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INTRODUCTION 

Osteoporosis is a complex disorder which has a strong genetic component (1-6), and is also 
influenced by the dysregulation of calciotropic hormone metabolism and environmental risk 
factors (7). It has been shown in the adult that the skeletal peak bone mass is already attained at 
the age 16-18 years (8) but may continue during the third and fourth decades depending on the 
skeletal sites. Among other environmental factors, nutrition and especially calcium intake (7) are 
assumed to influence genetically determined peak bone mass. However, the role of other 
nutrients such as dietary salt and protein intake, which may influence the attainment of a positive 
calcium balance, have not been adequately explored (9). 

The NIH consensus panel has recently acknowledged the importance of dietary salt and 
protein intake in development of an optimal calcium balance. But, the panel decided to simplify 
their recommendations on the basis of the assumptions that such dietary modifications may cause 
a great deal of confusion in the public domain. The objective of this review is to initially discuss 
the potential pathophysiological associations between dietary salt and protein intake and the 
development of skeletal bone loss. 

PATHOGENESIS OF SALT-INDUCED SKELETAL BONE LOSS 

Epidemiology 

Calcium balance is known (10) to be influenced by (a) calcium intake, (b) intestinal calcium 
absorption, (c) urinary calcium excretion and (d) endogenous fecal loss of calcium. (Figure 1). 
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Fig 1-Changes in Calcium Balance 

Intake and absorption of calcium 
account for 25% and urinary calcium 
excretion for 50% of change in calcium 
balance. The diet of current primitive 
cultures have lower sodium intakes of 20-40 
mmol/day and potassium intakes of 150-290 
mmol/day (11 ,12). In contrast, the 
American diet and diets of other 
industrialized societies contain a high 

amount of sodium at 80-250 mmol/day and low potassium of 30-70 mmol/day (13-17). The 
potassium:sodium ratio of <0.4 in western cultures is significantly lower than among current 
primitive cultures which were all found to have a high potassium:sodium ratio of more than 3 



and closer to 10 (17). The impact of such a dietary composition on the low incidence of 
hypertension, coronary artery disease, heart failure and stroke has been shown in various 
epidemiological studies. 

As compared with the recently published Third National Health and Nutrition Examination 
Survey (NHANES III 1988-1991), approximately one half of postmenopausal women have 
dietary intakes of sodium exceeding 120 mmoVday. Thus, dietary sodium intake may potentially 
play a significant role in the skeletal bone turnover and consequently the development of 
osteoporosis in this target population. This data was based on the twenty-four hour urinary 
sodium excretion, which is a more accurate measure of sodium intake than dietary recall (18). 

Dietary sodium chloride ("salt") intake is one of the major determinants of the rate of 
urinary calcium excretion in humans (19-21 ). It has been long recognized that renal tubular 
reabsorption of calcium is dependent on that of sodium chloride, and when reabsorption of 
sodium chloride is inhibited so is that of calcium (22-24). Urinary sodium and calcium excretion 
have a strong positive correlation over a wide range of sodium intakes (25,26). It has been 
demonstrated in humans that there is 1 mmol of calcium excreted for every 100 mmol of sodium 
excreted (25). Thus, uncompensated urinary loss of calcium over a lifetime appears to result in a 
significant negative calcium balance (Table 1) and potentially skeletal bone loss. 

Table !-Estimated Skeletal Bone Loss 

25,000 mmol Ca Total 

llllllllll 
Excretion in Urine 

100 mmol Na/day - I mmol Ca/day 

18,250 mmol Ca Loss over 50 years 

~=2 ,500mmo1Ca 
~ 1m mol Ca = 40 mg 

Pathogenetic Mechanisms of Salt-Induced Skeletal Bone Loss 

Homeostatic adaptations to diets containing abundant sodium chloride are different in young 
men and women as compared to older human subjects and postmenopausal women (27). In 
young normal men and premenopausal women, a high sodium intake causes enhanced urinary 
calcium excretion, which leads to an increased parathyroid hormone secretion (PTH), an increase 
in serum 1,25-dihydroxyvitamin D (1,25-(0H)2D) and a compensatory rise in intestinal calcium 
absorption (28). (Figure 2). Patients with hypoparathyroidism do not show an adaptive response, 
implying the importance of the role ofPTH in stimulation ofrenal1,25-(0H)2D synthesis. 
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Fig 2-Salt Intake and Calcium Adaptation in 
Young Subjects 

The homeostatic adaptation to an increased sodium chloride intake is also impaired in 
postmenopausal women (27). Enhanced 1 ,25-(0H)zD synthesis following dietary sodium 
loading is defective in postmenopausal women. This finding has been suggested to be the result 
of an impaired release of PTH or end organ response, rendering these women unable to 
compensate for urinary calcium losses induced by sodium. (Figure 3). 
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Fig 3-Salt Intake and Calcium Adaptation 
in Old Subjects 

Several investigators have provided evidence for the lack of a rise in serum 1,25-(0H)zD 
concentration and an impaired intestinal calcium absorption in response to reduced dietary 
calcium intake following intravenous human PTH (1-34) administration in elderly patients with 
and without osteoporosis (29-31). The rise of serum 1,25-(0H)zD concentration following PTH 
infusion, and after salt loading, has been correlated inversely with age and directly with 
glomerular filtration rate (GFR) (31 ). These data would suggest an impaired ability of the aging 
kidney to synthesize 1,25-(0H)zD. Moreover, the blunted adaptation to low calcium and high 
salt diets has been suggested to result from defective responsiveness of the aging intestine to 
1,25-(0H)2D. However, most studies in postmenopausal osteoporotic patients have found normal 
responsiveness of intestinal calcium absorption to small doses of synthetic oral calcitriol 
administration (29). 

Recently several studies have provided evidence for a role of salt-induced calciura in changes 
of biochemical markers of skeletal bone turnover in humans and animals. Several studies have 
demonstrated a positive correlation between sodium and calcium excretion and urinary 
hydroxyproline (a bone resorption marker) in humans (32-34). Newer specific markers of 
skeletal bone turnover such as serum osteocalcin (an index of bone formation) have been 
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demonstrated to significantly increase following an increase of oral salt intake in healthy elderly 
human subjects (33). 

Long-term studies are required to detect changes in bone mineral density following diets high 
in salt, however, only a few human studies have explored this mechanism. In a long-term 
longitudinal study in postmenopausal women, a negative correlation between urinary sodium 
excretion and changes in hip bone mineral density were found (35). At a sodium intake of 92 
mmoVday or less, no change in hip bone mineral density occurred. Therefore, it was suggested 
that such a reduction in salt intake would achieve the same protective effect on bone as 
increasing dietary calcium by 22 mmollday. Also demonstrated in a subset of postmenopausal 
osteoporotics with renal hypercalciuria and increased parathyroid activity (36), was that 
treatment with thiazide diuretics corrected the renal calcium leak, parathyroid stimulation, and 
increased bone turnover. 

The effects of salt supplements on urinary calcium excretion and skeletal bone turnover have 
been studied in intact rats, and compared with thyroparathyroidectomized rates (TPTX) (37). 
Intact rats on high salt diets have increased urinary excretion of calcium, hydroxyproline, and 
cyclic AMP, suggesting an increased breakdown of collagen, the most abundant protein of the 
organic matrix of bone. However, in TPTX rats, salt augmented urinary calcium excretion but 
did not affect the urinary excretion of cyclic AMP or hydroxyproline. (Figure 4). This result 
suggests the pathogenetic importance of PTH in the development of skeletal bone loss following 
an excess dietary salt intake. Moreover, animals with high dietary intake of sodium have shown a 
defective skeletal bone calcium and phosphorus accretion, despite an adequate dietary calcium 
intake (38). Radioisotope labeling indicated that bone loss related to sodium chloride in these 
rats is due to a predominantly increased bone resorption (38). 
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Fig 4-Effects of Salt Supplementation in Rats 
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Experimental study in rats has shown that increased salt intake causes an increased urinary 
excretion of calcium and hydroxyproline (39) and oophorectomy does not further aggrevate the 
loss, while maintained on a normal calcium diet. The loss of urinary calcium has been shown to 
be exaggerated while oophorectomized rats were maintained on a low calcium diet ( 40). 

The results of the studies in human subjects as well as animal studies are consistent in that an 
increased habitual intake of sodium chloride (salt) may influence skeletal bone mineral loss. 
However, the role of other anions accompanied sodium has not been fully explored. Few studies 
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have shown sodium ·bicarbonate and sodium citrate ( 41) may not increase urinary calcium 
excretion when compared to sodium chloride. The fall in urinary net acid excretion, caused by 
neutralization of the dietary acid load following bicarbonate and citrate salt administration has 
been shown to blunt the rise of urinary calcium as compared with equimolar amount of sodium 
chloride, in salt-sensitive subjects ( 41 ,42). In addition, potassium chloride in contrast to sodium 
chloride has been shown to have no effect on urinary calcium excretion (42,43). 

The independent effect of chloride on renal handling of calcium has not been fully 
investigated; however, sodium consumed with a metabolizing anion such as bicarbonate and 
citrate may be potentially effective against skeletal bone mineral loss. This effect is presumably 
exerted through the lowering of urinary calcium excretion. 

PATHOGENESIS OF PROTEIN-INDUCED SKELETAL BONE LOSS 

Epidemiology 

The diet in industrialized societies is suboptimal in potassium, as well as deficient in 
naturally occurring anions, such as citrate, malate and gluconate. These anions accompanied with 
potassium in foods are known to subsequently be metabolized to bicarbonate in the body. 

The recommended dietary allowance (RDA) for protein established by the World Health 
Organization and by the Food and Agriculture Organization is 0.8 gkg/day in adults, or 
approximately 50-70 g/day. In the United States, usual protein intake far exceeds this amount; 
the range is 90-100 g/day. In general, protein intake is lower in women than men. Nevertheless, 
there is an excess of dietary protein for most of the population. The metabolism of high protein 
diets delivers enough noncarbonic acid (44-46) (sulfuric acid) to the body to induce a subtle level 
of chronic metabolic acidosis. Thus, compared to the diet of nonindustrialized countries, the diets 
in industrialized nations tend to be rich in net acid load. The net acid load reflects the balance 
between acid-producing and base-producing components of the diet. Animal foods are the richest 
source of acid substrates: sulfur-containing amino acids of proteins which are known to release 
sulfuric acid when metabolism occurs. Vegetables and fruits are the richest source of base 
precursors; naturally occurring organic potassium salts (citrate, malate and gluconate) yield 
potassium bicarbonate ( 4 7). 

Sodium, potassium and other electrolytes gain access into the extracellular fluid as a result of 
dietary ingestion. Acids and bases are end products of metabolism and rarely present in this form 
in orally ingested food products. Acids are normally presented into body fluid by the process of 
net acid production under normal circumstances, certain neutral precursor substrates are 
metabolized, releasing a variety of strong acids. The endogenous acids are derived either from 
the breakdown of the common constituents of the diet or the catabolism of body tissues. 

The three metabolic processes that contribute to the endogenous acid load are oxidation of 
the sulfhydryl groups of cystine and methionine to from sulfuric acid; hydrolysis of 
phosphoesters to form phosphoric acid, and the incomplete breakdown of neutral carbohydrates, 
fats and proteins to form organic acids. 
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The presence of acids in the diet will augment the hydrogen load derived from endogenous 
acid production. In contrast, the ingestion of bicarbonate or other strong base, or if organic acid 
anions that may be converted to bicarbonate by cellular metabolism (citrate, gluconate, acetate), 
will tend to offset the endogenous hydrogen ion load. 

Some endogenously generated organic acids are true end products of metabolism such as uric 
acid and creatinine and contribute only minimally, to the normal acid load. Other organic acids 
are metabolic intermediates (acetoacetic acid, beta-hydroxybutyric acid and lactic acid) and will 
contribute to the acid load when generated in excess, then can be metabolized to carbon dioxide 
and water. 

In a cross-cultural comparison ( 48), the incidence of hip fractures was suggested to be related 
to protein consumption. The incidence of non-traumatic hip bone fractures related to 
osteoporosis is high in industrialized countries where the population consumes a high-protein 
diet, and is low in less industrialized countries where the population eats a lower-protein diet. 
(Figure 5). 
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Fig 5-Hip Fracture Incidence Vs. 
Protein Intake 

In a recent epidemiologic study 
( 49), usual dietary intake was measured 
in a cohort of 85,900 women, aged 35-
39 years, who were participating in the 
Nurse's Health Study. Protein 
consumption of more than 95 g/day 
was shown to be associated with an 
increased risk of forearm bone fracture 
compared with those who consumed 

less than 68 g/day. A similar increase was shown for animal protein, but no association was 
found for consumption of vegetable protein. Women who consumed five or more servings of red 
meat per week were shown to have significantly increased risk of forearm bone fracture 
compared with women who consumed red meat less than once per week. 

In a study of women from different areas of China (50), urinary calcium was shown to vary 
as a function of dietary protein intake. In these subjects, urinary calcium increased as urinary net 
acid excretion increased. 

6 



Pathogenetic Mechanisms of Dietary Protein-Induced Skeletal Bone and Muscle Loss 

In normal adult subjects consuming a net acid producing diet (American diets), systemic 
acid-base equilibrium is maintained within narrow limits ( 44,51-53). The regulation of acid-base 
equilibrium, is dependent on excretion of acid in urine (54). It has been shown that the kidney 
adjusts the rate of acid excretion keeping with the dietary changes in the net endogenous acid 
production. However, at all levels of renal function, the kidneys do not excrete the entire acid 
load (Figure 6) ( 44,45). Thus, healthy men and women develop a progressive low grade chronic 
metabolic acidosis (44) with the natural aging process. Renal function progressively declines 
with advancing age (55,56), and declines significantly between ages of 20 to 80 years in 
otherwise healthy subjects. Several investigators provided evidence for the role of aging in the 
development of a progressive increase in blood acidity and decrease in plasma bicarbonate 
concentration (57,58) (Figure 7). 

Fig 6-Acid-Base Homeostasis 
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Fig 7-Changes in [H+] and [HC03] 
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The degree of metabolic acidosis in the systemic circulation is mitigated by the adaptations in 
the renal and extrarenal homeostatic mechanisms which serve to minimize the day-to-day 
alteration in blood acid-base composition (59). These adaptive mechanisms have been shown to 
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alteration in blood acid-base composition (59). These adaptive mechanisms have been shown to 
be deleterious to the body, as was recently suggested in the formulation of a "trade off' 
hypothesis ( 60). Under these circumstances, bone and skeletal muscle have been shown to 
participate as the effective buffer system to neutralize the dietary acid load (61 -65). Bone 
contains a sufficient amount of alkali to neutralize the dietary acid load over a lifetime (66). It 
has been estimated that for each milliequivalent of acid buffered by bone, two milliequivalents of 
calcium is released into circulation. This amount of calcium loss will be sufficient to create a 
significant negative calcium balance and osteoporosis. 

Diet-induced metabolic acidosis might also be a cause of age-related decline in skeletal 
muscle mass (67-71). Metabolic acidosis increases the rate of catabolism of skeletal muscle 
proteins (72, 73), but not the rate of protein synthesis. A decrease in muscle mass in the elderly 
may increase the risk of falls and increase the occurrence of hip and wrist bone fractures. The 
risk for development of hip fractures in the elderly has been demonstrated to be directly 
dependent on the number of falls, and not only a function of the degree of osteopenia. The other 
long-term complications of diet-dependent chronic metabolic acidosis include decreased renal 
citrate production and excretion (59), renal hypercalciuria (74) and the progression of renal 
disease (75). 

Role of Bone in Extrarenal Acid Buffering 

There is substantial evidence supporting the role of bone and skeletal muscle in limiting the 
magnitude of the fall in serum bicarbonate concentration and blood pH during acute and chronic 
acidosis (66). In this review we focus on the homeostatic mechanism involved in extra renal acid 
buffering. 

It has been demonstrated, that chronic metabolic acidosis increases skeletal bone alkali 
release by three different mechanisms: (a) physicochemical mechanism, (b) cell-medicated 
osteoclastic bone resorption and inhibition of osteoblastic bone formation and (c) by inhibition of 
renal tubular calcium reabsorption, PTH stimulation and perhaps alterations in vitamin D 
metabolism. 

Physicochemical Mechanism 

The skeleton contains 99% of the total body calcium, 35% of body sodium, 80% of the total 
carbon dioxide (including carbonate, bicarbonate and C02), 80% of the citrate and 60% of the 
body magnesium (Table 2) (76). 

Table 2-lonic Composition 
ofBone Mineral 

Cations 

Calcium (6.66) 
Sodium (0.32) 
Magnesium (0.18) 
Potassium (0.02) 

Anions 

Phosphate (4.02) 
Carbonate (0.79) 
Citrate (0.05) 
Chloride (0.02) 

Values are indicated as mmol/g of dry fat-free bone 
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Approximately two-thirds of the carbon dioxide is in the form of carbonate complexed with 
sodium, calcium and other cations embedded in the lattice of bone crystals and is not readily 
available to the systemic circulation (77). The remaining one-third of carbon dioxide is in the 
form of bicarbonate (HC03-) which is located on the surface of bone crystals (hydration shell) 
where it is readily available to the systemic circulation. 

It has been shown that initially the physicochemical process of sodium for hydrogen 
exchange occurs on the mineral surface with the release of bone bicarbonate during acute 
metabolic acidosis (78). During this process, there is only a little calcium released from bone 
(79). Therefore, proton buffering in acute metabolic acidosis involves mainly reduction in bone 
sodium, potassium and C02 contents (Table 3). 

H+lnflux 
ea++ Efflux 
Efflux of Ions 
other than ea++ 

Metabolic Acidosis 

Acute 

itt 
it 

Chronic 

itt 
itt 

Table 3-Ionic Fluxes m Metabolic 
Acidosis 

In the chronic metabolic acidosis, 
calcium carbonate efflux constitutes the 
main buffering mechanism. In this process 
carbonate and not phosphorus is the major 

anion accompanying calcium, therefore, its source could be hydroxyapatite. Thus, in chronic 
metabolic acidosis, in contrast to acute metabolic acidosis, there is significant reduction in the 
total mineral content ofbone accompanied with the dissolution of the bone crystal (Table 3). 

Balance studies in men demonstrated an equivalence between urinary calcium excretion and 
hydrogen retention in chronic metabolic acidosis induced by oral ammonium chloride (NH4Cl) 
(61). The results suggested that during chronic metabolic acidosis increased bone dissolution 
occurs and is accompanied by the release of calcium into circulation. The loss of phosphorus was 
associated with acidosis but disappeared later, while calcium loss persisted beyond when NH4C 1 
load was discontinued. This study supported evidence for the role of calcium carbonate as the 
main buffer constituent in chronic metabolic acidosis. 

Cellular-Medicated Mechanism 

Effect on Osteoclasts 
It has been demonstrated that in chronic metabolic acidosis, the bone resorption occurs due to 

both the physicochemical effect of hydrogen ions on the bone mineral, as well as the enhanced 
cellular (osteoclastic) skeletal bone resorption (80). In vitro studies (81) using fetal mouse 
calvaria have demonstrated that acute exposure of bone to an acidic medium resulted in calcium 
efflux from both live and dead bone. In chronic acid exposure from 48 to 99 h, calcium efflux 
continued only in live bone, indicative of cell-medicated bone resorption. (Figure 8). In addition, 
metabolic acidosis stimulated the increased release of osteoclastic enzyme B-glucuronidase into 
medium (82) indicating an increase in osteoclastic activity, and also inhibition of osteoblastic 
collagen synthesis and alkaline phosphatase release. Calcitonin, an inhibitor of osteoclasts, 
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prevented the acidosis-stimulated calcium efflux from live bone (83). In an experimental model 
in which isolated osteoclasts were placed on slices of bovine cortical bone, the medium pH was 
reduced from 7.4 to 6.8 resulting in a significant increase in the number of resorption pits (84). 
The addition of PTH into the medium did not alter the osteoclastic response at either pH, but 
calcitonin inhibited osteoclastic bone resorption. Thus, acidic environment stimulates bone 
resorption both directly and also through PTH-independent cell-mediated mechanism. 
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However, in vivo studies in nephrectomized thyroparathyroidectomized (TPTX) animals has 
confirmed the role of PTH in the extrarenal buffering of an acute acid load (85). The results of 
the study showed that TPTX nephrectomized animals were unable to tolerate an acid load, 
compared to intact nephrectomized animals. The TPTX nephrectomized animals developed 
acidosis with a significant fall in blood pH and bicarbonate concentration and a high mortality 
rate as compared to intact animals. However, TPTX nephrectomized animals pretreated with 
PTH, tolerated acid load like intact animals. The results of these studies suggested that PTH may 
play a role in extrarenal acid buffering. 

Four possibilities have been proposed to explain the mechanism (s) of acid-induced 
osteoclastic bone resorption. First, an acidic environment at the bone cell-mineral interphase may 
facilitate removal of bone mineral and the exposure of bone matrix to acid hydrolases and 
collagenases elaborated by osteoclasts and macrophages (86). Second, an increased activity in 
the acid extruding transporters including Na+/H+ antiporter or H+-ATPase, which in tum 
increases local H+ concentration at the cell-mineral interphase and provides an optimum medium 
for the release of hydrolases by the osteoclasts (66). Third, enhanced formation of podosomes, 
microfilament containing structures which are responsible for the adhesion of osteoclasts to the 
bone matrix (87). Lastly, coupling between osteoblasts and osteoclasts may play a role for acid
induced osteoclastic bone resorption (88). 
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Effect on Osteoblasts 
It has been demonstrated that osteoblastic osteoid deposition is inhibited with metabolic 

acidosis. The decrease in bone formation blocks the hydrogen ion release that accompanies bone 
mineral formation. The protons released into the bone formation area during the process of 
hydroxyapatite formation must be either removed or neutralized in order for optimal bone 
formation to occur. Micropuncture analysis of the fluid microenvironment participating in the 
mineralization has shown a higher bicarbonate concentration compared to systemic circulation 
(89). 

Acidosis and potassium deficiency in rats has been associated with low serum IGF-1 
concentrations (90,91). Children and adults with chronic metabolic acidosis have low IGF-1 
concentrations. IGF-1 is the best factor known to increase osteoblastic bone formation. It induces 
bone formation partially by increasing the pool of osteoblast precursors. However, it is not 
known whether the effect of potassium and acidosis on IGF-1 is exerted directly or mediated by 
changes in growth hormone secretion. 

In children with the distal renal tubular acidosis and growth retardation, administration of 
alkali caused a significant increase in height and reversal of growth failure (92). The blunted 
release of GH in these children was previously documented following arginine infusion. 

Hormonal Mechanisms 

In humans, metabolic acidosis increases urinary calcium and phosphorus excretion without 
changing net intestinal calcium absorption and consequently causes a net loss of calcium from 
the body (61). As mentioned previously, during chronic acidosis the excess loss of calcium in the 
urine is from the bone (61). In a metabolic balance study following chronic oral ~Clload, an 
average amount of acid was retained in the body at 192 meq. This was balanced with the amount 
of urinary calcium loss at 185 meq, implying that skeletal calcium mobilization has contributed 
to an excessive urinary calcium excretion. However, in some patients with chronic metabolic 
acidosis with a sufficient amount of salt intake, an increased urinary calcium excretion (93) is 
due to the inhibition of renal tubular calcium reabsorption, and consequently hypercalciuria is the 
cause of PTH stimulation. Thus, it is suggested that hypercalciuria caused by metabolic acidosis, 
and not metabolic acidosis alone is responsible for the stimulation ofPTH secretion. 

Under normal physiologic circumstances an increase in urinary calcium excretion and 
consequent fall in serum calcium leads to an increase in circulating PTH and 1,25-(0H)2D. 
Intestinal calcium absorption is then expected to rise, resulting in restoration of serum calcium to 
normal. However, in some patients with metabolic acidosis, no change in the level of PTH or 
1,25-(0H)2D occurs (94). But in other patients with metabolic acidosis the levels of PTH may 
increase (93) or decrease. The rise in ionized calcium concentration as the result of the fall in pH 
(94) is perhaps the responsible factor for the inhibition of both PTH secretion and 1,25- (OH)2D 
synthesis caused by acute metabolic acidosis. 

The effect of acidosis on vitamin D metabolism is complicated, since it involves the 
contribution of multiple opposing regulatory factors. It has been well documented that under 
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normal physiological circumstances increased serum PTH and decreased serum calcium or 
phosphorus play a key role in the conversion of25-hydroxyvitamin D to 1,25-(0H)2D. The level 
of PTH generally is not altered in metabolic acidosis (94), despite hypercalciuric and 
hyperphosphaturic effects of metabolic acidosis (94,96). A low serum phosphorus caused by 
metabolic acidosis has been recently shown to increase 1 ,25-(0H)zD levels in normal human 
subjects (97). Hypophosphatemia in this study was shown to increase the production rate of 1,25-
(0H)zD compared to its metabolic clearance rate. However, previous studies in human subjects 
found that circulating levels of 1 ,25-(0H)zD, the major active vitamin D metabolite were not 
significantly decreased in metabolic acidosis (94,96). Moreover, in humans with metabolic 
acidosis, the rise of serum 1 ,25-(0H)2D in response to PTH infusion is not blunted. In the earlier 
study a low 1 ,25-(0H)2D serum concentration was attributed to diminished renal !-hydroxylase 
activity (98) in acidotic rats. These experimental studies in the rats showed an impaired 
production of 1 ,25-(0H)z D in the isolated perfused kidney ensued with metabolic acidosis. 

Thus, metabolic acidosis, generally alters the sensitivity and activity of feedback mechanism 
that normally adjusts calcium and phosphorus homeostasis by PTH and vitamin D. However, the 
degree of involvement of the key regulatory system appears to be influenced in the different 
species depending on the experimental conditions of the experiments. 

Metabolic Balance Studies 

The negative calcium balance resulting from an increased intake of dietary protein were 
detailed previously in several metabolic balance studies (63). In a recent study in 18 
postmenopausal women, neutralization of the dietary net acid load with supplemental potassium 
bicarbonate, reduced urinary calcium and phosphorus losses. Administration of 60 to 120 mmol 
potassium bicarbonate per day resulted in a significant fall in urinary calcium excretion (236 ± 
66 to 172 ± 81 mg/day, P<O.OOI), and a subsequent improvement of the net calcium balance 
from a negative to a less negative value (99). It also decreased bone resorption as assessed by the 
urinary markers of bone resorption and increased bone formation. Urinary hydroxyproline 
excretion decreased significantly (28.9 ± 12.3 to 26.8 ± 10.8 mg/day, p<0.05) and serum 
osteocalcin concentration increased (5.5 ± 2.8 to 6.1 ± 2.8 ng/ml, p <0.01) (Figure 9). 
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The result of this study is consistent with the previous studies using different forms of alkali 
salts in human subjects. In postmenopausal women, substitution of sodium bicarbonate for the 
dietary sodium chloride can improve calcium balance (100). In another study, healthy young 
normal male subjects who received potassium bicarbonate were shown to improve calcium and 
phosphorus balance (61). In contrast, institution of sodium bicarbonate was not effective in an 
improvement of calcium balance. The difference in calcium balance in this study was attributed 
to the calciuric effect of sodium when administered as sodium bicarbonate. In another study 
conducted in immobilized patients, a combined treatment with sodium bicarbonate and 
potassium bicarbonate were shown to induce a positive calcium balance. 

The above findings, suggest that age-related accelerated bone turnover and potentially low 
bone mineral mass caused by the cumulative effect of the net acid-producing diet may be 
reversed by the provision of alkali. 

Administration of potassium bicarbonate also improved phosphorus balance. The 
improvement of phosphorus balance was principally due to the reduction in urinary phosphorus 
excretion. Parallel improvement of calcium and phosphorus balances imply that the calcium and 
phosphorus retained is accumulated in the hydroxyapatite crystal ofbone. 

Role of Skeletal Muscle in Extrarenal Acid Buffering 

Approximately one third of body weight is skeletal muscle. In chronic metabolic acidosis, 
protein breakdown in skeletal muscle is accelerated ( 101 ). An increased skeletal muscle protein 
catabolism and negative nitrogen balance has been typically encountered in patients with chronic 
renal failure. 

It has recently been shown that the attendant low grade chronic metabolic acidosis of habitual 
ingestion of typical net acid producing diets might cause a sustained state of skeletal muscle 
protein catabolism and consequent nitrogen wasting ( 67-71 ). The gradual negative nitrogen 
balance in adult humans, may conceivably account for the normal progressive decrease in muscle 
mass in older population (102). It has been suggested that diet-induced skeletal muscle loss may 
be intensified with aging (102), from the normal age-related decline in the function ofkidney. 

Acidosis-induced skeletal muscle protein catabolism is thought to be an acid-base 
homeostatic adjustment mechanism. It has been suggested that nonbranched chain amino acids, 
especially glutamine in increased amounts are released into circulation during this process. The 
increased supply of glutamine is then available to the kidney for the generation and excretion of 
ammonium, thereby enhancing the degree of renal acid excretion. This adaptive mechanism 
occurs with an attendant increase in muscle nitrogen loss and perturbation of protein synthesis 
"Trade Off' (60). Moreover, chronic metabolic acidosis can cause an adaptive increase in renal 
glutamine extraction and ammonia production (1 03), and enhancement of hepatic production of 
glutamine, which also maintains renal glutamine extraction and utilization (104) (Figure 10). 
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Fig 10-Role of Muscle in Acid-Base Homeostasis 

The proteolytic effect of chronic 
metabolic acidosis is due to stimulation of an 
A TP and ubiquitin-dependent proteolytic 
mechanism, and an increased oxidation of the 
released branched chain amino acids (valine, 
leucine and isoleucine) preventing reuptake 
for protein synthesis (1 05). It has been shown 
that an increase in muscle proteolytic activity 
is glucocorticoid mediated (73). Acidosis 

without glucocorticoids or glucocorticoids without acidosis is known not to increase protein 
breakdown. 

The disturbance of nitrogen balance has recently been shown to improve following 
administration of alkali (1 02), suggesting that nitrogen deficit arises directly from the acidosis. 
The effect of oral potassium bicarbonate was examined in 14 healthy postmenopausal women. 
The treatment of the attendant metabolic acidosis with oral potassium bicarbonate (KHC03; 60-
120 mmol/day for 18 days) while they were maintained on a constant diet, significantly reduced 
blood hydrogen concentration and increased the plasma bicarbonate concentration suggestive of 
the neutralization of diet-dependent endogenous acid production. With these changes urinary 
ammonia nitrogen, urea nitrogen and total nitrogen significantly decreased (Figure 11 ). The total 
reduction of nitrogen excretion was found to be sufficient to prevent age-induced loss of muscle 
and correct the nitrogen deficit. 
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