nanomol/L (800 x 10~° mol/L, pK/ equals
£ a

HH = [CO,] is
[H*] = 800 x HCOL coj— ] (10-14)

Substituting 0.03P¢y, for [CO,]y;,

H+ = &
(H™] 24X[HCO3"] (10-15)

mol/L and the Pco, is 40mmHg, ther
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40
[HCOq]

[HCO7] = 24 mmol/L*

40 =24 %

These relationships also can be expressed by the Henderson-Hasselbalch equation:

[HCO; ] (10-16)
pH =610+ log0-03Pc02

.10 is the pK,. .

Whefl?h?: 1}(1)C03_ cc?nc;ntration usually is measured in the laboratory in cc>1ne o(fi tglcé
wayé.9 The first way is indirect: The arteriql pH and Pcq, are measulrl;: 1, Ene the
HCO5 concentration is then calculated using the H.enderson-Hass% \ a((; q -
tion. The second method involves adding a strong acid to. a venous bloo Ssz)he
and measuring the amount of CO, generated by a colorimetric reactlon.d ] :
added H* combines with plasma HCO5, H,CO; and then CO, are fon;le ast (1
(10-10) is driven to the left. This method, however_, measures the tt.)tal CO, content,
which detects all the forms in which CO, is carried in the blood:

Total CO; content = [HCO3 ] + [COyly;s + [H2CO5]

Since the H,CO; concentration is very low, it can be omitted. If 0.03P¢q, is
substituted for [CO,l;s, then

[HCO35] = total CO, content — 0.03Pco, (10-17)

At a normal HCOj3 concentration of 24 mmol/L and a normal P, of 40 }Ifmﬂghg,
the total CO, content will be 24 + (0.03 x 40) or 25.2 'mmoil/L. Thus, when ej
total CO, content is measured, Eq. (10-16) must be modified in the following way:

total C02 - 0.031)(102

(10-18)
0.03Po,

pH =log

For the sake of simplicity, only the HCO; concentration will be used in this
discussion.

Buffering by bicarbonate As noted above, the most efficient bufferl/ngf occ?ﬁz
within 1.0pH unit of the pK, (Fig. 10-2). Although the plll(al orH e
HCO35/CO, system is 1.30 pH units less than the normal extrace ll)lar p[a,«ed
7.40, this system is able to buffer very effectively becautve the PC'O2 cant_le tr_egu ated
by changes in alveolar ventilation (see Chap. 11). _An increase in Ve(;l ila 1061:1S ! g
ments CO, excretion and lowers the Pcg,; a reduction in ventllat.lon ecrga;s thé
excretion, resulting in an elevation in the Pg,. Thus, as H2¢O3 is forme romE

buffering of excess H ions by HCOj3, a subsequent elevation in the Pco, [as Eq.

* Since HCOj is a univalent anion, this value also represents a concentration of 24 meq/L.
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(10-10) is driven to the left] can be prevented by an increase in alveolar ventilation,
thereby enhancing the effectiveness of HCO5 buffering.

The importance of this ability to regulate ventilation can be illustrated by the
following example. Let us assume that I liter of plasma, in which HCO3 is the only
buffer, has the following composition:

[H*] = 40 nanomol/L (pH = 7.40)
[HCO3] = 24 mmol/L
Pco, = 40mmHg
[CO;]4s = 1.2mmol/L (0.03 x 40 = 1.2)
How many millimoles of HCI would have to be added to this solution to rajse
the H* concentration to 80 nanomol/L (pH equals 7.10)? As each millimole of H
combines with HCOj3 , there will be an equimolar decrease in the HCO3 concen-

tration and elevation in the [CO,]y4;s [from Egq. (10-12)]. Thus, the new HCO7y
concentration will be 24 — x and the new [CO,]4is will be 1.2+ x. From Eq.

(10-14),
[CO, ]
H+ = 0 LT TS
[H™] = 800 x [HCO:]
1.2 4+ x
80 = 800 x Gy

x = 1.1mmol/L

This represents substantial buffering in that the H' concentration has
increased only from 40 nanomol/L to 80 nanomol/L, even though 1.1 mmol/L
(or 1.1 million nanomol/L) has been added to the solution. Ho
would be physiologically inadequate, since the H'
potentially dangerous level after the addition of only 1.1 mmol of H* per liter.
The increase in the [COsl4is to 2.3 mmol/L in this setting is equivalent to an
elevation in Pco, to 77 mmHg (0.03 x 77 = 2.3).

If, however, ventilation could be increased so that the Pco, remained constant
at 40 mmHg (and therefore the [CO;ly;s remained constant at 1.2 mmol/L), then

wever, this response
concentration has risen to a

1.2
80 = 800
*2a- x
x = 12mmol/L

Thus, the ability to maintain the Pco, at a constant level increases the efficiency of ‘
HCO3 buffering 11-fold. Furthermore, there will be an additional increase in the
buffering capacity of HCO;5 if ventilation can be sufficiently enhanced to reduce
the P, below 40 mmHg. If, for example, the Pco, were lowered to 20 mmHg
([COyl4is = 0.03 x 20 = 0.6), then 18 mmol of H* could be added to each liter of
plasma before the H* concentration increased to 80 nanomol/L:
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800 0.6
80 = X 24

— X

x = 18 mmol/L

These changes in ventilation, which make the HCO3 /CO, b‘ufferlng‘ sys.tem S0
effective, occur in humans because the chemoreceptors cgntrolhng ventilation are
sensitive to alterations in the extracellular H* concentration (see Chap. 11). If the
H* concentration is increased by the addition of HCI to .the .extracellular ﬁl_nc.i,
there will be an increase in ventilation, resulting in a redgctlon in the Pco,. This 1+s
an appropriate compensatory response, since the decrea§e in che will lower Fhe H
concentration toward normal. Conversely, a decrease in the H™ concentration (or

i e in the pH) will reduce ventilation. .

" H’?li:ariet effect Ii)s tilat the buffering capacity of the bicarbgnate system dlfférs
from that of the nonbicarbonate buffers.!® The latter is determined by the 'quantxty
of buffer and the extracellular pH, as depicted in Fig: 10-2. In comparison, thf:
capacity of the bicarbonate system is primarily dete'rmmed by the plgsma HCQ3
concentration; the ability to vary the Pco, makes bicarbonate buffering capacity
relatively independent of pH.

Isohydric Principle

From the law of mass action [Eq. (10-5)], the acid/base ratio o.f any yveak acid lf
determined by its K, and the H concentration of the splyﬂon. Since the H
concentration affects each buffer, the following relationship is present:
0.03Pcqo [H,PO; ] [HA] )
N=Kayrrmn2 =Ky =Kyy—— (10-19)
=K cos = e mpogy = 0 A

This is called the isohydric principle. If the H* concentr.ation is altered, thfa acid/
base ratio of all the buffers in the solution is affected. This means that studying the
behavior of any one buffer is adequate to predict the bfzhav.mr of the otber buffers
in the solution. Clinically, the acid-base status of a patient is expressed in terms of
the principal extracellular buffer, the HCOj3 /CO, system:

Pco,
[HCO;]

[H*] = 24

Extracellular Buffers

The body buffers are located in the extracellular and intracellular fluids and in
bone. As described above, the ability of a particula_r buffer to protect the pH ﬁs
proportional to its concentration and its pK, in relation to the ambient pH. In t. e
transcellular fluid, HCO3 is the most important buffer, as a resu}t of both 1.ts
relatively high concentration and the ability to vary the Pco, via changes 13
alveolar ventilation. If, for example, H,SO, is added to the extracellular flui
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from the metabolism of the sulfur-containing amino acids methionine and
cysteine,’® the excess H* will be buffered primarily by HCO;:

Hy804 +2NaHCO; - N2,S0;+2H,CO;  —  2CO, + 2H,0 (10-20)

The CO, produced by this reaction is excreted by the lungs.

Although HCO3 is an effective buffer to noncarbonic acids, it cannot buffer
H,CO;3, because the combination of HY with HCOg3 results in the regeneration of
H2CO3: ‘

H,CO; + HCO37 — HCOj3 + H,CO, (10-21)

Consequently, H,CO; is buffered primarily by the intracellular buffers (see
below).

There are other, quantitatively less important buffers in the extracellular fluid,
including inorganic phosphates (plasma phosphate concentration of I mmol/L
versus 24 mmol/L of HCO3) and the plasma proteins (Pr™)>:

H*+Pr~ <« HPr (10-22)

Intracellular and Bone Buffers

The primary intracellular buffers are proteins, organic and inorganic phosphates,
and, in the erythrocyte, hemoglobin (Hb™):

H*+Hb~ <« HHb (10-23)

In addition, bone represents an important site of buffering of acid and base
loads."*"!" An acid load, for example, is associated with uptake of some of the
excess H* ions by bone. This can occur in exchange for surface Na* and K*, and
by the dissolution of bone mineral, resulting in the release of buffer compounds,
such as NaHCO; and KHCOs; initially and then CaCO; and CaHPQ,, into the
extracellular fluid.'*!"13 This buffering reaction appears to be initiated in part by
the fall in the plasma HCO; concentration, since a similar reduction in extracel-
lular pH induced by respiratory acidosis produces much less bone dissolution.!”!8

The loss of bone mineral with metabolic acidosis is not due simply to the
physiochemical release of calcium during the buffering reaction, since a similar
response is not seen in dead bone cells. This observation suggests that cell activity
must play a role and that both decreased osteoblastic and increased osteoclastic
function have been demonstrated.!® How this occurs is not known.

Although it is difficult to measure the exact contribution of bone buffering, it
has been estimated that as much as 40 percent of the buffering of an acute acid
load takes place in bone.?® The role of the bone buffers may be even greater in the
presence of a chronic acid retention, as occurs in patients with chronic renal fail-
ure.'"2Y2 1t has been suggested that parathyroid hormone has a permissive effect
on bone buffering,” but its physiologic importance remains uncertain,'’

Bone and intracellular buffers also participate in the pH in the presence of
base loads. As an example, increased deposition of carbonate in bone has been
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demonstrated after the administration of NaHCO;.2 In addition, the associated
reduction in the H* concentration drives Eqgs. (10-22) and (10-23) to the left,
resulting in the release of H* from proteins and hemoglobin, and thereby tending
to raise the H* concentration toward normal.

Clinical Implications One consequence of bone buffering is that acid loading
directly increases Ca** release from bone and urinary Ca** excretion,'?42 g
relationship that may be an important contributing factor in some patients
with calcium oxalate stone disease. As described above, a normal diet results
in the generation of approximately 50 to 100 meq of H* per day, most of
twhich comes from the metabolism of sulfur-containing amino acids.
' Increasing the acid load by increasing protein intake can promote calcium
stone formation via the following effects® ™’

e A significant rise in Ca?* excretion.

e A reduction in the excretion of citrate by increasing its reabsorption in
the proximal tubule (see page 99). Urinary citrate is normally an impor-
tant inhibitor of stone formation, as it forms a nondissociable but soluble
complex with Ca**, thereby decreasing the availability of free Ca?* to
precipitate with oxalate.®

e A reduction in urine pH. Although calcium oxalate precipitation is not
pH-dependent, the more acid urine promotes the conversion of urinary
urate to the much less soluble uric acid (urate™ +H* — uric acid).”"?
The possible subsequent precipitation of uric acid can then act as a
nidus for calcium stone formation.”

Another significant clinical effect of bone buffering is the gradual reduc-
tion in bone calcium stores in patients with end-stage renal disease, a disorder
associated with progressive acid retention due to impaired urinary acid
excretion.’® Another site of buffering in these patients is skeletal muscle,
which can lead to protein breakdown and muscle wasting.“’32

Chemical Buffering of Acids and Bases

Acidosis and Alkalosis The arterial H" concentration is abnormal in a variety of
clinical conditions (see Chaps. 17 to 21). An increase in the H concentration (or a
decrease in the pH) is called acidemia; a decrease in the H' concentration (or an
increase in the pH) is called alkalemia. Processes that tend to raise or lower the H*
concentration are called acidosis and alkalosis, respectively.

In general, acidosis induces acidemia and alkalosis induces alkalemia.
However, the difference between these phenomena becomes important in those
patients who have mixed acid-base disturbances in which both acidotic and alka-
lotic processes may coexist. In this setting, the net pH may be acidemic, even
though a disorder that induces an alkalosis is also present (see Chap. 17).

From Eq. (10-15), a primary elevation in the Pcp, causes acidemia, whereas a
decrease in the Pco, causes alkalemia. Since the Pco, is regulated by the rate of
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alveolar ventilation, these disturbances
: s are referred to as ] idosi,
ratons o, respiratory acidosis and
+ . . .
.The H concentratlo_n also varies inversely with the plasma HCO3 concen-
tration. Processes Fhat primarily lower or raise the plasma HCOj3 concentration
are called metabolic acidosis and metabolic alkalosis, respectively.

Buffer responses to acid and base loads The importance of the body buffers i
protecting the pH can be appreciated from the data in Table 10-2. In these ex et
ments, metabolic acidosis (with acidemia) was induced in dogs b)./ the infusiolzlen;‘
HCI. The dogs were nephrectomized to eliminate the effect of changes in renal HO+
excretion. The total extracellular amounts of Na*, K*, HCO7, and Cl_a
czllculate(} gljo;n' bthe_ prodfuct g)f the extracellular fluid vol,ume (es:i;nated fromwfli:
volume of distribution of SO3~ ich is limi i
o slostealy s som of SO :io,n \:hlch is limited to the extracellular fluid) and the
. An average of 180 mmol of HCI was administered to each dog (the mea
weight being ‘18.9kg). Let us assume that the total body water was 60 percent I}
the bgdy weight, or 11.3 liters. If 180 mmol of H* were distributecllj thr 0h
11.3 liters of distilled water, the H* concentration would be 16 mmol/L (p;){ugf
1.80)_, a level that is incompatible with life. In the intact animals, however tl(l)
arterial pH fell only from 7.40 to 7.07 (H* concentration of 86 nan,omol/L) ,Th'e
was associated with a reduction in the plasma HCOj concentration from .24 tls
7mmol/L (by the combination of extracellular HCO;3 with the excess H*) a g
with a compensatory increase in alveolar ventilation that lowered the Pco, from 20
2

Table 10-2 Summary of data from infusion of HCl into
five nephrectomized dogs”

Weight, kg 18.9
HCl infused, mmol 180.
Final arterial pH 7.07
Change in total extracellular quantity, mmol
Na* +65
K+
Heos s
Cl~
+170
Percent neutralized by
Extracellular HCOy 43
Intracellular buffers 57
Na™ exchange 36
K* exchange 15
CI™ entry 6

* Data adapted from Swan RC, Pitts RF, J Clin Invest 34:215,

1955, .by copyright permission of the American Society for Clinical
Investigation.
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to 25 mmHg. Thus, the body buffers were extremely effective in minimizing the
degree of acidemia.

The relative contributions of the intracellular and extracellular buffers to
this process can be estimated from the changes in the quantities of Nat, Kt,
HCOj3, and CI” in the extracellular fluid. The administered H* ions either
remain in the extracellular fluid or enter the cells (Fig. 10-3). The H* ions
that stay in the extracellular fluid are buffered by HCOj (and, to a much lesser
degree, by the plasma proteins), resulting in a decrease in the amount of extra-
cellular HCO5. If H' ions enter the cells, then, to maintain electroneutrality,
either ClI~ will follow H* into the cells (a process that primarily occurs in red
blood cells, where HY is buffered by Hb™) or Nat and K* ions will leave the cells
(and bonelg) and enter the extracellular fluid. From Table 10-2, of the 180 mmol of
H* infused, 78 mmol has been buffered by HCO3 and 103 mmol has entered the
cells: 65 mmol in exchange for Nat, 28 mmol in exchange for K*, and 10 mmol
followed by C1~ (180 mmol of Cl~ was infused, but only 170 mmo] remained in the
extracellular fluid*). These results are depicted schemically in Fig. 10-4.

Buffering by the extracellular and intracellular buffers follows a characteristic
time course that is dependent upon the rapidity with which the administered H*
ions move into the different fluid compartments. Buffering by plasma HCO3
occurs almost immediately, whereas approximately 15 min is required for HF to
diffuse into the interstitial space to be buffered by interstitial HCO3 . HT entry into
the cells occurs more slowly, as buffering by cell buffers is not complete until 2 to
4h have elapsed.33

A potential serious complication of the transcellular exchange of H* for K*
that follows a H* load is an elevation in the plasma Kt concentration, e.g., from
the normal of 4 meq/L to as high as 6 to 7 meq/L in severe metabolic acidemia
(see Chap. 12).>* A similar increase may occur in the plasma Na* concentration,
because Na™ also leaves the cells. However, variations of several milliequivalents
per liter are not physiologically important, since the normal plasma Na* concen-
tration is approximately 140 meq/L.

Cell Extracellular fluid
H* added
H* =— H* Figure 10-3 Effect of an HCl load on
_ extracellular CI™, Na*, and K*. As H* enters
T ¢ the cells to be buffered, either CI~ follows H*
Nat — 1 > into the cells or intracellular Na* and K* leave
2 the cells and move into the extracellular fiuid,
Kt —1 These ion shifts are reversed when H' ions are
removed from the extracellular fluid.

* An alternative explanation for the intracellular movement of C1™ is that CI~ enters the red cell in
exchange for intracellular HCOj3 . This HCO; moves into the extracellular fluid and buffers the excess
H™. The net effect is the same as that of HCl entry into the cell.

) Mechanism of
Acid load buffering
] N

36% |Na*=H*
57%

Cellular
buffering
15% T
H*, CI-
HCO; + H*
Figure 10-4 Mechanism i id i 1 o
intravenously 1o ot S o; ‘buffer.mg of strong acid infused H,Co, Extra-
g. (From Pitts RF, Physiology of the l /! celiular
buffering

II;(:)dlrcle}Ilw az(.i ?oﬁy Fluids, 34 ed. Copyright © 1974 by Year
0 edical Publishers, Inc, Chica AR

f A g0. Used by 7
Adapted from Swan RC, Pins RF, J Clin Invest ;41723.’51 "?9!;; .

y pyrigh ern,
b Ccopyri; }/l permission Of the Amer lcan Soczel y for Clin cal
] vest Igﬂ“ﬂ)l.) f '

Pro+H*-HpPr

1%

Metabolic acidosis

The relati ibuti —
and bone tf)a:r‘llzg)dnlt(r)lbdutlm-l of the HCO3 and nonbicarbonate buffers in the cells
subjects, both buffer : Z antes with the plasma HCO3 concentration. ! In normal
ot appiy Dowenr l'nys emts, n?ake_roughly equivalent contributions. This does
disorders ;lssociated’ w'tﬁletil olic acidosis or severe chronic respiratory alkalosis
settings. th 1th a low plasma HCO3 concentration (see below). In th ,
88, the role of the nonbicarbonate buffers becomes increasingly i o

si i
ince the cells and bone have a virtually limitless buffering capacity. '3 mportant

Respi idosi! i
piratory acidosis  The response to respiratory acidosis (high P, ) differs from '
2

th LT
b ; r:isnpcc;nls—;: éoo I_nt?tabollc ac1dos1§ in that there is virtually no extracellular buff
inc;eases o 13 is not an eff_ectlve buffer for H,CO, [Eq. (10-21)]. As the P o
eease ;ise eine f}:’:tl(lm in I%{Cconcentration is initially minimized. by a buft%‘:(r)2

‘ plasma HCOy concentration.* This HCOZ ' X
itz;os n;vgjt;)lr Islources: (1) Extrgcellular H,CO; dissociates into Hé(;s“ ?gfll: Zd jr;){l}:
Na+’ ; nld 1£+e laz;t(tiezzl)n;;/(ljng into the cells (and bone) in exchange f(3)r intracléllular

, = is rel )
R (rig 10 3 18 released from erythrocytes in exchange for extra-
The latter process occurs in i
the following manner. CO di i
. : ‘ . iffy

le;;:grgcyt}::, where it cornbn_les with H,0 to form H,CO0,. T112is realé:fcfnuilto e

y the enzyme carbonic anhydrase, H,CO; is then buffered by Hb: >

*It is illlp()] tant to remember that he H concentration is de ermined by he ratio be ween, no
the absolute levels OftP and HCO : Thus the H ; Ct(l;n(:eil ra t0[1 (i:an be mt ain atined at Or ne; rt
. , . + . . . >
0 CO. 3 s trati a
1 when Cre are par allel ¢ anges in the Cco, an plasma HC03 CODCGI’I[I‘atl.()]tll t
orma hi th hi he P d 0n.
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Increase in .
extracellular Mechanism of

bicarbonate buffe:ing

Nat=H'

97%

> Cellular

KreH buffering
Figure 10-5 Mechanisms of buffering of CO, in
respiratory acidosis in the dog. .The source of
HCO:=CI” approximately 11 percent of the increase in the

;=

extracellular HCO3 has not been identified. (.From Pitts
RF, Physiology of the Kidney and Body. Fluids, ?d ed.
+ x Copyright © 1974 by Year Book Medical Ptlblfshqs,
Laf_+H+ HLac) 3% 1 Inc, Chicago. Used by permission. Adapted from Giebisch
S o P Extacellular St L Pitts RF, J Clin Invest 34:231, 1955, by
8 copyright permission of the American Society for Clinical

Respiratory acidosis Investigation.)

H,CO; +Hb~™ — HHb+ HCO;5

It is this HCOj; that moves into extracellular fluid. Of lesser importance is the
uptake of H* by the plasma proteins and by extracellular lactate:

Na lactate + H,CO; —  lactic acid + NaHCO;

The lactic acid produced by this reaction is mletabolized within the cells, either into
r via gluconeogenesis into glucose. ~
| CO2IflnlfuI}111;gs,o th‘gse %)uffers iI% the aggregate increase the p.lasma HCO5 concen-
tration approximately 1 mmol(/L for each 10 mmHg elevatitin in the PCOE' (see Srllla&
20). The degree to which this response pr(?tects t'he H concenftra 10200t0 e
appreciated if we calculate the effects of increasing tzle Pco, rogn ) 1o 50
mmHg. If there is no buffering and the plasma HCOj concentration

constant, then the new H* concentration will be
80
+
H'] =24 x o

= 80 nanomol/L (pH = 7.10)
However, a 40-mmHg elevation in the Pgp, normally wil'l indl.lce roughly a
4 mmol/L increase in the plasma HCO3 concentration. In this setting,
80
1 — _
[HT] =24 x 23
= 69 nanomol/L (pH =17.17)
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As illustrated by this example, the buffer-induced elevation in the plasma
HCOj3 concentration is not particularly effective in protecting the H* concentra-
tion in respiratory acidosis. The most effective defense against respiratory acidosis
is a further increase in the plasma HCO3 concentration, produced by enhanced
renal HY excretion (see Chap. 11). This response, which takes 4 to 5 days to reach
completion, results in a 3.5-mmollL elevation in the plasma HCO3 concentration
Jor every 10 mmHg increase in the Pco, (see Fig. 20-5). Thus, at a Peo, of 80
mmHg, the combined buffering and renal responses will raise the plasma HCOy
concentration from 24 to about 38 meq/L, resulting in much better protection of
the arterial H* concentration and pH:

80
38
= 50 nanomol/L (pH = 7.30)

[H*] =24 x

The intracellular and extracellular buffers also protect the pH in metabolic
and respiratory alkalosis, as the buffer reactions move in the opposite direction
from that observed in the acidemic conditions, 0% Thus, H* ions are released, not
taken up, by the buffers. For example,

HPr - H*4+Pr
H,POy - H*+ HPOI-

These H' ions then react with HCO3, resulting in an appropriate reduction in the
plasma HCO3 concentration, which tends to lower the elevated pH toward normal.
To the degree that these H* ions are derived from cell buffers, their movement into
the extracellular fluid occurs in exchange for extracellular Na* and K*, which
enters the cells. Thus, the plasma concentrations of Na* and K* which tend to rise
with acidemia, may fall with alkalemia_ 3¢

INTRACELLULAR pH

The intracellular pH can be measured using a variety of techniques, including the
distribution of a weak acid or base, nuclear magnetic resonance spectroscopy, the
insertion of a H"-sensitive microelectrode, and the use of fluorescent dyes.*>* In
general, the cytosolic pH has been noted to be lower than that in the extracellular
fiuid, although it varies from organ to organ. For example, at a normal extra-
cellular pH of 7.40, the mean pH in skeletal or smooth muscle is about 7.06,%
whereas that in the early proximal convoluted tubule is approximately 7.13.%7
There is, however, one problem in interpretation of the intracellular pH. In
contrast to the value in the extracellular fluid, the pH within the cell is not uniform
because of the presence of multiple compartments, including the cytosol, mito-

* Although similar buffers are involved, the percentage contributions of the individual intracel- '
lular and extracellular buffers in alkalemia are somewhat different from those shown in Figs. 10-4 and
10-5 for acidemia.!®
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chondria, endoplasmic reticulum, and nucleus.? As depicted in Fig. 10-6, a differ-
ence of approximately 0.5 pH unit is obtained when th§ cell pH of skeletal mus‘cle
is measured with both a weak acid, which is preferentially bound to the alkahr}e
regions in the cell, and a weak base, which is preferentially bound to the more acid
areas in the cell. At an extracellular pH of 7.40, for example, the respective values
for the intracellular pH are 7.17 and 6.69, respectively. _ .

As a result of this heterogeneity, it is difficult to determ1n§ wh_lch pH
reflects the value that regulates the specific cellular function Fhat is bglng stu-
died. In the proximal tubular cell, for example, extracellular acidemia stgnulates
NHJ production and secretion, primarily via the breal'(down of glutamme '(sc.ee
Chap. 11). Tt is thought that the initiating signal for this m%abohc change is in
part the parallel fall that occurs in the intracellul_ar .pH.' However, studlf:s
using both nuclear magnetic resonance and the dlstrlbu.non of a weak acid
suggest that although the cytosolic pH decline§, the m%tochondrlal pH may
remain relatively stable.®4® It may be that this increase in th(.3 transmitochon-
drial pH gradient, rather than the cytosolic pH alone, is the signal to alter the
production of NHJ. . . . .

Several factors contribute to the regulation of intracellular pH, including
the rate of metabolic activity, tissue perfusion, and the extracellular pH. As

Extracellular HCO;, meq/L

5.0 7.0 11.0 22.0 50.0
750 | | | —
o
740~ o 4 pHDMO /
730 *—* pH Nicotine
' Pco, = 29-37 mmHg
7.20—
7.10
ZC:'- 7.00— _
5 -
2 6.90— e
8 P
£ 6,80
£
6.70[— * .~
—
6.60{— ~ _— S
— [
6.50- 4 _ -
6.40— ®
[ 11 11 |
6.3 ] | | | I N N

6.60 6.80 7.00 7.20 7.40 7.60 7.80 8.00

Extracellular pH

Figure 10-6 Relationship between skeletal muscle cell pH and the extre'lcelh.lllar pH in metabollf
acidosis and alkalosis, in which the extracellular pH is changed by alterations in the plasma HCO;
concentration. A similar relationship is present in respiratory acidosis and ‘alkalosns. Th(.% cell pH can I?e
seen to be heterogeneous, as evidenced by the difference between measuring the pH with a \fveak acid
(DMO; 5,5-dimethyl-2,4-oxazolidinedione) or a weak base (nicotine). (From Afiler.S, J Clin Invest,
51:256, 1972, by copyright permission of the American Society for Clinical Investigation.)
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illustrated in Fig. 10-6, alterations in the pH of the extracellular fluid produce
parallel, although lesser, changes within the cells.?® The more efficient main-
tenance of intracellular pH is in part related to the greater buffering capacity
within the cells.

This relationship between the pH in the two fluid compartments is extremely
important in the clinical setting. The principal physiologic effect of changes in pH
is on protein function. Since the cells are the functioning units in the body, it is the
intracellular pH that is of primary importance, yet it is only the extracellular
(plasma) pH that can easily be measured in patients. F ortunately, this still permits
an accurate assessment of acid-base status, because of the direct relationship
between these two parameters.

The mechanism by which the cells sense alterations in extracellular pH is
incompletely understood. Changes in the Pcp, are presumably sensed directly,
since CO, is lipid-soluble and can freely diffuse across the cell membranes. In
comparison, the effect of variations in the plasma HCOg3 concentration is some-
what indirect. In the proximal convoluted tubule, for example, HCOj leaves the
cell across the basolateral membrane via a Na*-3HCO7 carrier (see page 329).
This process is stimulated in metabolic acidosis, since the associated reduction in
the extracellular HCO3 concentration creates a favorable gradient for HCO3 exit
from the cell.® The result is a fall in the intracellular pH, which, as will be
described in the next chapter, appears to be an important mediator of the appro-

priate increase in urinary NH} excretion that tends to raise the extracellular pH
toward normal.

PROBLEMS

10-1 How do buffers minimize change in the H* concentration? ‘What factors determine how effective
a buffer will be?
102 The sequential changes in the plasma HCOj concentration and arterial pH produced by the

rapid intravenous administration of 90 meq of HCOj to a 70-kg man are depicted in the
following table:

Time, min HCO3, meq/L Arterial pH
0 24 7.40
10 32 7.51
20 29 7.48
180 27 7.45

(a) What accounts for the progressive fall in the plasma HCOj3 concentration between 10 and
180 min?

(b) How will acid-base balance be restored?

10-3 If a patient has a Peg, that is fixed at 40 mmHg, what factors will determine how much the
extracellular pH will fall after an acid load?
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APPENDIX: MEASUREMENT OF INTRACELLULAR pH

Newer techniques have largely replaced the indire_:ct measurebmfnt cr)lf tll?ér:i::glzl;f
H by determining the distribution of a weak acid or base betwee the extracel
ﬁllar and the intracellular fluids. Fluorescent dye_s3 for e_xampl.e,h pe;{lml e
study of active, functioning cells under condltlons. in whlch t fm;;ted nay be
ing.® In comparison, the weak acid method is somew at li fed in that
Chan'gmg‘ easurements cannot be made. Nevertheless, a review o t el 1
E:;lfrlxril:s: Sisl?lseful at this time, because it demonstrates how the ba31c’pr1nc1p es
i in thi applied.
dlsc‘f;;zd lrIilnzzlrsyCvliéelglt(e;giilinuszd 1;11215 been DMO, wgl:fi}? has pK, of IL?13(1 :rts :)111:
céncentr:tion and temperature of the body fluids.”™" Thus, the Hen

Hasselbalch equation for the reaction
HDMO <« H'+ DMO_

can be written as ~
[DMO] (10-24)

With DMO, two assumptions are made: (1) that the _pKa }nttge :;131 1? I_tllg ;Zgi
as that in the extracellular fluid; and (2) that the undlssoclllzre%IS et
being lipid-soluble, equilibrates across the cell merpbranizl, (vi/: e i thone

ound DMO™ crosses the membrane very slf)wly if gt a ! 1%. )
gssumptions, the intracellular pH can be estimated in the following

- th
e The extracellular pH is measured and, from 1Eq.H E)lfO 721)0, thiz
[DMO~]/[HDMO)] ratio is calculated. At the normal p 40,
tio is approximately 20: 1. _ . ~ ‘
. flflhzaotot:,«\II;I))(tracellular DMO concentration, that is, [_Dll\(/IO 1+ EIIiD;\I/IDOla/}g
measured and, since the [DMO_]/[HDMO] ratio is ln?vzlr.l,this HIDMO
concentration in the extracellular fluid can be calculated;
i 11.
ed to be the same as that in the ce ' ]
o f‘l’slf: I;:lx’tracellular and the intracellular volumes are measured jby p})snggoilnaéf
kers limited to these compartments. For example, the distribu

Cell Extracellular fluid

Figure 10-7 Distribution of HDMO and
DMO™ between the cell aqd . t.he
extracellular fluid. Since HDMO is lipid-
soluble, it is able to equilibrate across the
cell membrane, reaching equal conc.entra-
tions in both compartments. Once in thf
cell, HDMO dissociates into I;‘I+_]*_]?j¥f]?se
) < |\ DMO~ r is polar and cannot freely di .
o falg'eosl;‘ tttle:c cel{)membrane). The extent of this
reaction is dependent upon the cell pH.
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- Gennari FG, Cohen JJ, Kassirer JP. Measurement of acid-base status, in C
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tritiated water (which equilibrates between the extracellular and intracelly-
lar compartments) and of sulfate or mannitol (which cannot enter cells) can
be used to estimate the total water space and the extracellular flujd volume,
respectively. The intracellular fluid volume is equal to the difference
between these two measurements,

e The total quantity of DMO in the extracellular fluid is calculated from the
product of the extracellular volume and the extracellular DMO concentra-
tion.

 The total DMO in the cell is calculated from known amount of DMQ
administered minus the quantity in the extracellular fluid.

e The cell DMO concentration is then calculated from the tota] DMO in the
cells divided by the intracellular volume.

e Since the DMO™ concentration in the cell equals the total DMO concentra-
tion in the cell minus the HDMO concentration in the cell (both of which

are known), the intracellular PH can be calculated by inserting these values
into Eq. (10-25):

[D Mo]cell - [HDMO]ce]l
H =6.13 &1 — - 7 Mleell
P T8 IHDMo]
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INTRODUCTION

Acid-base homeostasis can be

b easil if it is vi i
HCOLICo, buttoring s y understood if it is viewed in terms of the

H*4+HCO; « H,C
2C0;  »  H,0+cCo0, (11-1)

At equilibrium, the relationship between the reactants ca

of mass action (see Chap. 10), " be cxpressed by the law

H+ — PCOZ
[H™] 24X‘\[Hco3—] (11-2)

or by the Henderson-Hasselbalch equation

[HCO3]

PH = 6.10 + log
0. COo,

(11-3)
;ll“lhis system plays a central role in th
e

! € maintenan id-
HOO, s Contral r tho b ce of acid-base balance, because

0, can be regulated independently, the former
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by changes in renal H* excretion and the latter by changes in the rate of alveolar

ventilation.
These processes are extremely important, because acids and to a lesser degree

bases are continually being added to the body through endogenous metabolic
processes. The metabolism of carbohydrates and fats (primarily derived from
the diet) results in the production of approximately 15,000 mmol of CO, per
day. Since CO, combines with H,O to form H,CO;, severe acidemia would

ensue if this CO, were not excreted by the lungs.
In addition, the metabolism of proteins and other substances results in the

generation of noncarbonic acids and bases.'” The H* ions are derived mostly
from the oxidation of sulfur-containing (methionine and cysteine) and cationic
(arginine and lysine) amino acids, and the hydrolysis of that component of dictary

phosphate that exists as HyPOyg:

Methionine — glucose + urea + SO~ +2H"
Arginine* — glucose (or CO,) + urea + H*
R-H,PO, +H,0 — ROH+0.38 HPO?Z~/0.2H,PO; + 1.8 H*

The major sources of alkali, on the other hand, are the metabolism of anionic
amino acids (glutamate and asparatate) and the oxidation or utilization for
gluconeogenesis of organic anions (such as citrate and lactate):

Glutamate™ + HY —  glucose + urea
Citrate” +4.50, — 5CO, +3H,0 +HCO;

Lactate” + HY — glucose + CO,

(The consumption of H? jons in the first and third reactions is equivalent to the
generation of new HCOj3 ions in the body.) On a normal western diet, the net

effect is the production of 50 to 100 meq of HY per day in adults.!™
The homeostatic response to these acid and base loads occurs in three stages:

e Chemical buffering by the extracellular and intracellular buffers (see

Chap. 10).
e Changes in alveolar ventilation to control the Pco,
o Alterations in renal H* excretion to regulate the plasma HCOj concentra-

tion

As an example, the H,SO4 produced from the oxidation of sulfur-containing
amino acids is initially buffered in the extracellular fluid by HCO3:

H,SO; +2NaHCO; — NapSO4+2H,CO;  — 2H,0 +CO, (11-4)
Although this reaction minimizes the increase in the extracellular H* concentra-
tion, the excess H' ions must still be excreted by the kidney to prevent progressive
depletion of HCOj3 and the other body buffers and the development of metabolic
acidosis. The CO, generated by this reaction is excreted by the lungs.

1]
c .
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Under normal conditions, the steady state is

‘Und ; , preserved, as re + i
:sflﬁcige?gf ;v:;ll; tllle rate of H* production (Fig. 11-1).13 1f ;:5 Zlcan:r)(eftriztrlloilg
b red,u oo I:heé S(;me of the excess HY* is initially retained, resulting in a
S plasma HCO3 concentration (which may be less than
peart) ar Clinic.a " s mmllmal degree of acidemia, which may be too small to
e oned dli ¥, 1s at least part o_f the stimulus to increase net re I aci

o nec; :ff:zctal.sngletlr ltlo the new higher rate of acid generation el aeld

] 1s that the plas + i .

within narrow limits. The nor£al \Ig?u?s fcfro?lf:;t?;izlr;:;fsii'am mainained

H +
p [H™], nanoeq/L Pco,, mmHg [HCO5], meq/L
Arterial 7.37-1.43 3743 3644
Venous 7.32-7.38 4248 42-50 ;2_26
— 3-27

The decrease in pH (and i i
: ncrease in HY concentration) i i
: ! ton) in venous bl
he 1’}1;::1;6 of _metabohcal‘ly produced CO, in the capillary circulsaltioolf s dueto
vore izn;:;rﬁeﬁ ff this f:hapter will mostly discuss the general rr‘lechanisrn
excretion and the factors responsible for the regulation o?
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these processes. It is useful to summarize the steps involved in this complex process
in advance:

o The kidneys must excrete the 50 to 100 meq of noncarbonic acid generated
each day.

e This is achieved by H™ secretion, although the major mechanisms are dif-
ferent in the proximal tubule and thick ascending limb of the loop of Henle
(Nat-H" exchange) and in the collecting tubules (active H™-ATPase
pump).

e The daily acid load cannot be excreted as free H' ions, since the free H*
concentration in the urine is extremely low (< 0.05 meq/L) in the physiolo-
gic pH range.

o The daily acid load also cannot be excreted unless virtually all of the filtered
HCO7 has been reabsorbed, because HCO3 loss in the urine is equivalent to
adding H* ions to the body. .

e Secreted H' ions are excreted by binding either to filtered buffers, such as

HPO3~ and creatinine, or to NH; to form NH;. NHj is generated from the

metabolism of glutamine in the proximal tubule; the rate at which this

occurs can be varied according to physiologic needs.

The extracellular pH is the primary physiologic regulator of net acid excre-

tion. In pathophysiologic states, however, the effective circulating volume,

aldosterone, and the plasma K* concentration all can affect acid excretion,
independent of the systemic pH.

RENAL HYDROGEN EXCRETION

The kidneys contribute to acid-base balance by regulating H* excretion so that the
plasma HCOj concentration remains within appropriate limits. This involves two
basic steps: (1) reabsorption of the filtered HCO3 and (2) excretion of the 50 to
100 meq of H* produced per day.

It is essential to appreciate that loss of filtered HCOj in the urine is equivalent
to the addition of H* to the body, since both are derived from the dissociation of
H,CO;. As a result, virtually all of the filtered HCO3; must be reabsorbed before
the dietary H* load can be excreted. The quantitative importance of this process
should not be underestimated. A normal subject with a glomerular filtration rate
(GFR) of 180 L/day (125 mL/min) and a plasma HCO3 concentration of 24 meq/L
filters and then must reabsorb approximately 4300 meq of HCO3 each day.

The second step in renal acid-base regulation, excretion of the 50 to 100 meq
daily H* load, is accomplished by the combination of H ions either with urinary
buffers such as HPO3~ (referred to as titratable acidity) or with ammonia to form
amonium—NH; + H* — NHJ}. These processes are important, because the
excretion of free H ions is minimal. The lowest urine pH that can be achieved
in humans is 4.5. Although this is almost 1000 times (3 log units) more acid than
the extracellular pH, it still represents an extremely low free H* concentration of

j

CHAPTER ELEVEN  REGULATION OF ACID-BASE BALANCE 329 ‘

less than 0.04 meq/L. Remember that the frec H*
pH of 7.40 is only 40 nanomol/L, one-millionth t
. The reabsorption of HCOj and the formati
all involve H* secretion from the tubular cell int
Three initial points need to be emphasized:

con(_:entration at an extracellular
he size of the daily acid load.

on of titratable acidity and NH}
o the lumen (Figs. 11-2 to 11-4).4'45

e The secreted H*
ciation of H,
OH" ions.

e These 'OH lons bind to the active zinc-containing site of intracell
car_bomc anhydrase; they then combine with CO, to form HCglEe _Ular
which are released into the cytosol and returned to the systemic circ3 IIO_DS,
across ih? bgsolateral membrane.*® The pet effect is that the secr ltl'atlon
each H™ ion is associated with the generation of one HCOY ion in ¢ ’6110’7 s
If thq secret_ed H* combines with filtered HCO3, the res3u1t is H(;f)}i Toa.

;(gzsélqtl'l‘(l:}l{géél-zl)' This maintains the plasma HCOj concentl'agiofat?j;

eventing F 3 loss in the urine. If, however the secreted H* i
with HPO;™ or NHj, a new HCO- is added to i iy
(Figs. 11-3 and 11-4). This results3 in an increas:eh?npzlléu:))l]:ll;;: aI?IlgaOrX

3

concentration to replace the HCOT ] 2 ]

[E'q. 1 °D e HCO3; lost in buffering the daily HY Joad

e Different mechanisms are invo
below).

lons are generated within the tubular cel] from the disso-
O. This process also results in the equimolar production of

lved in proximal and dista] acidification (see

Net Acid Excretion

Since the urinary concentration of free H'
excrfteq in the urine is equal to the amount o
NHZ minus any H* added. to the body bec

is I:Legligible, the net quantity of H*
fH™ excreted as titratable acidity and
ause of urinary HCO3 loss:

Net acid excretion = titratable acidity + NH; — urinary HCOy (11-5)
excreted is roughly equal to the normal
1). I;Iowever, this value can exceed 300
NHy excretion) if acid production is

In the steady state, the net amount of F*+
H* load of 50 to 100 meq/day (Fig. 11-
meq/day (primarily through enhanced
Increased (see below). Net H excretion
amount of HCOj is lost in the urine.

hl;gte;:on of: c1.trate-conta1n~1ng fruit juices, since the metabolism of citrate results
generation of HCO;5. How the kidney is able to make these homeostatic

adjustments will be discussed belo « i
: w (s
Excretion: Extracellular pH,” below). e "Regulation of Rensi Hydrogen

Proximal Acidification

The primary step in proximal acidification is the secretion of H

: . b +_y+
exchanger (or antiporter) in the lumina] membrane. ) e o

7-10 oy
This transport protein.
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which also appears to mediate most of HCOy reabsorption in the th
limb of the loop of Henle,'!:12 preferentially binds filtered Nat at
and intracellular H* at its interna] site (Fig. 11-2).10

A H*-ATPase pump, similar to that in the distal nephron, is also present in
the proximal tubule.*"® Via the use of different experimental methodologies,
including genetic deletion, it appears that the Na*t-H+ exchanger is responsible

for approximately two-thirds of proximal H* secretion, with the H*-ATPase
pump being responsible for the remainder, !4

The energy for Na*-H+
pump in the basolateral mem

ick ascending
its external site

exchange is indirectly provided by the Na*-K+-ATPase

brane. As described in Chap. 3, this pump transports

» and it creates a negative electrical potential in t

The negative potential is induced by the loss of cation from the cell, because of the
3Na* : 2K+ stoichiometry of the pump and the back-diffusion of this K* out of
the cell through K+ channels in the basolateral membrane, The low cell Na*
concentration creates a favorable gradient for the passive diffusion of luminal
Na™ into the cell that is large enough to drive H+ secretion against a concentration
gradient via electroneutral Na*-H+ exchange.

Proximal acidification also requires that the HCO5 formed within the cell be
returned to the systemic circulation, As depicted in Fj
achieved by a Na+-3HCO3‘ cotransporter® in the basolateral membrane, although

a CI-HCOj exchanger also is present, particularly in the S; segment.!17 Tpe

Na+-3HCO3" transporter (which may actually function as a Na* - CO;™
carrier)!” i

8. 11-2, this is primarily

Distal Acidification

H* secretion in the distal nephron primarily occurs in the intercalated cells in the
cortical collecting tubule and in t

ing tubules, !> the distal tubule

tively less important.2? As illustrated in Fig.
characteristics of distal acidification:

e H* secretion is mediated by active secretory pumps in the luminal mem-
brane.**? Both H*-ATPase and H*-K*-ATPase pumps are present, 242930
The latter is an exchange pump, leading to H* secretion and K* reabsorp-

tion; its main role may be in minimizing K+ Joss during hypokalemia rather
than in regulating acid-base balance (see page 393).242731 Following appro-

* The Na™-3HCO3 has an additional function in that it
metabolic acid-base changes are sensed within the

provides the major mechanism by which
Extraceltular PH,” below).

cell (see “Regulation of Renal Hydrogen Excretion:

. g N o] , 1p1d- 3 € inter the lumq 1, here it COmbln S
lumen. The mechanism is dlffelent in the Collectln tubules; nonpolar lipid-soluble NH dltfused fl'Om the interstitial ﬂuld nto the €n, w. es with
= e 1o - t each NHj ion that is eXCreted 18
ecreted (o) llpld insoluble and is therefore unable t baCk diffuse out Of the lumen. Note tha 4
18
SECT! H tOfOl'mNH4.Ammmum

- y to the
te and is then secret d dir ly in
the eration Of HCO whereas NH4 substltu s for H™ on the Na™-H Cxchangel €: eted direct;
gen s
Utilization Of the latter results in 3
3 b lar pl]lax y-
associated with the generatlon of a new HCO7 ion that is returned to the pentu ular ca

g -
- ry (NH ) In the pr0x1ma.1 tubule, glutammc is taken up by the cells and metabolized into IJH4 and a-ketoglutarate
4 onium 4 )-

Flglll'e 11 Formation of urinary amm
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priate stimuli, such as systemic acidemia (see below), cytoplasmic vesicles
containing the HT-ATPase pumps move to fuse with the luminal mem-
brane, resulting in H* secretion.”? Electroneutrality is maintained in this
setting by concurrent secretion of Cl~ via voltage-dependent mechan-
isms."?

Note that the Na*-H" antiporter would not be an efficient mechanism
of distal acidification, since the activity of this carrier is limited by the
transcellular Na* gradient that provides the energy for H* secretion. This
gradient is diminished in the collecting tubules as a result of the reduc-
tion in the tubular fluid Na™ concentration, which can fall below 30 meq/L in
the cortical collecting tubule and, in states of volume depletion, below 5meq/
L in the inner medullary collecting tubule. Furthermore, the gradient against
which H* must be secreted is markedly increased in these segments. A urine
pH of 4.8, for example, represents a H concentration that is 400 times (2.6
log units) greater than that in the extracellular fluid. The net effect is that H*
secretion by Nat-H™ exchange would require a nonphysiologic cell Na*
concentration well below 1meq/L. (There is evidence of a basolateral
Na®t-H* exchanger in the medullary collecting duct; it is likely that this
transporter is primarily involved in the regulation of cell pH rather than
systemic acid-base balance.>>**)

e The H' secretory cells in the distal nephron do not transport Na*, since
they have few if any of the luminal membrane Na* channels or transporters
that are required for the entry of luminal Na* into the cell.'”* However,
H* secretion by the intercalated cells in the cortical collecting tubule is
indirectly influenced by Na* reabsorption in the adjacent principal cells.
The transport of cationic Na® through Na* channels in the luminal mem-
brane makes the tubular fluid relatively electronegative. This electrical gra-
dient can affect acid handling in two ways: It promotes H* accumulation in
the lumen by minimizing the degree of back-diffusion,***” and it facilitates
the passive reabsorption of HCO3'.23

e Bicarbonate exit is mediated by a CI”/HCOj3 exchanger in the basolateral
membrane, thereby returning HCO3 to the systemic circulation.!”*® This
protein is a truncated form of the CI~/HCOj3 exchanger in red cells (which
is also called band 3 protein).” The energy for CI”/HCOj; exchange is
provided by the inward gradient for C1~ entry, since the CI~ concentration
in the cells is relatively low.

Regulation of the H*-ATPase secretory pumps appears to be mediated by a
process of membrane insertion and recycling that is similar to the effect of anti-
diuretic hormone on luminal membrane water channels (see Chap. 6).324 In the
medullary collecting tubule and many of the intercalated cells in the cortical
collecting tubule, cytoplasmic H* pumps are inserted into the luminal membrane
with an acid load, thereby facilitating excretion of the excess acid. On the other
hand, an alkaline load results in recycling of these transporters from the luminal
membrane to cytoplasmic vesicles.”?
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The net effect of H* secretion in the collecti is i
_ ecting tubules is illustrated in ¥
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Bicarbonate Reabsorption
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by an increased number of Nat-H* exchangers and enhanced permeability to
HCO7.*” The remaining 10 percent of the filtered HCOj3 is reabsorbed in the
more distal segments,* and most of this occurs in the thick ascending limb (lfg)_ri-
marily by Na*-H" exchange)!""'2 and in the outer medullary collecting tubule. 21

Carbonic anhydrase and disequilibrium pH Carbonic anhydrase within the tubu-
lar cells plays a central role in HCO3 reabsorption by facilitating the formation of
HCOj5 from the combination of OH™ ions with CO, (Fig. 11-2).6'48’5 ! The role of
Iuminal carbonic anhydrase in the proximal tubule is less well appreciated. As H*
ions are secreted, two separate reactions occur in the tubular lumen (Fig. 11-2):
(1) the combination of H* with filtered HCOj to form H,COj; and (2) the dehy-
dration of H,CO; into CO, + H,O, which are then reabsorbed:

2
H* +HCO; & H,C0; & CO,+H,0 (11-6)

Step 2, the dehydration of H,CO, into CO, + H,O, normally proceeds relatively
slowly. However, this reaction is accelerated in the early proximal tubule because
the brush border of the tubular cells contains carbonic anhydrase.*®%
Consequently, there is no accumulation of H,COj in the proximal tubular ﬂqid.
From the law of mass action, the maintenance of a low H,CO; concentration
drives reaction 1 in Eq. (11-6) to the right, thereby keeping the free H* concen-
tration at a relatively low level. In general, the tubular fluid pH falls only 0.6 pH
unit (from 7.40 in the filtrate to about 6.80 by the end of the proximal convoluted
tubule), despite the reabsorption of the majority of the filtered HCO3 (Fig.
11-5).4

%his response is extremely important, since, as noted above, the gradient
against which H* is secreted by the Nat-H* antiporter cannot exceed the favor-
able inward gradient for Na*. By minimizing the increase in the tubular fluid H*
concentration, luminal carbonic anhydrase minimizes the gradient against which
H™ is secreted, thereby allowing continued H' secretion and HCOj reabsorption.

The contribution of this system can be appreciated from the response to the
administration of a carbonic anhydrase inhibitor that enters the cells to a limited
degree and therefore inhibits the luminal but not the intracellular enzyme.*®# I.n
this setting, the dehydration of H,CO; in the lumen is slowed, resulting in
increases in the H,CO3; and H* concentrations and thereby impairing proximal H
CO3 reabsorption by up to 80 percent.* This ability to induce a HCO3 diuresis
makes a carbonic anhydrase inhibitor useful in the treatment of some patients with
metabolic alkalosis (see Chap. 18).

The role of luminal carbonic anhydrase can also be appreciated by compar-
ing the function of the middle (S,) and late (S;) segments of the proximal tubu_le
(see Fig. 3-2). Luminal carbonic anhydrase is present in the former, but absent in
the latter.>">* As shown in the tubular perfusion experiments in Fig. 11-6, both
segments can lower the tubular fluid pH by 0.6 to 0.8 unit. This is associated
with a marked reduction in the luminal HCOj3 concentration in the early prox-
imal tubule, as-a result of a relatively high rate of HCO3 reabsorption. In
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carbonic anhydrase to the tubular fluid and is absent in those segments that
contain this enzyme.’>**

The uneven distribution of luminal carbonic anhydrase may play an impor-
tant role in urinary acidification. The early proximal tubule has this enzyme and is
able to reabsorb about 90 percent of the filtered HCOj3 . The middle part of the
outer medullary collecting tubule also contains luminal carbonic anhydrase54 and
is the most important distal site of HCO3 reabsorption.?! The other distal seg-
ments, in comparison, lack luminal carbonic anhydrase and are less able to reab-
sorb HCOj3; however, they play an essential role in NH] excretion, since the
exaggerated reduction in tubular fluid pH promotes the diffusion of NH;j into
the lumen, where it combines with the excess H' and is trapped as NH] (see
“Ammonium Excretion,” below).>*"4

Bicarbonate secretion Virtually all of the filtered HCO3 is reabsorbed in normal
subjects, in whom there is a requirement to excrete the daily acid load. However,
loss of HCO3 in the urine is an appropriate response in patients with metabolic
alkalosis (high arterial pH, high plasma HCOj3 concentration). Although this
HCO3 diuresis can be achieved by reabsorbing less of the filtered HCOjy, it
appears that HCO3 secretion by the type B intercalated cells in the cortical collect-
ing tubule also contributes to this response,?#0-5556

These cells differ from HCOj5 reabsorbing type A intercalated cells in that the
polarity of the membrane transporters can be reversed. HY and HCOj5 ions are still
produced within the cell; however, the H' ions are secreted into the peritubular
capillary by the H"-ATPase pump, which is now inserted in the basolateral, rather
than the luminal, membrane (Fig. 11-7).%%*¢ The HCOj ions, in comparison, are
secreted into the tubular lumen by an anion exchanger in the luminal mem-
brane.>%

Titratable Acidity

Several weak acids are filtered at the glomerulus and may act as buffers in the
urine. Their ability to do so is proportional to the quantity of the buffer present
and to its pK,. The latter is important, since maximum buffering occurs at +1.0
pH unit from the pK, (see Fig. 10-2). Because of its favorable pK, of 6.80 and its
relatively high rate of urinary excretion, HPO}~ is the major urinary buffer (Fig.
11-3), with lesser contributions from other weak acids, such as creatinine
(pK, = 4.97) and uric acid (pK, = 5.75).

This process is referred to as titratable acidity, since it is measured by the
amount of NaOH that must be added to a 24-h urine collection to titrate the
urine pH back to the same pH as that in the plasma (approximately 7.40 in normal
subjects). Under normal conditions, 10 to 40 meq/day of H' is buffered by these
weak acids.

The ability of phosphate to buffer Ht can be illustrated by the following
example (Table 11-1). From the Henderson-Hasselbalch equation for the
HPO3Z™/H,POj system,
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Tubular
Jumen
H* ATPase
T
H,0
|
HCOJ‘ -~ CO, + OH-

CA

|

[HPO;]

PH =6.80 + log— 4
#[H,P0;] (-7

the ratio of HPOZ™ to H,POy is 4:1 at an arte
phosphate is excreted in the urine (the remainder

+ .
H f:(s:rztlron, ﬁwg; from ]lElq. (11-7), the ratio of HPOZ™ to H,PO; will fall to .1 .1
esult, there will now be 25 mmol each of HPOZ~ T in the
' _ and H,P
tubule. This represents the buffering of 15 mmol (or 15 milliz)n nanomzol)ocff Il-?*' tl};;

C 0 a I l] on bu ellng ) 4 I “1]1101 0

Quantity (in mmol) of
Amount buffered

Segment -
pH HPO? H,PO; by HPOZ~, mmol
Filtrate 7.40 40

Proximal tubule 6.80 25 ~ 5
Final urine 4.80 0.5 ‘213 5 ;; 5
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HPO;3~, which an increase in the free H concentration fron; ;(g)gnanomoi/lgf(lzﬁi
10, ercen
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Ammonium Excretion
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These NHJ ions are lipid-insoluble and are therefore “trapped” in the lumen,
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titratable acidity; once HPOZ™ has been converted to H,PO,
this system cannot occur. :

It is now clear that this mode] represents an oversimplification and that NH}
excretion can be viewed as occurring in three major steps: (1) NHJ is produced,
primarily in the early proximal tubular cells; (2) luminal NH is partially reab-
sorbed in the thick ascending limb and the NHj is then recycled within the renal
medulla; and (3) the medullary interstitial NHj reaches high concentrations that
allow NHj to diffuse into the tubular Iumen in the medullary collecting tubule,

where it is trapped as NH} by secreted H*, as predicted from the classic
theory. 8465

further buffering by

NH production The initial step in NH}
within the tubular cells from the metaboli
not solely glutamine?649.

excretion is the generation of NH;
sm of amino acids, particularly but

Glutamin¢ —  NHJ + glutamate - NH} + a-ketoglutarate?~

The first of these reactions is catalyzed by phosphate-dependent glutaminase and
the second by glutamate dehydrogenase.®” The subsequent metabolism of a-keto-
glutarate results in the generation of two HCO3 ions,? which are then returned to
the systemic circulation by the Na+-3HCO§ cotransporter in the basolateral mem-
brane (Fig. 11-4).

Notice that it is primarily NH}, not NH3, that is produced by these reactions,
which occur mostly in the proximal tubule, 8 Lipid-solute NH; can freely diffuse
out of the cell across both the luminal and basolateral membranes.
ison, lipid-insoluble NHJ can be secreted only into the tubular
the required transmembrane transporters are present only in the luminal
membrane.”® This process of NHy secretion appears to be mediated at least in

part by the Na*t-H+ antiporter, which can also function as a Na*
(Fig. 11-4),7072

" In compar-

-NH{ exchanger

Medullary recycling The NHJ that is produced within the proximal tubule and
secreted into the lumen exists in ili i

which can lower urinary NH; levels well below the level in the plasma. As depicted
in Fig. 11-5, however, the urine does not become maximally acidified until the end

percent of the tubular fluid NHY is recycled within the medulla, thereby maintain-
ing a high interstitial NH; concentration (Fig. 11-8).859.73 Tpe primary step in
this process is reabsorption in the thick ascending limb by substitution of NH; for
K™ both on the Na*-K*-2CI™ carrier and, to a much lesser degree, through the
K™ channels in the luminal membrane (see Fig. 4-2).557 The movement of reab-



T

CHAPTER ELEVEN  REGULATION OF ACID-BASE BALANCE 343

sorbed NHY into the less acid tubular cell drives Eq. (11-8) to the left, resulting in
the formation of NH; and HY. The H' ions are then resecreted into the lumen via
a Na*-H™ exchanger, where they promote HCO3 reabsorption by combining with
HCOj3 that is delivered out of the proximal tubule.”>
In comparison, the luminal membrane has the unusual characteristic of being

impermeable to NH;.”® As a result, the NHj; formed within the cell will diffuse out
across the basolateral membrane into the medullary interstitium, and then into
those compartments that have the lowest NH; concentration, which in the tubules
is a function of both delivery and the tubular fluid pH. As described above, a
relatively small amount of H* secretion can lead to a large reduction in pH (and
the generation of a disequilibrium pH) in those nephron segments that lack lami-
nal carbonic anhydrase (Fig. 11-6). Thus, some of the NH; will diffuse into the S,

segment of the proximal tubule and then be recycled again in the thick ascending
limb.*>™ The net effect is the maintenance of a high medullary interstitial NH,

concentration, which promotes secretion into the medullary collecting tubule.

Ammonium reabsorption in the thick limb is reduced by hyperkalemia (prob-

ably due to competition for the reabsorptive site on the Na*-K*-2CI~ cotranspor-

ter, see “Plasma Potassium Concentration,” below) and is enhanced by chronic
metabolic acidosis due to increased NH; production in and delivery out of the
proximal tubule.”"” The latter represents an appropriate response, since the ensu-

ing increase in ammonia recycling will facilitate NH; excretion and therefore
excretion of the acid load.

+ production

he NHJ is then reabsorbed in the thick ascending limb,

+.K*-2CI~ carrier in the luminal membrane. Partial dissociation into

H
ATPase

+
4
Medullary
collecting tubule

hat have the lowest pH and therefore have the

te proximal tubule and, more importantly, the medullary collecting

7 and then excreted.

} NH} =—= NH, = NH

+
4

Na*
NH
2C1-
diffuses into the medullary interstitium, where it reaches

cling within the renal medulla. Although

l

g
.
Ry
o o o =
= Z ) E 8 o é 2 NHj secretion into the cortical and medullary collecting tubule The fluid entering
%Og 1 gé 1 % % é ?3 % = the collecting tubules has a relatively low NH; concentration because of removal
z z 28 g g R R g % in the loop of Henle. Furthermore, there is no luminal carbonic anhydrase in most
___h i_ - s —:g' % _§ % % = of the collecting tubule segments.?®>* As a result, continued H* secretion (by the
e-d58 ¢ & H*-ATPase pump) produces a maximally acid urine that further reduces the
- — g g 8 g E a S tubular fluid NHj levels. The net effect is that there is a relatively large gradient
S “ B g [ ﬁ %3 favoring the free diffusion of interstitial NH; into the tubular lumen, where it
£ 884 E forms NH] (Fig. 11-8).5%
_‘H—J 28 ~§ § ‘E 3 For luminal NH; accumulation to occur with maximum efficiency, the NH;
+: _‘é" 475 2 gE8 & and NH} permeabilities must be differ.ent from those in the loop of Henle. In the
- §E E g }5 ° % 'é % latter segrpgnt, the h.Jmina.l membrane is permeable to NHI but not to NH3; th.ese
"?go g AHd78% o f f:haracterlstlcs permit luminal NHY to be reabsorbed without NH; back-diffusion ‘
8 o § Sk E s g into the lumen. In contrast, the cell membranes in the collecting tubules are highly |
- SEEeaEE permeable to NH; but have only a negligible permeability to NH;.”® As a result,
e gEE LY interstitial NH; can passively diffuse into the tubular lumen, where it is then
S|= SRR R

trapped as NH .

The net effect is that NHj; is secreted into the lumen throughout the collecting
tubules.®* The gradient is greatest in the inner medulla, where the interstitial |
concentration is highest. However, there is a roughly equivalent degree of NH;
secretion in the cortex and outer medulla, which have a higher NH; permeability,

as a result of both an increase in unit permeability and a greater luminal surface
65,67
area.”™




344 PARTTWO REGULATION OF WATER AND ELECTROLYTE BALANCE

Response to changes in pH According to this model, NHZ excretion can be

increased in one of two ways: by increasing proximal NH; production from
glutamine and by lowering the urine pH, which will increase NH; diffusion into 2=
the lumen in the medullary collecting tubule (Fig. 11-9).% In humans given an acid ] i
load, for example, NHZr excretion begins to increase within 2 h, mostly as a result g §
of the formation of a more acid urine, which increases the efficiency of NH, g 8w
secretion into the medullary collecting tubule.” Total NH} excretion reaches §' g‘ - 3
. . . . . . . 153
its maximum level at 5 to 6 days, a time at which there is an elevation in i & AN
both glutamine uptake by the kidney and tubular NHj production (Fig. 8 é 5
11-10).>78! - - 58
. Animal models provide confirmation of this sequence. Phosphate-dependent § = & §
glutaminase activity increases on the first day and glutamate dehydrogenase activ- A2 é N
ity by day 2 to 3 after an acid load.3># However, NHJ excretion begins to rise on g 5
the first day and is much greater than can be explained by the increase in enzyme + + 2%
activity; this response may reflect enhanced efficiency of NH trapping or g §
. . [
increased glutamine uptake by the cells 283 te g
The adaptive increase in glutamine metabolism with acidemia begins with % %
increased uptake by the proximal tubular cells.* Under normal conditions, most [
of the filtered glutamine is reabsorbed by cotransport with Na™, being driven by £ g
the favorable electrochemical gradient for passive Nat entry into the cells (see ) |8
page 75). In the presence of acidemia, however, Na'-dependent glutamine uptake H < S 8 !
also occurs from the peritubular capillary across the basolateral membrane 3% g § o
The peritubular capillary is a fertile source of glutamine, since only 20 percent of =
the renal plasma flow and therefore only 20 percent of the glutamine presented to 88
the kidney normally undergoes glomerular filtration. 38
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* The increment in renal glutamine uptake leads to an initial reduction in circulating glutamine
levels.®® This is then followed by increased glutamine release from skeletal muscle, due in part to

activation of glutamine synthetase.
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Once glutamine is within the tubular cells, its proximal metabolism is pH-
dependent, appropriately increasing with acidemia and decreasing with
alkalemia.’®% How this occurs is incompletely understood, as several factors
may play an important role. With acidemia, for example, the rise in NH} produc-
tion may be largely mediated by enhanced activity of the enzymes involved in
NHJ production, including phosphate-dependent glutaminase (promoting the
metabolism of glutamine to glutamate), glutamate dehydrogenase (promoting
the metabolism of glutamate to a-ketoglutarate), and a-ketoglutarate dehydro-
genase (promoting the metabolism of a-ketoglutarate).%% These changes in
enzyme activity are limited to the proximal tubule,* which is consistent with
this segment being the site of increased NHJ production in acidemic states.%®

It is presumed that proximal glutamine metabolism responds to alterations in
cell pH that parallel those in the extracellular fluid (see “Extracellular pH,”
below). In particular, it may be an alteration in the pH gradient between the cytosol
and the mitochondria that constitutes the signal to change the rate of NHJ}
production.“’86 Other, mostly unidentified circulating factors may also contribute,
including increased release of glucocorticoids.87’88

Regardless of the exact mechanisms involved, the net effect is that NHJ
excretion can increase from its normal value of 30 to 40 meq/day to over 300
megq/day with severe metabolic acidosis.®*® This response, which is in marked
contrast to the limited ability to enhance titratable acid excretion, is appropriate;
each NHj produced results in the equimolar generation of HCO3 from the meta-
bolism of a-ketoglutarate.? Return of this HCO3 to the systemic circulation then
raises the plasma HCOj3 concentration toward normal.

Urine pH

As depicted in Fig. 11-5, the tubular fluid pH falls progressively, reaching its
lowest level in the medullary collecting tubule. In humans, the minimum urine
pH that can be achieved is 4.5 to 5.0; this represents a maximum plasma-to-
tubular fluid H* gradient of almost 1:1000 (3 log units). The inability to make
the urine more acid may reflect a limit on the strength of the HY-ATPase pump or
on the impermeability of the tubular epithelium, which is required to prevent the
passive backflux of secreted H" ions out of the lumen.

This ability to lower the urine pH is important, because the formation of both
titratable acidity and NH is pH-dependent, with both increasing as the urine is
made more acid (Table 11-1, Fig. 11-9). If the minimum urine pH were higher, at
5.5 to 6.0 (which is still less than that of the plasma), titratable acid and NHZ
excretion would fall, and excretion of the daily H* load might be prevented. This
appears to be the mechanism responsible for the acidemia in patients with type 1
(distal) renal tubular acidosis (see Chap. 19).

The pH dependence of titratable acidity and NHj formation also means that
these processes (as well as HCO3 reabsorption) occur throughout the nephron as
the urine is made more acid. The sites at which they are most likely to occur can be
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In the collecting tubules, on the other hand, the increase in acidification
appears to involve the insertion of preformed cytoplasmic H'-ATPase pumps
into the luminal membrane of the acid-secreting cells, 5797 particularly those in

the outer medullary collecting duct.”’ The ensuing reduction in the tubular fluid
pH in these segments will promote the diffusion of interstitial NH; into the 585
lumen, where it will be trapped as NH] (Fig. 11-4).” The net effect of this 2 mé"
increase in acid excretion is enhanced generation of HCOj by the tubules. & ‘E‘ So
Return of this HCOj to the systemic circulation will then raise the extracellular s 2 __5' ' §< 83
pH toward normal. 5 ;.‘:: 3 23 %
The extracellular pH is thought to affect net acid excretion in part by parallel, ° 'S g5
although lesser, alterations in the renal tubular cell pH 98100 The importance of this ; E E
local effect, which is independent of other circulating factors, has been demon- + + = %‘E
strated in experiments with cultured renal proximal tubule cells. Lowering the pH &3 X
of the bathing medium in this setting leads to a significant increase in the activity E ?B g
of the luminal Na*-H* exchanger.!”’ This effect is thought to be mediated by E= "§
activation of pH-sensitive proteins.'%! ' E E@
The mechanism by which the intracellular pH changes with the extracellular 2 E ]
pH varies with the cause of the acid-base disorder. An elevation in the Pco,, for f '—§‘ £ ‘
example, will lower the pH of the extracellular fluid; this will induce a similar and ‘E ; é- ‘
rapid acidification in the cells, because CO, can freely cross cell membranes. ; 5 B N
The effect of alterations in the plasma HCOj3 concentration are less direct, ' i 8 £ S
since transcellular diffusion of this anion is limited by the lipid bilayer of the cell i 3 8&%
membrane. However, the carrier-mediated HCOj3 exit steps in the basolateral g = E%
membrane of the proximal tubule (Na*-3HCO3 cotr:;msport)gg'99 and the distal 3 T %" £
nephron (Cl-HCO3) exchange)'? are affected by the transmembrane HCO3 gra- g 98 &
dient. Lowering the extracellular pH by reducing the HCO3 concentration will g & §
make this gradient more favorable, therby promoting HCO3 exit from the cell and . / 523
reducing the cell pH (Fig. 11-11).® The ensuing increase in acid excretion then : / f:nf °g
raises both the systemic and the intracellular pH toward normal; thus, it may ' § "EE
actually be the intracellular pH that is primarily being regulated.'1% : GRS
These adaptive changes in cell pH are determined by the extracellular pH 8 k| %
itself, not by the HCO; concentration or Pco, alone. There is no alteration in E -§ "«3
the cell pH if both the HCOj3 concentration and the P¢q, are lowered or raised to a o 3 -2
similar degree, so that the extracellular pH remains constant.”® In this setting, s ED 5 e
there is also no change in net acid excretion.*? ,32 %’ g’g
EE:E
Metabolic acidosis Metabolic acidosis is characterized by acidemia that is due to E E ‘2
a reduced plasma HCOj3 concentration. Net acid excretion is appropriately and H g P
often dramatically increased in this disorder, beginning within a day and reaching . T ' | : = §‘~ E
its maximum in 5 to 6 days (Fig. 11-10).>"1% This response is mostly due to A 2 o = ST . T J E 55 §
v vy =
Hd [18 [ewnxorg .50 g"* ;:.f §

enhanced NHJ excretion, which is mediated both by increased proximal NHj

secretion®™ and by increased distal hydrogen secretion.*®’

In comparison, titratable acid excretion is generally limited by the amount of

‘ phosphate in the urine, which is modestly increased by an acidemia-induced inhi-
bition of proximal phosphate reabsorption.”'62 An exception to this rule occurs in
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diabetic ketoacidosis, where urinary ketone anions (particularly g-hydroxybuty-
rate) can act as titratable acids. In this setting, net acid excretion can exceed 500
meq/day,’>* resulting in the generation of an equivalent quantity of HCOj ions
in the extracellular fluid.

The relationship between cell pH and net acid excretion can also be under-
stood in terms of the steady state. Suppose a normal subject increases acid gen-
eration by going on a high-protein diet. Over a period of days, net acid excretion
will rise until it meets the new level of acid production. At this time, the patient is
back in a new steady state, but the plasma HCOj; concentration must have fallen
to provide the signal (lower cell pH) for the higher level of acid excretion. This
process is reasonably efficient. As shown in Fig. 11-10, for example, lowering the
plasma HCOj3 concentration by 4 to 5 meq//L leads to a fourfold increase in NHJ

excretion.

Metabolic alkalosis Metabolic alkalosis, on the other hand, is characterized by
an alkaline extracellular pH that results from an elevation in the plasma HCO3
concentration. The normal response to a HCO3 load is to excrete the excess
HCO5 in the urine, both by diminishing its rate of reabsorption and by HCO3
secretion in the cortical collecting tubule.?"**%® As described above, the latter
process occurs in a subpopulation of cortical intercalated cells that are able, in
the presence of an elevated pH, to insert H'-ATPase pumps into the basolateral
rather than the luminal membrane (Fig. 11—7).40

This protective bicarbonaturic response is extremely efficient. For example,
the administration of as much as 1000 meq of NaHCO; per day to normal subjects
induces only a minor elevation in the plasma HCOj3 concentration, as virtually all
of the excess HCOJ is excreted in the urine.!®® Thus, maintenance of metabolic
alkalosis requires the presence of a defect in HCOj excretion, which is most often
due to effective volume and chloride depletion (see below).

Respiratory acidosis and alkalesis Disturbances in alveolar ventilation induce
changes in CO, elimination and, consequently, in the Pcp,. Primary hyperventila-
tion, for example, enhances CO, loss, resulting in a fall in the Pcg, (hypocapnia)
and a rise in pH that is called respiratory alkalosis. Primary hypoventilation, on
the other hand, impairs CO, elimination, producing an elevation in the Pco,
(hypercapnia) and a reduction in pH that is called respiratory acidosis.
Although correction of either of these conditions requires the restoration of nor-
mal alveolar ventilation, the kidney can minimize the changes in arterial pH by
varying H* excretion and HCOj3 reabsorption.

From Eq. (11-3), the extracellular pH is a function of the HCO3 /P, ratio.
Thus, the pH may remain near normal in respiratory acid-base disorders if the Pco,
and HCO5 concentration change in the same direction and to a similar degree.
Consequently, an elevation in the plasma HCOj concentration is an appropriate
response to hypercapnia, and a reduction in the plasma HCOj concentration is an
appropriate response to hypocapnia (see Chaps. 20 and 21).

AD Jr, Smith JS, J Clin Invest 39:1706, 1960, by
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Figure 11-13 Ammonia production by the
isolated perfused kidney from control rats
and those with chronic respiratory acidosis
or chronic metabolic acidosis of 3 days
duration. Ammonia production is enhanced
only in metabolic acidosis, despite a similar
reduction in pH to about 7.30 in both
acidotic groups. (From Rodriguez-Nichols F,

NH; production, y mol/min/g
»~n
=)

.._
o

Controls Chronic Chronic ;
respiratory metabolic Laughrey E, Tannen RL, Am J Physiol
acidosis acidosis 247:F896, 1984, with permission.)

The same response is seen in respiratory acidosis, as new HCO3 ions must be
generated to produce the compensatory rise in the plasma HCOj con-
centration.””!% In the new steady state, the pH will be partially corrected, but
the daily acid load generated from protein metabolism will be normal (assuming
that there is no change in dietary intake). As a result, there is no necessity for
increased NHJ excretion in chronic respiratory acidosis, which returns to a level
similar to that in controls (Fig. 11-13).'°

To summarize, net acid and NHJ excretion are enhanced in chronic metabolic
but not respiratory acidosis, despite a similar degree of acidemia in both condi-
tions. This seemingly paradoxical finding may be explained by differences in prox-
imal tubular cell pH.''""'? Both metabolic and respiratory acidosis will produce a
similar effect at the basolateral membrane: lowering the cell pH by HCO3 exit
down a more favorable gradient in metabolic acidosis and by CO, entry in respira-
tory acidosis.”®*

The responses are quite different, however, at the luminal membrane. The
plasma HCOj concentration and, therefore, the filtered HCO3 load are reduced
in metabolic acidosis. As a result, less HCOj is reabsorbed in the proximal
tubule by Na*-H* exchange. In comparison, the plasma HCO3 concentration
and filtered HCOj load are elevated in chronic respiratory acidosis. This
increase in the tubular HCO35 concentration allows more HCOj3 to be
reabsorbed.!!? It is important to remember that proximal acidification is limited
by the transcellular Nat gradient that provides the energy for the Na™-H*
antiporter. When more buffer (as HCO3) is present, more H' secretion can
occur without an excessive reduction in tubular fluid pH.'?
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The net effect of this increase in H+ extrusion from the cell is that th i
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Chloride depletion Hypochloremia is a common concomitant of metabolic alka-
losis, since both H and CI™ ions are lost in most patients, such as those with
vomiting or diuretic therapy. This reduction in the filtered CI~ concentration can
enhance H* secretion and HCO;3 reabsorption through both Na*-dependent and
Na*-independent factors. It has been proposed, for example, that the effect of
hypochloremia is related to the high level of Na* reabsorption seen in volume
depletion, often leading to a urine Na*t concentration below 5 to 10 meq/L. If, as
in normal subjects, the filtrate Na* concentration is 145 meq/L and the filtrate CI~

concentration is 115 meq/L, then only 115 meq/L of Na* can be reabsorbed with

CI". Since CI” is the only quantitatively important reabsorbable anion in the
filtrate, further Na*

reabsorption must be accompanied by H* or K+

ate, secretion to
maintain electroneutrality.

These secretory processes, which primarily occur in the
collecting tubules, become more important in the presence of hypochloremia, a
setting in which less of the filtered Na* can be reabsorbed with CI™. The net effect
is enhanced H* secretion, increased HCOj3 reabsorption, and persistence of the
metabolic alkalosis.

The importance of both volume status and the reabsorbability of the anion
can be illustrated by the response to an infusion of Na,S0O, (SO~
reabsorbed anion). When given to a euvolemic subject, Na, SO, is rapidly excreted
in the urine. In a volume-depleted subject, however, the Na* will be retained (in
part under the influence of aldosterone), and, since SOZ* cannot be reabsorbed,
H* and KV secretion must be increased (Fig. 11-15)."® In contrast, the adminis-
tration of NaCl in this setting results in both Na* and CI~ reabsorption without
affecting H* and K™ secretion.

The reabsorbability of the anion creates a paradoxical situation in patients
with hypovolemia and metabolic alkalosis in that the administration of acid will not

necessarily correct the alkalemia. If, for exa

; mple, HNO; is given (NO3 being
relatively nonreabsorbable), it will be buffered by extracellular HCO;:

being a poorly

HNO3 + NHHCO:; —> NaNO3 —+ H2CO3 —> CO2 -+ H20

As the NaNOj is presented to the cortical collecting tubule, Na* will be retained
and H' excretion enhanced. This is similar to the fate of Na,S0y, shown in Fig.
11-15. The net effect is the excretion of the administered HNO; as NH,NO;.1%0 A

lumen tubule cell

Figure 11-15 Events occurring after Nat  (Filtered)
reabsorption across the luminal membrane
of the cortical collecting tubule cell. In a
sodium-avid state, the presentation of Na™ so¥ —,
with a nonreabsorbable anion to the cortical
collecting tubule enhances H* and K+
secretion. In contrast, if NaCl is presented to
this segment, Na* will be reabsorbed with — X
CI™, with little effect on H* and K* secretion.

2Na* —_— INa*

- H*
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a result, the arterial pH will be unchanged, since an acid urine is excreted despite
resence of systemic alkalemia. , _
the Iﬁ”,e fﬁ comparBiIson, acid is given as HCI, buffering by I\_TaHCO3lw1ltlhlealt\cT1a'io ‘;l:ﬁ
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HCOj reabsorption (which probably includes a component of HCOj se .

Plasma Potassium Concentration

CHAPTER ELEVEN REGULATION OF ACID-BASE BALANCE 357

34!—
2 30
g g
ol
o = | -
gz
S s
873
38 22
£ sk
Figure 11-16 Renal tubular reabsorption of
HCO5 as a function of the plasma K*
concentration. (Adapted Jrom Fuller GR, 14 L l L L L
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MacLeod MB, Piits RF, Am J Physiol
182:111, 1956, with permission.)

tration gradient to replete the extracellular stores. To maintain electroneutrality,
H* (and Na*) enter the cell,' resulting in an intracellular acidosis, 112137138
This increase in H concentration in the renal tubular cells may account for
the enhanced H* secretion, HCO5 reabsorption, and NH} excretion observed
with K* depletion,!3*138.139 1, the proximal tubule, for example, hypokalemia is
associated with increased activity of both the luminal Na*-H"* antiporter and the

basolateral Na+-3HCO3" cotransporter, which are required for the elevations in
H* secretion and HCO; reabsorption. 4

These changes are reversed with a rise in the plasma K* concentration, as K+
moves into and H* out of cells."" The ens

uing intracellular alkalosis may then
account for the associated reductions in HCO35 reabsorption and NH}
excretion, 133138139

. Factors other than these transcel
sium-induced changes in urinar
NH{ excretion in rats; there i

lular shifts also may contribute to the potas-
y acidification. For example, hyperkalemia reduces
s, however, no change in NH} delivery out of the

Figure 11-17 Reciprocal cation shifts of K,
H*, and Na*t between the cells, including renal
tubular cells, and the extracellular fluid. In the
presence of hypokalemia, K* moves out of the

. . . Extr: 1 i
cells down a concentration gradient. Since the Cell xtracellular fluid

. cell anions (primarily proteins and organic
ium is another potential influence on renal H* secretion, as a regprocal phosphates) arc unable to cross the cell K* lost
P otaSSlum the plasma K* concentration and membrane, electroneutrality is maintained by
ionship has been demonstrated between the p . T 1.
relationship . ] 133135 The maior proposed mechanism for this the entry of Na* and H* into the cell, The K+
HCOj5 reabsorption (Fig. 11-16). ¢ maj - cation shifts that increase in cell H* concentration may be
relationShip is that alterations in K+ balance lead to transcellular cation shi responsible for the increased H* secretion and
affect the intracellular H* concentration (Fig. 11-17). - nin th HCO3' reabsorption seen with hypokalemia, On W
A example, gastrointestinal or urinary K* losses lead to a reduction in the the other hand, hyperkalemia causes H* and Na*
' : an+ e tion. As a result, intracellular K6* moves into the extracel- Na* to leave the cells, resulting in a fall in H*
plasma K™ concentration. . i down a favorable concen- secretion and HCOjy reabsorption.
lular fluid (through K™ channels in the cell membrane) do
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proximal tubule, suggesting that segments distal to tl}e pr‘OXimal+tub31;1 Ifl}l;tnt(f
involved.'*? There are at least two mechanisms by which distal K™ an

ling might be related:

- + +

e Medullary recycling of NHY is initiated by substitution of NH4 for Kd.on
the Na*t-K*-2ClI~ carrier in the luminal membrane of thp thick ascen lltlg
limb (Fig. 11-8).” Increased luminal K* in hyperk'alemla coulq corpp&: h1€-:
tively inhibit this process, thereby limitiqg ammonia accumulatlonllt::tin
medullary interstitium, subsequent secret}‘c‘)znmlanto the medullary co g

i + tion. **
tubule, and total urinary NHy excre . .

e H™ secretion in the distal nephron is medlateci in 12)7a2r9t by an eleftfongsutrra}
H*-K*-ATPase that also actively reabsorbs K™.**" Actlve.K27,1§La‘1_126o ;)n
tion by this pump appears to be stimulated by hypokale.:mllritl,+ B

i i rent increase in sec .
effect that could in part explain the concur : : -
The net result is that hypokalemia and aldostgrone, which stimulate tl;e fl
K*-ATPase and H"-ATPase pumps, respectively, canhha(\ile alpoten 1ta ;;lg

i \ i d therefore on the developmen

effect on distal hydrogen secretion lazr71 : ( e o

i i i This synergism has potential cli
maintenance of metabolic alkalosis. . _ e
i i of metabolic alkalosis (such as diu
importance, since many of the causes . as diuretic

iti i Idosteronism) are associate

rapy, vomiting, and primary hypera ; )

:)lz)eth gyreduction in the plasma K* concentration and increased aldosterone

release (see Chap. 18).

In summary, hypokalemia tends to increase net acid e)lccre.tion,_whwli) gsrict)e-:
, lic alkalosis. Hyperkalemia, via op
motes the development of metabo : . i, via opposite
i i tion, which, by causing H" retention,
mechanisms, reduces net acid excretion, / 8 1 tention, favors
i idosis. In some patients with hyper

the development of metabolic acidosis 1 ' /perk >
hypoaldos]feronism, for example, the associated métabglglc acidosis can be cor
rected solely by lowering the plasma K concentration.

Parathyroid Hormone

Parathyroid hormone (PTH) diminishes proxifnelll HC(;; reag:;;z}‘l‘g?“;)zn?(:}t
ivi + in the luminal mem
ing the activity of the Na*-H™ exchanger in et
;112%_3}1(:03_ c)gtransporter in the basolateral membrane‘. Howe_:verl,l thle extge;
HCOj5 delivered out of the proximal tubule is mostéy plc11'(61(11t up in ;ce ?n (1);(1:)03—
i h there may be a slight increa
Henle and more distal segments. Althoug . ,
exiretion, this is generally counteracted by ephanced excre?qn of1 5?hosphate
which can increase net acid excretion by buffering sec'reted H .1orlls. © stimulates
This response may be physiologically importgnt, since an acid 02113 sh ulates
PTH secretion. PTH then minimizes the change in extracellular pH oF )i/npthe
moting bone buffering and by increasing acid and phosphate excretion
. 151,152 |
urln%he effect of a chronic excess of PTH on acid-base balance is .lesstefll:ltatr(;
Patients with primary hyperparathyroidism, who are also hypercalcemic,
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have a metabolic acidosis. 1% However, the chronic, continuous administration of
PTH to normal humans increases net acid excretion and produces a small eleva-
tion, not reduction, in the plasma HCOj3 concentration.!** :

EFFECT OF ARTERIAL pH ON VENTILATION

Alveolar ventilation provides the OXygen necessary for oxidative metabolism and
eliminates the CO, produced by these metabolic processes. It is therefore appro-
priate that the main physiologic stimuli to respiration are an elevation in the
Pco, and a reduction in the Po, (hypoxemia).!’>156 Tpe CO, stimulus to ventila-
tion primarily occurs in chemosensitive areas in the respiratory center in the
brain stem, which appear to respond to CO,-induced changes in the cerebral
interstitial pH.'> This effect is extremely important in the maintenance of the
acid-base balance, since roughly 15,000 mmol of CO, is produced daily from
endogenous metabolism, added to the capillary blood, and then eliminated via
the lungs. In contrast, hypoxemia is primarily sensed by peripheral chemorecep-

tors in the carotid bodies, which are located near the bifurcation of the carotid
arteries, 136158

Respiratory Compensation in Metabolic Acidosis and Alkalosis

Alveolar ventilation also is affected by metabolic acid-base disorders, 597165 In
metabolic acidosis, for example, minute ventilation can increase from the normal
of approximately 5 L/min to greater than 30 L/min as the arterial pH falls from
7.40 to 7.00 (Fig. 11-18). The initial rise in ventilation is mediated primarily by the
peripheral chemoreceptors in the carotid bodies, which immediately sense the
reduction in pH. However, the ensuing fall in Pco, produces an acute efevation
in cerebrospinal fluid and cerebral interstitial pH, since CO, but not HCO3
rapidly crosses the blood-brain barrier. As a result, the central chemoreceptors
sense alkalemia and act to diminish ventilation, thereby limiting the ventilatory
response.'® If the acidemia persists for hours to days, however, the cerebral pH
will fall, as a result of ionic diffusion or the formation of new cerebrospinal fluid
that reflects the change in systemic pH.'%160 This cerebral adaptation allows the
full degree of hyperventilation to be seen, usually with 12 to 24 h, 159161

The increase in ventilation with metabolic acidosis is an appropriate compen-
satory response, since the concomitant reduction in Pco, will return the extracel-
lular pH toward normal,!62163 Conversely, hypoventilation with a consequent
elevation in Pco, lowers the pH toward normal in metabolic alkalosis, where
the plasma HCO3 concentration is increased. !4165

The potential importance of these respiratory compensations to metabolic



360 PART TWO REGULATION OF WATER AND ELECTROLYTE BALANCE

CHAPTER ELEVEN ~ REGULATION OF ACID-BASE BALANCE 361

40 Table 11-2  Arterial pH in chronic metabolic acidosis with and without
F respiratory compensation
° Arterial
—_~ ..
" // . \\ Clinical state pH. [HCO3], meq/L Pco,, mmHg
£ /0 e m
- /e \ Metabolic acidosis
:E: * / o\ No compensation 7.29 19 40
§ // \ ° Compensation
£ 200 o \ Acute 7.37 19 34
E .\ . Chronic 7.29 16 34
2 \
s \
£ \
g N Ny Figure 11-18 Relationship  between
=1 S respiratory minute volume and arteri.al
pH in patients with diabetic ketoacidosis. are acute (ketoacidosis, lactic acidosis, ingestions), so that the associated hyper-
(Reproduced  from 'dKe’CJ;F S‘JS" c}i)i‘:lhslnf::{ ventilation does protect the pH.
| J 12\,;1(5]5;) f;gégszl;"120;) rigl’n permission of Similar considerations apply to the compensatory hypoventilation seen with
| 500, , by ! o R . . .o . . . . +
6.8 7.0 7.2 "4 the American Society for Clinical chronic metabolic alkalosis. The rise in Pco, in this setting leads to increased H
Arterial pH Investigation.)

secretion, a further elevation in the plasma HCO
improvement in the alkalemia,'®’

It is presumed that alterations in renal tubular cell pH are responsible for
these changes in H' secretion. In metaboljc acidosis, for example, the fall in
plasma HCOj3 concentration will produce a parallel reduction in the cell pH
that is probably the signal to enhance H* secretion. Returning the extracellular
pH toward normal by increasing ventilation will also raise the cell pH, since
reducing the Pco, will result in CO, diffusion out of the cell. This will lead to
an initially lower level of net acid excretion and therefore a further reduction in
the plasma HCOj concentration.

These observations once again illustrate the importance of the steady state. A
patient with chronic metabolic acidosis who produces an extra 100 meq of acid per
day will enter the steady state only when daily acid excretion increases by 100 meq.
The signal to maintain this increment in H+ secretion is probably a reduction in
the cell pH; furthermore, the required level of cellular acidification to enhance acid
excretion by 100 meq will be the same whether or not respiratory compensation has
occurred. Thus, the extracellular pH will also be the same in both settings, since it
is the primary determinant of changes in the cell pH.*

3 concentration, and no net

HCOj concentration. If the latter were reduced to 6 meq/L and the Pco, remained
at the normal 40 mmHg, then

6
- % 6380
PH =6.1+log 55370

However, if ventilation were stimulated by the acidemia and the Pco, fell to
15mmHg, then

6
= — =722
pH = 6.1 +10g0.03 ”

15
Thus, the respiratory compensation has turned a life-threatening reduction in pH
into one that is much less dangerous.

Limitation of Respiratory Compensation

Despite the effectiveness of the respiratory compensation, the pH hls pr(i:e;:ste;ielf:;rl
only a few days, since the initially beneﬁmal change in Pgg, then a etor n
HCO3 reabsorption. In metabolic acidos1§, for example, the c?mpe?:li lisma
in Pco, decreases HCO3 reabsorptiqn (Fig. 11-12) and, there :);e, ,t,-afe”u[ar
HCO; concentration. The net effect is that, after several days,‘ ele,}l e
pH is the same as it would have been if no respiratory com]?ensc_ztlon ull_l cocc)c_ Con:
since the decline in P, is balanced by a further reduction in the 3

centration (Table 11-2).166 Fortunately, most forms of severe metabolic acidosis

SUMMARY

From the Henderson-Hasselbalch equation, the arterial pH is a function of the
[HCO3_]/O.O3PCO2 ratio. Three processes are involved in the maintenance of the
arterial pH: (1) The extracellular and intracellular buffers act to minimize
changes in pH induced by an acid or base load, (2) the plasma HCOj3 concen-
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. . . + .
tration is held within narrow limits by the regulation of ?engl H™ excretion, and
(3) the Pco, is controlled by variations in alveolar ventilation. How these pro-
cesses interact to protect the pH can be appreciated from the response to a HCI

load (Fig. 11-19).

e Extracellular buffering of the excess H* by HCOj3 occurs almost
immediately. o
e Within several minutes, the respiratory compensation begins, resulting in
hyperventilation, a decrease in the Pcg,, and an increase in the pH toward
normal. ‘
e Within 2 to 4h, the intracellular buffers (primarily proteins and organic
phosphates) and bone provide further buffering, as H*' ions enter the
cells in exchange for intracellular K* and Na*. These responses act to
prevent wide swings in the arterial pH until acid-base homeosta51§ can be
restored by the renal excretion of the H* load as NH{ and tritratable
acidity. o

o The corrective renal response begins on the first day and is complete within
5t06 days.5'79‘1°4

This sequence tends to be reversed with a NaHCOj; load. The corrective re_ngl
response tends to be more rapid than after an acid logd, as the excess HCQ3 is
quickly excreted in the urine. Both decreased reabsorption and H('30319§§§:§§:t10n in
the cortical collecting tubule play a contributory role in this setting.™ .

Alterations in pH induced by changes in the P¢o, produce a some\ifhat dif-
ferent response. There is virtually no extracellular buffering, -since HCO3 cannot
effectively buffer H,CO; (see page 313). Similarly, there is no compensatory
change in alveolar ventilation, since the primary disturbance is one of abnormgl
respiration. Thus the intracellular buffers (including hemoglobin) gnd chapges in
renal H" excretion constitute the only protective mechanisms against respiratory
acidosis or alkalosis. .

If, for example, the Pco, is increased, the intracell}lliar buffers will act to
increase the plasma HCO3 concentration, thereby minimizing .thei6<giegree _of acid-
emia (Fig. 11-20). This process is complete within 10 to 30 min. ™ The intracel-
lular buffers increase the plasma HCOj3 concentration by only 1 meq/L for each

H* load
Extracellular Respiratory Intracellular TRenal H*
buffering buffering by and bgne excretion
by HCO; decreasing Pco, buffering
Immediate Minutes to hours Two to four hours Hours to days

Figure 11-19 Sequential response to a H* load, culminating in the restoration of acid-base balance by
the renal excretion of the excess H*.
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1 Pco,
Figure 11-20 Response to an increase
in the Pco,. Although these changes Intracellul
raise the pH toward normal, acid- 1l racelutar tRenal H*
owa > buffering excreti
base homeostasis will not be restored fon
until ventilation is normalized. 10 to 30 min

Hours to days

10-mmHg rise in the Pco, and are therefore relatively ineffective in protecting the
pH.* If the hypercapnia persists, however, there will be an appropriate increase in
rené'll H™* excretion, resulting in a further elevation in the plasma HCO3 concen-
tration.

It is this renal compensation, which begins within several hours but is not
complete for several days,!% that constitutes the main defense against respiratory
acidosis. Even if the Pco, is chronically elevated at 80 mmHg, the pH usually is not
much lower than 7.30 because of the effectiveness of the renal compensation. This
sequence is reversed with respiratory alkalosis, as there is an appropriate reduction
in the plasma HCOj concentration as a result of intracellular buffering and
decreased net acid excretion, !%8:1%

The renal responses to alterations in the Pco, are compensatory but not

'correctlve. Acid-base homeostasis will not be restored unless alveolar ventilation
is normalized.

PROBLEMS

11-1 The.daily H* load is excreted in the urine as titratable acidity and NH}. Would H* retention
leading to metabolic acidosis occur if there were:
(a) a marked reduction in titratable acid excretion,
phosphate concentration?
(b) a marked reduction in NH} formation?

11-2 qual amoL}nts o.f H*, as HCI or H,S80y, are given over several days to a volume-depleted
subject. Which acid will produce the greater degree of acidemia?

11-3  Two patients with a normal GFR of 180 L/day are studied, one with normal acid-base balance

and. one with metabolic acidosis. The following laboratory data are obtained from the first
patient:

as a result of a decrease in the plasma

Plasma [HCO3] = 24 meq/L
Titratable acidity = 30 meq/day
NH} excrétion = 50 meq/day
Urine pH = 5.5

Similar values in the second patient are

* The cjhanges in the plasma HCOj7 concentration seen with acute and chronic respiratory acidosis
and alkalosis are presented in detail in Chaps. 20 and 21.
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31. Kraut JA, Hiura J, Besancon M, et al. Effect of hypokalemia on the abundance of HK alpha
1 and HK alpha 2 protein in the rat kidney. dm J Physiol 272:F744, 1997.
32. Brown D. Membrane recycling and epithelial cell function. Am J Physiol 256:F1, 1989.
33. Hays SR, Alpern RJ. Apical and basolateral hydrogen extrusion mechanisms in inner stripe of
rabbit outer medullary collecting duct. Am J Physiol 259:F628, 1990.
34. Hering-Smith KS, Cragoe E Jr, Weiner D, Hamm L. Inner medullary collecting duct Na*-H*
exchanger. Am J Physiol 260:C1300, 1991.
35. Sauer M, Flemmer A, Thurau K, Beck F-X. Sodium entry in principal and intercalated cells
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! Plasma [HCO3] = 6 meq/L
Titratable acidity = 75 meq/day
NHJ excretion = 140 meq/day
Urine pH = 5.0
Assuming that all the filtered HCO3 is reabsorbed, which is indicated by the low urine pH, calculate:

t acid excretion . » B
;Zj ?jtal H* secretion (which includes that utilized for reabsorption of the filtered HCOy)

11-4 The following values are obtained on a 24-h urine collection:
Phosphate = 60 mmol

pH =58

| ‘ illi + ted as

: i i r i 0, how many millimoles of H" are excre

H is 7.40 and the pK, for phosphate is 6.8 ), ho I :

{'I;thfazl‘)rlie;::eliiiﬁy using HPO,%_ asa l?:uffcr? Is NH;j excretion included in the measurement of titratable
itra

idi f’ « . .
E;cllfislty .A patient with persistent vomiting develops metabolic alrkalosm asa reS}xlt off tthhe losze(;i‘ gglolg

gastric juice. Why isn’t the condition corrected spontaneously by excretion of the ex 3

in the urine?
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