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RENAL ACIDOSIS




This 42 year old [} man was well until [l of 1965 when he developed a flu-
like illness for which he was treated by "penicillin shots". He failed to improve and
became progressively weaker, this culminating in his admission to the ||| GczINEz
B - B 1066. At that time the patient stated he had been vomiting and had
lost about 70 lbs. of weight. He also gave a history of polydypsia, polyuria and nocturia.
He was found to be profoundly weak, hypokalemic (serum K* = 1.0 mEq/L) and acidotic.
The diagnosis of renal tubular acidosis was made and the patient was treated with Shohl's
solution and potassium chloride.

He was readmitted to ||| [ | | GGG i~ 1066 because of pain in the

left flank that radiated anteriorly and downward to the left thigh. An extensive work-up at

that hospital and at the _ failed to reveal any urinary stones.

There was no history of hematuria. The patient was admitted to [} in | NN 1966 for
further work-up.

PAST HISTORY:

An episode of G. I. bleeding while in the service. Hearing loss in the right ear which
he attributed to artillery fire.

PHYSICAL EXAMINATION:

Ht. 5'68%, Wt, 147 lbs., B. P, 126/88, P. 78, R. 18,

Except for diminished hearing in the right ear, the physical examination was unremark-
able.

LABORATORY FINDINGS:

Hb. 13.3 gm %, WBC 4800/cu mm, Urinalysis: pH 7.0, Sp. Gr. 1.013, Trace Protein,
Negative sugar and acetone, 0-4, RBC/HPF, 0-5 WBC/HPF, occasional granular casts.
BUN 18 mg %, creatinine 1.8 mg %, FBS 98 mg %, Na 137 mEg/L, K 3.5 mEq/L, Cl 108 mEq/L,
CO, 16 mEq/L, TSP 8.8 gm %, A/G 5.4/3.3 (electrophoresis shows A/G-1.9/1 and gamma-
globulins equal to 16%), Ca 9.9 mg %. Audiogram revealed non-functioning right ear. X-rays
revealed the absence of nephrocalcinosis or stone shadows.

SPECIAL STUDIES:

Infusion (with 9-&fluorohydrocortisone)

1. NazSO4
uEg/min Serum mEq/L
n - - + -
pH NH4 T A HC03 Net Acid Na K HC03
Control 6.6 63 24 5 82 131 4.3 13

After 65 78 15 1 92 135 3.7 13



2. NH4C1 5-7 gm daily

Urine mEq/day Serum mEq/L
+ - -—
pH NH, T.A. HCOz NetAcid Na® k'  CI” HCO3
Control 6.8 32 8 10 30 140 4.0 116 20
Day 6 6.7 49 18 8 59 137 4.0 121 14

3. Tm HCOs_ 2.8 mEq/100 ml. A leak of HC-O3_ into the urine was present, however,
at serum HCO3~ levels of as low as 12 mEq/L.

4, The patient was treated with Metahydrin and Potassium Chloride; this regimen resulted
in correction of the acidosis and hypokalemia.

The history of this 17 year-old ||| | JEEEE oir! dates back to age 5 months when she
was hospitalized for "failure to thrive". She stated that she was small relative to her play-
mates since, but that she did well until age 12 years when she noted the onset of pain in her
knees and hips. In addition, she reported muscular weakness on exercise requiring periods
of rest before physical activity could be resumed. The patient also stated that she had
polyuria, frequency, nocturia and polydypsia all her life. She was seen by a number of
physicians and told to have proteinuria and glycosuria.

On . 1965, she sustained a spontaneous fracture of her right femur and was
admitted to [ .- c o, intramedullary nail was inserted.
Bone specimen taken at the time of surgery revealed osteomalacia. Extensive studies at
that time revealed the following: renal glycosuria, aminoaciduria, hypouricemia, hypophos-
phatemia, elevated alkaline phosphatase, hypokalemia and mildly depressed CO, combining
power. Urine pH varied between 5 and 7.5. Skeletal films revealed loss of the lamina dura,
diffuse demineralization and subperiosteal resorption of the phalanges. Multiple rib fractures
were also reported. The diagnosis of the Fanconi syndrome was made and the patient trans-
ferred to - for further evaluation.

PHYSICAL EXAMINATION:

Ht, 4'7" (142 cm), Wt. 57 lbs. (26 kg), B. P, 110/88, P. 76, R. 17.

The patient was an underdeveloped and undernourished girl. Otherwise the physical
examination was unremarkable.



LABORATORY FINDINGS:

Hb. 11.7 gm %, WBC 10,700/cu mm (normal differential), Platelets 408,000.
Urinalysis: pH 5.5, Sp. Gr, 1.024, Protein 100 mg %, Sugar 2+, Acetone: small,
0-1 RBC/HPF, 0-5 WBC/HPF, Hyaline and Granular Casts. BUN 14 mg %, Creatinine
1.0 mg %, FBS 100 mg %, Na 138 mEq/L, K 3.4 mEq/L, Cl 108 mEq/L, CO, 19 mEq/L,
TSP 7.8 gm %, A/G =5.2/2.6, Ca 9.6 mg %, P. 2.5 mg %, Alkaline Phosphatase 30 B.U.
X-ray: resorption of distal ends of clavicles, subperiosteal resorption of symphysis pubis
and of the digits.

SPECIAL STUDIES:

1. Na,SO, Infusion (with 9- {{fluorohydrocortisone)

Urine pEg/min Serum mEq/L
¥ = . + + =
pH NHy T A HCO3 Net Acid Na K HCOj3
Control 6.7 27 5 12 20 132 3.8 21
After 4.4 22 17 0 39 140 3.1 21

This was repeated 1 week later:
Control 6.5 32 12 8 36 134 4.0 21
After 4.6 29 24 0 53 139 3.5 18

2. NHyCl 3-5gm/day

Urine mEq/day Serum mEq/L
pH NH4+ Py B Hco3_ Net Acid Nat Kt Cl~ HCO3‘
Control 6.7 24 8 6 26 135 4.3 112 19
Day 9 5.6 76 37 0 113 141 3.8 1.15 12

3. Renal concentrating capacity (16 hours of water restriction followed by 0.25 cc
Pitressin in oil): Sp. Gr. 1.025, Osmolality 743.




4., Kyle Test:

Period No. Cp CCr Serum Calcium

ml/min mg %

Day 1 1 L7 38 9.9
2 19 44
3 25 38

Day 2 1 17 38 11..3
2 18 40
3 20 40

5. GFR corrected to 1.73 sq. meter = 85 cc/min.
Tm HCOB~ = 2.0 mEq/100 ml (normal = 2.8) .
6. The patient was treated with Naqua, Aldactone A, Dyrinium and Potassium Chloride with

resulting correction of the acidosis and correction of the hypokalemia. The effect of this
regimen on aminoacid excretion is shown below:

Before After Normal

Amino Acid mg/24 hr 1/11/66 6/5/66 6/14/66 6/25/66 3/20/67

Lysine 962 895 460 336 311 7-100
Histidine 650 677 409 328 337 113-246
Glycine 756 686 789 484 300 68-200
Alanine 786 803 1,069 616 193 30- 70
Serine 766 894 656 420 416 27- 73
Threonine 961 1,207 758 462 419 9- 77
Glutamine 2,489 2,704 2,754 2,174 1,232 ?
Phenylalanine 430 836 872 483 ?

Tyrosine - - - - = =




I. PHYSIOLOGIC CONSIDERATIONS:

The observation that diet and endogenous metabolism influence urinary acid dates back

to Claude Bernard.

A.

Sources of Acid:

1. Organic Acids Derived From Neutral Compounds: Such acids as pyruvic,
lactic and citric derived from carbohydrates, and acetoacetic from neutral fat,
are intermediary products and ultimately broken down to CO9 and H9O and

contribute little, therefore, to acid production except in special circumstances.

Uric acid, derived from nucleoproteins, is an exception to this rule.

2. Oxidation of Sulfur-containing Compounds: This source of inorganic
sulfate accounts for about 50% of total acid production. Examples of such
compounds are methionine, cystine and cysteine.

3. Hydrolysis of Ortho- and Pyro-phosphate Esters: These are derived from
phosphoproteins and nucleoproteins. The contribution of phospholipids has
recently been emphasized: A normal diet is estimated to contain phosphalipid
equivalent to two egg yolks, corresponding to 12 mEq HT or about 20% of the
physiological acid production.

The net hydrogen derived from phosphoesters depends on the nature of the
ester and the pH at which it exists. Phosphoprotein from meat, for example,
yields little net hydrogen.

Rate of Acid Production:

Estimated to be equal to 1 mEq/kg/day or 70 mEq/day/1.73 m2.

Fate of Metabolic Acid:

Acid generated in the body rapidly reacts with body buffers (bicarbonate,
dibasic phosphate, protein) yielding a neutral salt and a weak acid with a
low dissociation constant. The major extracellular buffer is bicarbonate:

- + - + _
HA + BHC‘-O3 ——— B A + H,CO

; 3——acozT + H,0,

Conservation of Body Buffer:

In addition to about 70 millimoles of buffer decomposed daily by
metabolic acid, there is an even larger potential source of buffer loss
consisting of about 4000 milliequivalents of HCO3~ filtered through
the glomerulus every day. The conservation of buffer is achieved by
two processes:
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1. Reabsorption of Filtered Bicarbonate: At a plasma level below 28 mEg/L all
of the filtered bicarbonate is reabsorbed. This is accomplished by a process of
hydrogen secretion occurring in the proximal tubule predominently (75-90% of
filtered HCOS_). This process of hydrogen secretion depends, at least in part,
on carbonic anhydrase; it is directly proportional to blood pCOy; it is enhanced
by a deficit of potassium and suppressed by a surfiet of this ion; and is en-
hanced by maneuvers that lead to a shrinkage of effective blood volume (inter-
preted as Cl~ deficit).

2. Regeneration of Bicarbonate: Decomposed buffer is regenerated by the
excretion of an equivalent amount of acid by the kidney. Since at the minimum
urine pH of 4.0 only 0.03 - 0.1 mEq/L of Ht can be present in the free form,
excreted acid is all buffered by NH3 and by inorganic phosphate (and to a
lesser extent creatinine and other organic acids). Acid excreted buffered by
nonammonia buffers is estimated from the titration of the urine up to plasma
pH and referred to as titratable acid.

a. Ammonium: Accounts for about 2/3 of excreted acid and derived
principally from the amide and amino nitrogen of glutamine. Ammonia
is highly diffusible; it enters the lumen and reacts with H+—>NH4+.
Rate of excretion is dependent on tubular fluid pH at levels of 6.2 or
below. Above this level of tubular fluid pH its excretion increases
with increasing urine flow. The rate of excretion at any urinary pH
is enhanced by chronic acidosis, adrenal steroids and by potassium
depletion.

b. Titratable Acid: Normally small; depends on the rate of excretion
of buffer, the pK of the buffer and urinary pH. There is no intrinsic
limitation to H' secretion when buffer is increased.

Relman, A. S. Renal acidosis and renal excretion of acid in health and disease.
Advances in Internal Medicine 12:295, 1964.

Elkinton, J. R. Hydrogen ion turnover in health and in renal disease. Ann Int.
Med. 57:660, 1962.

Hunt, J. N. Influence of dietary sulphur on the urinary output of acid in man.
Clin. Bel. 153119, (1956,
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balance and electrolyte excretion: Effects of DL-methionine in normal man. J.
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Richet, G., R. Ardaillou, and C. Amiel. Phospholipids, an alimentary source of
H+ ions. III Inter. Congress of Nephrology, Wash., D. C., September 1966.

Pitts, R. F. Physiology of the kidney and body fluids. Year Book Med. Pub., Inc.
Chicago, 1963.
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ACIDOSIS:

A condition due to accumulation of acid or loss of base that tends to produce a

downward deviation of blood pH but not dependent on it. In metabolic acidosis the
acid is other than carbonic and the base lost is bicarbonate of the ECF.

An acid is a substance that gives up a proton (or hydrogen ion) and a base is any

substance that accepts a proton. Acids and bases are not anions and cations respectively.
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Winters, R. W. Terminology of acid-base disorders. Ann. Int. Med. 63:873, 1965.

Relman, A. S. Editorial. What are "Acids" and "Bases"? Amer. J. Med. 17:435,
1954,

Schwartz, W. B., and A. S. Relman. A critique of the parameters used in the
evaluation of acid-base disorders. "Whose-Blood Buffer Base" and "Standard
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England J. Med. 268:1382, 1963.
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1966,



111. RENAL AZOTEMIC ACIDOSIS:

Characterized by advanced azotemia, a fall in plasma HCO3 and a rise in sulfate,
phosphate and other organic anions. The plasma chloride is usually unchanged but may be
increased in some instances where the acidosis is disproportionate to the degree of
azotemia. The latter cases are particularly prone to hyperkalemia. Hyperchloremia,
nowever, may occur in the course of renal insufficiency from any cause.

It has been stated that renal acidosis of any type is due to a tubular defect.
gvidence will be presented here to suggest this may not be so.

A. Urinary Acidification:

The ability to generate high S gradient and lower urinary pH is unimpaired in
these patients when serum HCO,~ 1is artificially or spontaneously reduced. The
delay in achieving a maximally acid urine is most likely due to the massive
osmotic diuresis in the diseased nephron sweeping HCO3— to the distal site where
hydrogen secretory capacity is exp=nded in the absorption of HCOj3~ instead of
the generation of Ht gradient. This is corroborated by studies with NaySOy
infusion at a time when serum HCOg— is normal and when it is low. In the former
circumstance the urine becomes alkaline, in the latter it becomes more acid. The
alkalinization of the urine is presumably the result of the osmotic effect of the
sulfate.

B. Titratable Acid Excretion:

The excretion of titratable acid in renal disease has been reported to be
somewhat reduced. Since urinary pH may be reduced to maximally acid levels,
any reduction in titratable acid excretion must have represented a diminished
excretion of buffer. With the reduction in renal mass the remaining function-
ing nephrons must have an abundance of buffer and any reduction in buffer
must represent diminished dietary intake. Actually, when azotemic patients
were fed a diet comparable to the control subjects the excretion of titratable
acid was normal.

C. Bicarbonate Reabsorption:

The maximum hydrogen secretory capacity as measured by Tm of HCO
is normal both in clinical and experimental renal disease. This method of
measurement, however, may not detect small reductions in Tm or a small
splay. When plasma HC03~ was allowed to fall spontaneously it was
noted that some azotemic patients wasted HCO34™ in the urine at levels of
plasma HCOS' where ordinarily the urine would be free of HCO3™ . The
delivery of alkaline fluid to the distal hydrogen secretory site limits the
excretion of titratable acid and NH3 and contributes to the generation of
acidosis. A similar phenomenon is seen in experimental unilateral renal
disease; this is associated with increased fractional excretion of sodium
and most likely represents a state of osmotic diuresis.
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D. Ammonium Excretion:

The most consistent finding in azotemic acidosis is a reduction in NH +
excretion. It increases little with the administration of acidifying salts and
whereas normally it is 1 1/2 to 2 times the titratable acid, it accounts for
only about 1/3 of total acid excretion in azotemic acidosis. The reduced
excretion, however, is the outcome of diminished renal mass and when cor-
rected to the filtration rate and the urine pH it is normal.
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Metabolism 13:818, 1964.

Lathem, W. Hyperchloremic acidosis in chronic pyelonephritis. New Eng. J. Med.
258:1031, 1958.

Schwartz, W. B., and A. S. Relman. Acidosis in renal disease. New Eng. J. Med.
256:1184, 1957.

Seldin, D. W., N. W. Carter, and F. C. Rector, Jr. Consequences of renal failure
and their management. p. 173 In: Diseases of the Kidney, M.B. Straus and L.G.
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E. THE STEADY STATE:

If the acidotic state were allowed to proceed uncorrected the serum bicarbo-
nate eventually reaches a new low level at which it stabilizes. This has been
attributed to the lowering of plasma HC03’ , reduced filtered HCO3' , and
diminished access of HCO3™ to the distal nephron thereby allowing the kidney
to put out titratable acid and acid output becomes equal to production.

Balance studies. however, revealed that, in the steady state, these acidotic
patients were i1n positive hydregen balance. The retained acid amounted to about
1/3 of the total hydrogen icn production and ranged between 20 and 50 mEq per

day. A similar response was seen in normal subjects fed NH4Cl. Balance studies

revealed that after significant titration of extra- and intra-cellular buffers bone
provided buffer reserve with a resulting negative calcium balance. In patients
with azotemic renal disease the daily losses of calcium averaged -5.3 + 3.8 mEq.
Over a period of 10 years this rate of loss would expend 1/3 of total skeletal
calcium in the adult. Correction of the acidosis prevented this loss.

Analysis of bone from uremic patients revealed a significant reduction in
calcium and carbonate concentrations. The loss of calcium and carbonate
appeared related to the degree of azotemia and acidosis. It was also directly
related to the duration of azotemia.



35.

36 .

37.

38.

39.

40.

41,

VI.

of CI™.

@ 1] -

Goodman, A. D., J. Lemann, Jr., E. J. Lennon, and A. S. Relman. Production,
excretion, and net balance of fixed acid in patients with renal acidosis. J. clin.
Invest. 44:495, 1965.

Lennon, E. J., J. Lemann, Jr., and J. R. Litzow. The effects of diet and stool
composition on the net external acid balance of normal subjects. J. clin. Invest.
45:1601, 1966.

Lemann, J., Jr., E. J. Lennon, A. D. Goodman, J. R. Litzow, and A. S. Relman.
The net balance of acid in subjects given large loads of acid or alkali. J. clin.
Invest. 44:507, 1965.

Lemann, J., Jr., J. R. Litzow, and E. J. Lennon. The effects of chronic acid
loads in normal man: Further evidence for the participation of bone mineral in
the defense against chronic metabolic acidosis. J. clin. Invest. 45:1608,
1966.

Litzow, J. R., J. Lemann, Jr., and E. J. Lennon. The effect of treatment of
acidosis on calcium balance in patients with chronic azotemic renal disease.
J. clin. Invest. 46:280, 1967.

Pellegrino, E. D., and R. M. Blitz. The composition of human bone in uremia.
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RENAL TUBUIAR ACIDOSIS:

A syndrome characterized by a low serum HCO3 and an equivalent elevation
Other associated findings are hypokalemia often resulting in paralysis: hyper-

calciuria and hyperphosphaturia leading to osteomalacia, nephrocalcinosis and renal
stones; and finally polyuria and impaired concentrating capacity.

A. Pathophysiology:

1. Bicarbonate Reabsorption: The hydrogen secretory capacity as revealed
from the study of Tm for HCO3~ is normal. There is, however, a small "leak"
of HCO3 into the urine even at very low plasma levels. This is thought,
however, not to be a net loss of HCO3" since it is accompanied by NH4+

2. Titratable Acid Excretion: Excretion of acid is greatly reduced. This
is not due to a reduced hydrogen secretory capacity; the infusion of neutral
phosphate solutions markedly increases the excretion of titratable acid.
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3. Ammonium Excretion: The excretion of acid bound to NH3 is also reduced.
When appropriate corrections for filtration rate and urine pH are made, however,
the excretion of NH4+ is found to be normal or relatively increased.

4, Urinary Acidification: Even in the face of acid loads the urine pH does not
fall below 6.0. This is not due to a leak of HCOS— but rather an inability to
establish high H* gradients between tubular fluid and plasma. The HCO3— leak
is obligated by the high fixed urine pH. The high urine pH also explains the
impairment of titratable acid and ammonium excretion.

5. Renal Enzymes: Relative to the degree of acidosis and the mild to moderate
impairment of filtration rate, the response to acetazolamide in this syndrome is
considered normal. Furthermore, gastric acidity is normal. There is no evi-
dence for a deficiency of carbonic anhydrase, therefore, and this is confirmed
by an assay of a biopsy specimen. Glutaminase and other enzymes were also
normal.

PATHOGENESIS:

1. Hyperchloremic Acidosis: The impaired excretion of HY results in the loss
of sodium and of potassium in the urine. Sodium loss shrinks plasma volume
and stimulates the retention of NaCl. The loss of HCO3_ due to defective
regeneration and the retention of salt both lead to hyperchloremic acidosis.

2. Hypokalemia: The impaired HT excretion results in increased Na*t-for-
Kt exchange. Furthermore, the shrinkage of plasma volume, by stimulating
aldosterone, enhances this exchange. The result is an excessive loss of
potassium in the urine.

3. Osteomalacia, Nephrocalcinosis and Nephrolithiasis: Metabolic acidosis
results in a positive balance of acid. The retained acid titrates bone resulting
in osteomalacia and hypercalciuria. Intracellular buffer is also titrated and
intracellular acidosis supervenes. This in turn leads to a mark.:d reduction in
citrate excretion in the urine. The excretion of excessive amounts of calcium
with a dearth of citrate results in nephrocalcinosis and nephrolithiasis.

4, Impaired Urine Concentration: This results from nephrocalcinosis, hypo-
kalemia and pyelonephritis.

FANCONI SYNDROME:

Hyperchloremic acidosis has been reported in this syndrome This
syndrome is characterized by the presence of osteomalacia (rickets and
dwarfism in children), albuminuria, aminoaciduria, ketonuria, renal glycosuria,
hypophosphatemia with hyperphosphaturia, hypouricemia and, in children,
cystinosis. It differs from renal tubular acidosis in the absence of nephro-
calcinosis and nephrolithiasis. Since citrate excretion is equally low it has
been proposed that calcium is complexed with the organic acids excreted in
the urine.
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D. "PROXIMAL" RENAL TUBUIAR ACIDOSIS:

From the foregoing it can be concluded with reasonable assurance that renal
tubular acidosis is the result of a distal tubular defect.

Recently, studies on childhood Fanconi, hereditary fructose intolerance and
renal medullary cystic disease revealed a depression of the Tm for HCOS— to
values of 1.6 to 2.3 mEg/100 ml GFR. These patients, in the presence of
acidosis, were capable of dropping urine pH to values below 5.5. These findings
point to a proximal defect and a normally functioning distal tubule.
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