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Review article

The role of metabolic acidosis in chronic kidney diseases

James C. M. Chan
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Background and objectives: This review focuses on three areas, basic acid-base physiology especially concerning
hydrogen ion balance, development of acidosis in chronic kidney disease (CKD), and the consequences of
acidosis. We highlight what is well established, what is less certain, and what is unknown.

Method and results: The literature on acidosis in CKD were searched from 2004 to 2010 utilizing PubMed, Google
Scholar, and Ovid to augment the classic work on acid base physiology over the past three decades. The original
research in endogenous acid production and net acid excretion were reviewed. Touching upon the development
of metabolic acidosis in CKD, we focused on the consequences of chronic metabolic acidosis on growth and other
important variables. Finally, we recognize the significant issue of patients’ medical non-compliance and presented
treatment strategy to counter this problem.

Conclusion: The correction of acidosis in chronic kidney disease needs no advocacy. The case is made conclusively.
Patient non-compliance because of the medication that needs to be taken several times a day is a problem,
requiring due diligence.
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non-compliance

In this review, we focused primarily on three
areas: 1) basic acid-base physiology especially
concerning hydrogen ion balance, 2) development of
acidosis in chronic kidney disease (CKD), and 3) the
consequences of acidosis. We highlighted what is well
established, what is less certain, and what is unknown.
We searched the literature on acidosis in CKD, and
reviewed the original research in endogenous acid
production and net acid excretion. We touched upon
the development of metabolic acidosis in CKD and
the consequences of chronic metabolic acidosis on
growth and other important variables. We recognized
patient non-compliance and presented treatment
strategy to counter this problem.

Acid-base physiology

Itis well established that the body pH is vigorously
defended [1]. Any hydrogen ions (from endogenous
catabolism or exogenous consumption) are neutralized
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immediately by extracellular and intracellular buffers,
to minimize any change in body pH and optimize
enzyme functions [2].

In the plasma, the buffers are protein, phosphate,
and bicarbonate [3]. Inside the erythrocytes the
buffers are: hemoglobin, phosphates and bicarbonate.
Because bicarbonate (HCO,) is present in
extracellular fluid and intracellular fluid, that is easily
diffusible and measured as total CO,, its plasma
concentration is useful clinically to denote the acid-
base status of blood.

Ketoacids and other metabolizable acids are
oxidized to CO, and exhaled by the lungs. The non-
metabolizable acids, the so called fixed acids or net
acids, are excreted by the kidneys. Thus, the lungs
and the kidneys are the primary organs charged with
the control of acid-base balance, second only to the
blood buffers.

The kidneys handle this important function by two
mechanisms [4]. The first component of net acid
excretion is the titratable acid (TA), which is formed
by filtered phosphate combining with secreted
hydrogen ions to form dihydrogen phosphate. The
second component of net acid excretion is derived
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from the action of glutaminase on glutamine to form
ammonia (NH,) that combines with secreted hydrogen
ion to form ammonium (NH,). The sum of TA plus
NH, is the net acid excretion.

Endogenous acid production

What is well established is that subjects on a
normal diet, the net acid excretion is equal to 70 mEg/
day. The endogenous acid production is presumed to
be 70 mEqg/day to arrive at net acid balance of zero in
the steady state [5]. With renal insufficiency, net acid
excretion is diminished. Hence the net acid balance
becomes positive leading to the development of
metabolic acidosis of chronic kidney disease [6, 7].

The extensive research into endogenous acid
production, from intermediary metabolism by
Relman et al. is beyond the scope of this article.
Interested investigators are referred to their classic
papers [5-7].

Development of metabolic acidosis in chronic
kidney disease

It may be crucial to know when to intervene with
bicarbonate therapy by finding out at what stage of
CKD metabolic acidosis is encountered [8].

To answer this question (Fig. 1), we studied a
number of children in our practice with different

degrees of impairments of glomerular filtration rate
(GFR). Metabolic acidosis, defined as total CO, less
than 21 mEq/L, is presented in the vertical axis in
Fig. 1. It is easy to discern that at GFR of 25% or
less, metabolic acidosis will be inevitably and
consistently encountered. In fact, after the GFR is
reduced by 50%, metabolic acidosis is encountered in
many patients.

Evidence to date on the body’s mechanisms of
defense against disturbances of acid-base balance can
be summarized as follows [3, 4]:

» First line of defense: blood buffers and
exhalation of CO, via the lungs. Hence, the blood and
the respiratory systems are the first line of defense.

» Second line of defense: renal net acid
excretion. When chronic kidney disease compromises
renal function to less than 25% of normal GFR, renal
net acid excretion cannot adequately compensate for
the endogenous acid produced and the serum CO,
consistently drops below normal [8]. Hence, the
kidneys are the second line of defense.

e Third line of defense: skeletal buffering of
hydrogen ions. It has been calculated that the skeletal
system contains a large reservoir of 40,000 mEq of
alkali. This becomes the last line of defense but this
skeletal buffering of acidosis carries considerable
consequences [2].
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Fig. 1 The onset and progressive severity of metabolic acidosis (as represented by the serum carbon dioxide content of
less than 21 mEq/L) in relationship to the fall in glomerular filtration rate (GFR) in chronic kidney disease in a
number (n) of children. Metabolic acidosis becomes persistent after the GFR is at or below 25% of normal. From
Chan JCM, Goplerud JM, Papadopoulou ZL, Novello AC [8]. (Data was reproduced by the author since the

journal has ceased to exist).
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Consequences of chronic acidosis on calcium
metabolism

What are the consequences of skeletal buffering
of chronic acidosis? This is best illustrated by Rodrique-
Sorino’s classic study [9] on children with renal tubular
acidosis. While on bicarbonate treatment, the patients
had serum bicarbonate at or better than 21 mEg/L
and normal calcium excretion at or less than 4 mg/kg
body weight per day. When bicarbonate therapy was
discontinued, the plasma bicarbonate concentrations
dropped to 8 mEg/L, with a corresponding rise in
urinary calcium excretion to and higher than 10 mg/
kg/day. Thus, the severe hypercalciuria of worsening
acidosis is powerfully illustrated. To reiterate, urinary
calcium excretion is normally less than 4 mg/kg/day,
in untreated (or undiagnosed) renal tubular acidosis,
it can go up to and beyond 10 mg/kg/day [9].

Furthermore, a few years ago, Norman et al. [10]
demonstrated that renal tubular acidosis is
characterized by low citrate excretion. In children with
renal tubular acidosis, the hypocitratuia coupled with
hypercalciuria, increase the risk of nephrocalcinosis.
This risk is described in report of a four years old
female who presented to our medical center [11]. At
the Emergency Room where we first saw her for
nausea and vomiting, her tachypnea and extreme pallor
was noted. Severe nephrocalcinosis was found.
Kidney biopsy showed end-stage kidney from
sclerosis and interstitial nephritis. Few renal tubules
were left. However, the kidney size was normal on
X-ray of the abdomen. The massive microscopic
calcium depositions prevented the kidney from
shrinking. Short stature was noted from two years
ago, which originally brought her to a local pediatrician.
The dysuria and microscopic hematuria was thought
to be due to urinary tract infection, for which a course
of antibiotics was given. No further work up was done.

However, not all hypercalciuria gives rise to
nephrocalcinosis or to this degree of destruction. As
shown in the classic volume on Calcium Metabolism
by Nordin [12], the highest calcium excretion in
mg/day is not in renal tubular acidosis but in patients
with immobilization, renal stone formers, and
hyperparathyroidism. It should be recognized that
without the acidosis-induced hypocitraturia as in renal
tubular acidosis [11], patients with the other conditions
are at lesser risk of nephrocalcinosis [12].

It is important to recognize that citrate is a
calcium chelator that promotes solubility of urinary
calcium. The reverse promotes nephrocalcinosis. The
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combination of hypercalciuria and hypocitraturia
significantly increases the risk of nephrocalcinosis in
renal tubular acidosis.

Hypercalciuria, calcium and vitamin D

National Aeronautics and Space Administration
(NASA) has an interest on calcium and vitamin D
metabolism because of the significant hypercalciuria
in astronauts in zero-gravity over any period of time.
They tried exercise to reduce this risk. It is unknown
if the human skeletal system can last the years of
travel in zero gravity on journeys to distant planets.
Because of this, NASA has an interest in the
hibernating animals’ net acid balance and on bone
buffering of endogenous acid production from
intermediate metabolism.

How acidosis affects calcium and vitamin D
is exceedingly complex. Early experiments
by Lee et al. [13] showed a drop in serum 1,25
dihydroxyvitamin D in rats made acidotic by
ammonium chloride (NH,CI) in their drinking water.
This observation was confirmed by subsequent studies.
However, in children with renal tubular acidosis,
Chesney et al. [14] showed no suppression of serum
1,25 dihydroxyvitamin D. However, the degree of
acidosis was rather mild in this cohort of children.
Finally, Weber et al. [15] showed no suppression of
25 hydroxyvitamin D in volunteers made severely
acidotic with NH,CI.

Interestingly, the most recent addition to this
research is the study from Krapf et al. [16] showing
that acidosis stimulates 1,25 dihydroxyvitamin D
production. Human volunteers were made acidotic
with high dose NH,CI resulting in serum total
CO, dropping below 14 mEqg/L. The rise of 1,25
dihydroxyvitamin D was related to the rise in urinary
phosphate excretion, the fractional excretion of
phosphate and the drop in serum parathyroid hormone
concentrations. In contrast, with half dose NH,Cl, the
drop in serum total CO, was milder, and the serum
1,25 dihydroxyvitamin D was not much different from
control. This latter observation, fits in well with Chesney
et al’s [14] earlier observation of mild acidosis. The
strength of Krapf et al’s innovative study [16] is to
focus attention on how significant acidosis affects
phosphate and parathyroid hormone activities, which
were inadequately examined in previous studies on
the interactions between acidosis and calcium/vitamin
D metabolism. However, the question remains
concerning the mechanisms by which this small degree
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of difference in acidosis can so significantly bring
about such big differences in phosphaturia and
suppression of parathyroid hormone. Further studies
are warranted.

At this point, we are dealing with somewhat
contradictory results between human and animal
studies, which simply remind us how complicated the
relations are between acidosis, vitamin D, calcium,
phosphate, and parathyroid hormone. At this time, we
are certain about some aspects of skeletal buffering.
However, it is impossible to make any conclusions
about vitamin D metabolism in acidosis.

Acidosis on increased protein catabolism
(proteolysis)

Mitch el al. [17-19] and others significantly
advanced our understanding of the protein catabolism
(proteolysis) in acidosis. Insulin deficiency and
insulin resistance [20] in CKD result in elevated
glucocorticoid production [21]. Glucocorticoids
promote acidosis-induced proteolysis. Proteolysis is
proportional to the degree of acidosis and blood cortisol
concentrations. CKD increases muscle protein
degradation [18, 19]. Children with CKD demonstrate
nitrogen balance improvement with correction of
acidosis. Infants with low birth weight are acidotic
and treatment with bicarbonate improves their linear
growth [19].

Acidosis and growth retardation

Aside from skeletal buffering and muscle wasting,
pediatric nephrologists are constantly concerned with
growth failure, the major consequence of acidosis in
children with chronic kidney insufficiency [22]. What
is well known are studies such as those of Abitbol et
al. [23] regarding poor nutritional intakes inhibiting
growth in children with chronic kidney disease. What
is less well known are the studies that acidosis inhibits
growth hormone secretion [24] and in gene
expressions of insulin-like growth factor (IGF) and
growth hormone receptors [25]. These key studies
by Challa et al. [24, 25] and Santos et al [26] in our
laboratory show control animals fed the same amount
of food as the acidotic animals suffer the same
inhibition of growth hormone secretion. We conclude
that the lack of nutritional intakes in the anorexic
animals induce inhibition of growth hormone and gene
expression of IGF in plasma, kidneys, and the liver.
Such changes in the growth hormone - IGF axis are

the basic mechanisms of the growth failure in children
with chronic kidney disease [24-26].

Finally, chronic acidosis decreases thyroid
hormone [27] and parathyroid hormone functions [28],
which are normalized by correcting the acidosis with
hemodialysis [28]. The effects of acidosis on the
phosphaturic fibroblast growth factor 23 (FGF 23) and
FGF receptors [29-31] remain to be determined.

Treatment of acidosis

The treatment options [32, 33] are bicarbonate
solutions (e.g.baking soda). Shohl’s solution is Bicitra,
which is a bit more palatable with its sodium citrate
taste. The dose is 1 to 3 mEqg/kg/day, which for a
70 kg person, means 70 ml to 210 mL. Most experts
recommend four divided doses per day on the rationale
that bicarbonate is excreted rapidly. However, one
dose every 6 hours creates a compliance problem [32].
One solution to overcome non-compliance is to
prescribe the dose two to three times per day but
double the doses at morning and nighttime. The large
nighttime dose provides additional benefits, as growth
hormone is secreted at highest level during sleep [32].
Bicarbonate (baking soda) is inexpensive and even
Bicitra is not excessively expensive. Physicians need
to prescribe the right amount and not increase the
dose if the acidosis is not corrected. He needs to
recognize patient non-compliance as a potential cause
of not achieving therapeutic results. The physician may
need to spend time talking to and working with
the patients/parents to encourage compliance.

Summary

We start with an introduced acid-base physiology.
We recognized that acidosis is inevitable in CKD after
the glomerular filtration rate has fallen to or less than
25% of normal. There is no question about the
significant consequences of acidosis in CKD, from
the hypercalciuria to the muscle wasting, and to the
acidosis induced hormonal responses affecting linear
growth. The results overwhelmingly speak for
themselves. Finally, we presented a treatment strategy
to minimize non-compliance.
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