ACID-BASE IN RENAL FAILURE
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ABSTRACT

It is well established that diet and certain food components have
a clear impact on acid-base balance. For adults, the following
factors are involved: 1) the chemical composition of foods (i.e.,
their content of protein, chloride, phosphorus, sodium, potas-
sium, calcium, and magnesium), 2) the different intestinal ab-
sorption rates of the relevant nutrients, 3) the metabolic genera-
tion of sulfate from sulfur-containing amino acids, 4) the grade
of dissociation of phosphorus at the physiologic pH of 7.4, and 5)
the ionic valence of calcium and magnesium. All these factors

allow us to estimate the potential renal acid load (PRAL) of any
given food or diet. The PRAL (calculated for a 24-hour period),
together with a relatively constant daily amount of urinary ex-
creted organic acids (in healthy subjects proportional to body
surface area or body weight), yields the daily net acid excretion,
This article provides an overview of the current concepts of diet
influences on acid-base balance and also focuses on the under-
lying physiologic and biochemical basis as well as on relevant
clinical implications.

It has been known for a long time that the composition
of the diet can strongly affect acid-base balance, Early in
the 20th century researchers began to test the hypothesis
that the sum of the chloride, phosphorus, and sulfur con-
tent of a given food determines its acid-forming poten-
tial, whereas the base-forming potential is derived from
the sum of sodium, potassium, calcium, and magnesium
in that food (1). Sherman and Gettler (1) published an
extensive list of the mineral and acid-base contents of
various foods. In one of the first balance experiments (2)
on two normal infants the concept of Sherman and Get-
tler—later known as the dietary ash hypothesis—allowed
a rough estimation of the measured acid excretion. Since
then this concept of diet-dependent acid-base balance has
undergone several modifications. In the last decades the
grade of dissociation of phosphorus (i.e., phosphate) at a
physiologic pH of 7.4 has also been considered (3, 4),
and it became clear that endogenous production and ex-
cretion of organic acids had to be taken into account (3,
5). The current concept also takes into account different
intestinal absorption rates of individual nutrients (6-9) in
addition to chemical composition of foods, sulfate pro-
duction from metabolized proteins, grade of dissociation
of phosphorus, and urinary excretion of organic acids.
This article provides an overview of the current concepts
of diet influences on acid-base balance emphasizing ba-
sic physiologic aspects.
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Basic Physiologic Aspects

Fig.1 shows the interaction of the different organs in
acid-base metabolism. Although the importance of gas-
trointestinal absorption of nutrients and other dietary
components in determining acid production was recog-
nized decades ago, the role of the intestine has not re-
ceived much attention in the scientific literature. Fig. 1
indicates schematically that the intestine is directly in-
volved in acid and/or base generation and consequently
must be considered as an acid- or base-forming organ,
Furthermore, the liver, in particular, produces large
amounts of hydrogen ions and alkali ions by oxidizing
the absorbed sulfur-containing amino acids and a number
of organic anions, respectively. Initially these ions are
butfered by intracellular fluid buffers. Then after release
from the respective cells into circulation they add to the
diet-derived acid-base pool in blood (Fig. 1), which is
buffered by extracelular fluid buffers as well as by pul-
monary mechanisms before the kidneys excrete the ions
to maintain balance.

The lungs maintain the blood pH within a natrow
range by altering the rate at which CO, is excreted in
proportion to the actual alteration in the blood bicarbon-
ate level (respiratory compensation). Even though the
lungs can maintain or modify pH by changing the partial
pressure of CO, (pCO,), this process cannot cause any
loss or gain in hydrogen ions (10). The lungs are inca-
pable of regenerating lost bicarbonate. This is one im-
portant task of the kidneys. The other is the elimination
of an amount of acid equal to the endogenously produced
and/or diet-derived nonvolatile acids (Fig. 1).

According to the traditional dietary ash hypothesis,
foods containing an excess of inorganic or fixed anions
(Cl, P, S) over inorganic or fixed cations (Na, K, Mg, Ca)
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are said to have acidifying properties. Conversely an ex-
cess of inorganic cations over inorganic anions should
result in a relative increase in alkalinity, implying that
equal amounts of inorganic anions and cations in food
show no relevant effect on acid-base balance. However,
this is not necessarily true in vivo because the intestinal
absorption rates vary considerably for individual nutri-
ents (and ions). For example, intestinal absorption of
calcium (25-40%) is less than half that of most inorganic
anions. If calcinm absorption is assumed to be 25% and
calcium is ingested in the form of its chloride salt (4
mmol = 8 mEq) then an excess of chloride over calcium
of nearly 6 mEq {chloride absorption 95%) enters the
intestinal cells and blood (Fig. 2). The portion of calcium
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FiG. 2. The intestine as an acid- or base-forming organ. Here, an
example of the generation of net acid as a result of a physiologically
low cation (Ca) absorption and an associated loss of endogenous
HCO;-.
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(6 mEq) not absorbed reacts with bicarbonate secreted by
the pancreas and is excreted in the stool. Since the so-
dium from the pancreatic secretion is reabsorbed as NaCl
(which is neither an acid nor a base) and not as NaHCO;
(which is a base), a net loss of base equivalents occurs.
Thus CaCl, is an acidifying agent when given orally
(11).

Conversely, the ingestion of NaHCO; has a strong
alkalizing effect as a result of complete absorption of
sodium as NaCl. The corresponding chlorine derives
from gastric hydrochloric acid secretion. Since the re-
moval of the protons secreted by the stomach is un-
matched by a loss of endogenously derived base, a net
loss of acid (ie., an alkalizing effect) occurs. Conse-
quently, the extent of the bioavailability of individual
nutrients (minerals and protein), that is, intestinal absorp-
tion rates, plays an important role in acid or base gen-
gration in vivo.

The other major acid- or base-generating organ is the
liver. In a metabolic steady state the same amount of
sulfur-containing amino acids (AA-SH) that has been
absorbed from the diet and a large part of the absorbed
alkali salts of metabolizable organic acids are oxidized
by this central organ yielding acid (H,SO,) and base
(e.g., NaHCO,), respectively (Fig. 3).

After entering the blood the sulfuric acid from hepatic
AA-SH oxidation is buffered by bicarbonate, with the

Dietary
(AA-8H)

T\ ACID
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Fig. 3. Contribution of hepatic metabolism of sulfur-containing
amino acids (AA-SH) and metabolizable organic acids (OA) in the
formation of acid and base.
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generation of neutral Na,SO, and carbonic acid (Fig. 4).
The latter is eliminated as CO, by the lung (respiratory
compensation). The neutral salt, Na,SO,, is transported
to the kidney and the sedium is reabsorbed for the res-
toration of the circulating bicarbonate pool (Fig. 4). An
active renal hydrogen ion secretion through a H*/Na*
antiporter transport protein drives this process in the dis-
tal renal tubular duct or collecting duct cell (10). Since
the kidney cannot elaborate urine more acid than pH 4.4,
only negligible quantities of strong acids, such as sulfuric
acid, can be eliminated in free titratable form. Conse-
quently appropriate hydrogen ion acceptors must buffer
most of the secreted hydrogen ions,

One such important buffer is ammonia (NH,, see Fig.
4). It is synthesized in proximal tubular cells from the
deamidation and deamination of glutamine in the pres-
ence of glutaminase (10). Ammonia diffuses through the
lipid membrane of the cells into the tubular fluid, where
it reacts with hydrogen ions to form ammonium (NHY).
This charged cation cannot readily diffuse back from the
luminal fluid. Consequently the sulfuric acid derived
from hepatic oxidation of dietary protein-derived amino
acids is excreted primarily as (NHZ{)QSO,%“ (Fig. 4.).

Recently we were able to show that increased protein
intake significantly improves renal net acid excretion by
increasing urinary ammonium output at any given urine
pH (12). This is shown in Fig. 5. The data represent a
synopsis of three different studies (7, 12, 13). When the
urine pH was adjusted at a level of about 6.7 in healthy
subjects ingesting either 50 g/day or 82 g/day of protein,
then a given (constant) acid load was excreted at two
significantly different ammonium excretion rates [Fig. 5,
study 3 (12)]. The urinary ammonia output was higher
with the higher protein intake. The pH adjustment was
achieved by administration of sodium citrate along with
the 82 g protein diet.

Correspondingly, subjects on a high protein intake
(120 g/day) could eliminate their high acid load at a
given low urine pH of about 5.5 with a significantly
higher renal ammonia excretion than on a lower protein
intake (95 g/day) during which the urine pH was adjusted
to approximately 5.5 by L-methionine administration
[Fig. 5, study 1 (7)]. In agreement with the above data
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Fic. 5. Dependency of urinary ammonium excretion on urine pH at
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see text).

from controlled diet experiments we also found an el-
evated ammonium excretion at a fixed urine pH in asso-
ciation with a higher protein intake in a cross-sectional
study after the subjects were assigned to a high protein
(HP) and a moderately high protein (MP) group accord-
ing to the median of their protein intake [Fig. 5, study 2
(13)]. The average values for urinary ammonium excre-
tion and urine pH of the latter subjects who were on ad
libitum diets (study 2) fitted surprisingly well with the
regression lines given by experimental studies 1 and 2
(Fig. 5). Thus it can be concluded that the renal capacity
to excrete excess acid as amumonium is clearly increased
by an increase in protein intake, and this is the case for
any given urine pH, that is, for any given stimulus of
renal ammoniagenesis. Such a diet-related adaptation
mechanism is physiologically meaningful because it al-
lows us to better cope with extreme variations in renal
acid loads, which are often caused by marked variations
in protein intake.

The clear association between urine pH and urinary
ammonium excretion seen in Fig. 5 is a direct reflection
of the strong relationship that exists between total renal
net acid excretion (NAE) and urine pH. NAE is the sum
of titratable acid and ammonium minus the bicarbonate

2CO

2

LUNG

2 HzO+QCOz Fia. 4. Hepatic generation, intermediary
1 buffering, and renal excretion of acid equiva-
lents,

2H,C0

2 3

2H+80F 2Na'+2HCO,

I

Biood



224 Remer

urinary excretion rate (Fig. 6). Measurements of urine
pH and NAE in healthy adults consuming various normal
mixed diets have shown average urine pH values of 6.7,
6.3, 5.9, and 5.6 for NAE ranges of 040, 40-80, 80—
120, and 120-160 mEq/day, respectively (8). Up to 70%
of the variability in urine pH can be explained by varia-
tions in NAE in normal subjects, and the NAE itself is
strongly influenced by the diet. Recent methodologic ef-
forts have been successful in providing reasonable esti-
mates of NAE produced by diets.

Model for the Estimation of Dietary Effects on
NAE and the Potential Renal Acid Load
of Food

A physiologically based calculation model that cor-
rects for intestinal absorption of individual minerals and
sulfur-containing protein and assumes a rate of urinary
excretion of organic acids proportional to body surface
area (or body mass) was tested for its applicability to
predict the NAE of adults (7). The model makes use of
the fact that all three elements which determine NAE
(NH,, TA, HCO,) are components of the normal urine
ionogram (Fig, 6). Thus the NAE could be indirectly
determined from the difference of the sum of the nonbi-
carbonate anions minus the sum of the mineral cations
[i.e., NAE indirect = (CI + P + SO, + organic acids) —
(Na + K + Ca + Mg)] excreted in urine. Urinary excretion
rates of SO, and all minerals were estimated from daily
nuirient intake data (according to current food composi-
tion tables) by using published average intestinal net ab-
sorption rates for protein (75%), phosphorus (63%),
chloride (95%), sodium (95%), potassium (80%), cal-
cium (25%), and magnesium (32%) (for literature, see
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Fic. 6. Typical urine ionogram—with all quantitatively important
urinary anions and cations—of a healthy adult consuming a protein-
rich mixed diet. (NH, = ammonium; TA = titratable acid; Mg =
magnesinm; Ca = calcium; K = potassinm; Na = sodium; HCO; =
bicarbonate; OA = organic acids; SO, = sulfate; P = phosphorus; Cl
= chloride, The directly analyzed net acid excretion (NAE;,..,) equals
TA + NH, — HCO,. Consequently the indirectly determined net acid
excretion corresponds to the sum of the nonbicarbonate anions minus
the sum of the mineral cations [NAE; ;... = (Cl+ P+ 50, + 0A) -
(Na + K + Ca + Mg).

Catlons

Refs. 7 and 8). For calcium and magnesium, the ionic
valence (x2), and for phosphorus the grade of dissocia-
tion of pH 7.4 (x1.8) were also considered. For total
protein, an average content of 2.4% methionine and 2%
cysteine was assumed (7, 8). Renal organic acid excre-
tion has been estimated to be 41 mEq/day/1.73 m? (14),

In a controlled diet study encompassing four separate
5-day diet periods healthy adults ingested four nearly
isoenergetic diets (one lactovegetarian and one high- and
two moderate-protein diets) and collected 24-hour urine
samples at the end of each test period. Based on the
above methodologic approach, the diets were estimated
to yield NAE values ranging from a minimum of 4 to a
maximum of 118 mEqg/day (Fig. 7). The analytically de-
termined NAE corresponded reasonably well to these
estimates (Fig. 7), suggesting that the calculation model
has been appropriate to predict the renal NAE from nu-
trient intake and anthropometric data. Fig. 8 shows the
corresponding values for urine pH. All these findings
provide evidence that adjustments or specific manipula-
tions of urinary pH and NAE in response to changes in
dietary intake are possible.

On the basis of these findings and earlier studies on
protein hydrolysates (5), synthetic amino acid mixtures
(5), and milk formulas (6, 15)—each confirming the ap-
plicability of the calculation model—it appeared possible
and useful to estimate the potential renal acid load
(PRAL) of foods. For this, the average absorbable
amounts of all relevant nutrients/ions of which urinary
excretion is obligatory were calculated for selected, fre-
quently consumed foods and beverages using nutrient
data from actual food composition tables and average net
absorption rates from literature (as mentioned above).
Betore adding the anions (Cl, P, SO,) and subtracting the
cations {(Na, K, Ca, Mg) for each food (per 100 g edible
portion) the specific values for ionic valence, grade of
dissociation, and average content of sulfur-containing
amino acids—as given above—were also considered.
This difference in the sum of anions and the sum of
cations corresponds to the NAE indirect without organic
acids (see Fig. 6). The calculation model yielded PRAL
values ranging from a maximum of 34.2 mEg/100 g
(parmesan cheese) over 0 mEq/100 g for fat and oils to
a minimum of -21 mEq/100 g (raisins) (8). Fruits and
vegetables have negative PRAL values, meaning they
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reduce acid excretion. Milk and yogurt yield about 1
mEq, whereas meat, fish, poultry, cheese, and even some
grain products potentially yield 7 mEq or more acid per
100 g serving. This can also be seen in Table 1, which
presents average PRAL values of certain groups and sub-
groups of foods.

Table 2, an example of an extremely simplified diet,
indicates that the exchange of only a few (at least mod-
erately) protein-rich foods to alkali-rich foods can mark-
edly alter the daily intake of acid equivalents. Table 2
also demonstrates that the renal NAE is not affected

TABLE 1. Average potential renal acid loads (PRAL)" of certain
food groups and combined foods (related to 100 g edible portion)

Food group PRAL (mEq)

Beverages

Alkali-rich and low phosphorus® -1.7

Alkali-poor and low phosphorus® 0
Fats and oils 0
Fish 7.9
Fruits and fruit juices” -3.1
Grain products®

Bread 3.5

Flour 7.0

Noodles, spaghetti 6.7
Meat and meat products 9.5
Milk and dairy products

Milk and noncheese products’ 1.0

Cheeses with lower protein content® 8.0

Cheeses with higher protein content” 23.6
Vegetables’ ~2.8
Potatoes —-4.0

“Data represent the arithmetic means of the PRAL values of the
respective foods [Table 1 (8)),

» Beverages (phosphorus < 30 mg/100 g) with several times higher

sodium + potassium content compared to chloride, for example, red
wine, white wine, certain minernl (soda) waters and coffee.

“Beverages (phosphorus < 30 mg/100 g) with similar sedium +
potassium versus chloride content. Cocoa (alkuli and phosphorus rich)
also falls in this PRAL category. Because of a medium phosphorus
content (e.g., 28 mg/100 g) Buropean pale beers (e.g., “Pils™) have a
relative high PRAL value (about 1 mEg/100 g).

“ Without dried fruits,

“Iirespective of the type of flonr (whole meal or white, plain).

7 Primarily whey based.

“Less than 15 g protein/100 g,

" Mare than 15 g protein/100 g,

* Without asparagus (very low alkali excess) and spinach (very high
alkali excess),

solely by food-dependent acid loads but also by an im-
portant individual factor: the daily excretion rates of or-
ganic acids. The association between urine pH and renal
NAE as observed in healthy subjects (8) is correspond-
ingly reflected in the data of Fig. 8, indicating that con-
sumption of diets with an estimated renal NAE of about
100 mEq (“diet A” in Table 2) and about 40 mEq (“diet
B” in Table 2} should result in average 24-hour urine pH
levels of less than 6 and more than 6.5, respectively. In
other words, diets yielding daily PRAL values of ap-
proximately 0 mEq/day or less (as “diet B”) produce a
clearly higher urinary pH than diets having, for example,
a daily PRAL of about 60 mEq/day (as the fictitious
diet A).

Implications

Based on the model for the estimation of dietary ef-
fects on NAE presented herein, which considers mean
intestinal absorption rates for individual nutrients and
postabsorptive metabolism of sulfur-containing amino
acids, it is possible to estimate the diet-dependent com-
ponent of daily renal NAE, that is, the daily PRAL. An-
other NAE component, the excretion of organic acids,
which depends primarily on body weight (or body sur-
face area) and is relatively constant for each individual,
must also be considered to yield the total NAE that de-
termines each person’s urine pH level. Because urine pH
is a relevant risk factor in most types of urinary stone
disease, a dietetic manipulation of renal hydrogen ion
excretion would be advantageous for a number of indi-
viduals at risk. Also, patients with poorly functioning
kidneys—in whom metabolic acidosis is a common
manifestation of an impaired renal capacity to excrete the
daily produced acid—could benefit from specific dietetic
means that reduce daily acid load.

In addition, diets high in protein can cause excessive
urinary calcium Iosses because of their acid content (16).
Apart from calcium intake, calciuria is directly related to
urinary net acid excretion and not to protein intake per se
(16, 17). This was also observed in our controlled diet
study (of which NAE and urinary pH are shown in Figs.
7 and 8). Fig. 9 shows that calciuria was significantly
increased after a constant moderately protein-rich diet
was ingested for a second time added only with 3 g of
L-methionine. The increase in urinary calcium loss of
almost 1 mmol/day (nearly 40 mg/day) occurred in par-
allel with increases in wrinary sulfate output and urinary
NAE of about 40 mEq/day each. According to Barzel
and Massey (16) the scientific evidence now available
leaves little doubt that excess acidity will create a reduc-
tion in total bone substance. Thus there is clearly more
than one reason why the evaluation of the acid-base ef-
fect of a diet is a useful tool in preventive nutritional
medicine.

However, it has to be kept in mind that there are a
number of sources of inaccuracies and variations in-
volved in predicting urinary NAE (and urine pH) be-
cause such predictions require accurate knowledge of the
components of all meals and their respective weights as
well as reliable data on the nutrient composition of the
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TABLE 2. Estimation of daily renal net acid excretion (NAE) for a woman® consuming a fictitious diet with a relatively high (diet A)
or low (diet B) potential renal acid load (PRAL)

Diet A Diet B
. PRAL” . PRAL,”
Intake Energy,  Protein, ) Intake, Energy,  Protein,
Food ’ e , nEq/day Food y - i ., mEq/day
g/day kealtday glday (mEq/100 £) glday  kealfday p/day (mEq/100 g)
Bread, wheat flour 200 466 124 7.0 (3.5) Bread, wheat flour 200 466 12.4 7.0 (3.5)
Turkey 200 214 43.8 19.0 (5.5} Turkey 200 214 438 19.0 (9.5)
Cottage cheese 350 343 483 28.0 (8.0y Tomatoes and carrots 500 116 3.1 ~14.0 (-2.8)
Spaghetti 120 410 144 8.0 (6.7) Potatoes 400 300 84 —16.0 (4.0
Butter, margarine 102 753 04 _0.0(0.0) Butter, margarine 147 1,085 0.5 _0.0(0.0)
=2.200 1193 62.0 ~2,200 68.2 -4.0
Daily urinary excretion of organic acids™ 41.6% 41.6¢
Daily NAE (estimated) 103.6 37.6

“ An adult female 63 kg in weight and 163 cm in height.
b PRAL values taken from Table 1,

¢ Simplified estimation of daily excretion of organic acids (OA} using individual body weight (BW) (14): OA (mEg/day) = BW x 0.66.
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FiG. 9. Urinary calcium excretion with the four diets characterized in
Figs. 7 and 8. Caleium intake was similar with all diets (and identical
for diets MP and MP + 3 g methionine).

ingested foods. Inherent nutrient variations of natural
foods and different kinds of food processing and prepa-
ration can be a problem, as well as considerably varying
nutrient absorption rates between individuals. Further-
more, the present calculation model requires a certain
metabolic steady state, that is, a constancy of nutrient
intake for at least 2-3 days. Consequently no adequate
estimation of actual NAE appears possible if clear day-
to-day variations in dietary nutrient intake are present,
Barzel and Massey (16) recently argued that there is a
need to develop more convenient methods for quantitat-
ing urinary acid excretion. Whether a simplified ap-
proach to predict NAE, for example, the dietary pro-
tein:potassium ratio (18, 19) could be an acceptable tool
deserves further research.
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