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1. Physiology of citrate and 
crystal formation in urine
Mechanism of stone formation

Protective effects of citrate against stone recurrence

Absorption and metabolism of proximal tubule citrate

Clinical conditions associated with hypocitraturia



1.1 Mechanism of stone formation

1. Nucleation

2. Growth

3. Aggregation



1.2 Protective effects of citrate against urolithiasis

• In addition to its chelating action on calcium, which reduces 
calcium’s availability to bind oxalate and phosphate, citrate 
inhibits  the  nucleation,  growth,  and  aggregation  of  CaOx
crystals.

• During systemic acidosis or proximal cellular tubular acidosis, 
there is an increase in proximal citrate reabsorption and 
metabolism of citrate, reducing the amount of citrate excreted 
in the urine.

• A reduction of urinary citrate, due to increase of the acid load 
generated from dietary protein ingestion, can promote 
formation of CaOx stones.



1.2 Protective effects of citrate against urolithiasis

Citrate binds calcium 

with high affinity to form 
soluble calcium citrate 
complexes and lowers 
the ionized calcium and 

calcium activity.

Citrate also directly 
inhibits calcium oxalate 
and calcium phosphate 
crystallization and 
aggregation.



1.3 Absorption and metabolism of proximal tubule citrate

• Citric acid is freely filtered through the glomerulus and 
actively reabsorbed in the proximal tubule.

• Hypocitraturia is defined by citrate concentration , 325 mg/d 
and associated with calcium nephrolithiasis in 20% to 60% of 
all cases.

• Citrate inhibits stone formation by:

❖ Complexing with calcium in urine

❖ Reducing spontaneous nucleation 

❖ Preventing aggregation of crystals



1.3 Absorption and metabolism of proximal tubule citrate

• Acid-base balance is the key determinant of tubular citrate 
reabsorption.

• Acidosis and hypokalemia increase the demand of citrate as a 

bicarbonate source ⇨ reduce urinary citrate concentration.

• Systemic acid-base status, serum potassium level, and urine 
pH have profound effects on risk for stone formation.

• Several clinical settings that are associated with metabolic 
acidosis can therefore cause hypocitraturia:

❖ Chronic diarrhea

❖ High protein intake 

❖ RTA



• Ambient and cytoplasmic low pH increase citrate uptake and metabolism.

• (1)  Acidification of urinary lumen titrates citrate to the divalent 
transported species

• (2)  NaDC1 activity is directly activated by low pH, and a chronic low pH   
increases the expression of NaDC1(circled  plus  symbol);

• (3) Intracellular acidification increases the expression of ATP citrate lyase
and aconitase (circled plus symbol).

• The Na +-K+-ATPase 
generates the low cell 
[Na+].

• As a secondary active 
transporter, NaDC1
uses the 
electrochemical 
gradient to pick up 
filtered citrate, 
which is metabolized 
in the cytoplasm or 
the mitochondria.



• Low luminal pH titrates citrate(-3) to citrate(-2), which is the 
preferred transported species.

• NaDC1 is also gated by pH so that a low pH acutely stimulates 
its activity.

• Intracellular acidosis increases expression of the NaDC1 
transporter and insertion of NaDC1 into the apical membrane.

• Intracellular acidosis stimulates enzymes that metabolize 
citrate in the cytoplasm and mitochondria. 

• This is a well-concerted response, and an appropriate 
response of the proximal tubule to cellular acidification is 

hypocitraturia.



1.3 Absorption and metabolism of proximal tubule citrate

• Although  perfectly  adaptive  from  an  acid-base  point  of view,  this  
response  is  detrimental  to  the  prevention  of calcium precipitation.

• All conditions that lead to proximal tubular cellular acidification 

• distal  renal  tubular acidosis,

• high-protein diet, 

• potassium deficiency 

are clinical  risk  factors  for  calcareous  nephrolithiasis.

• Hypocitraturia can cause kidney stones by itself or by acting with 
other risk factors such as hypercalciuria; 

• Therapy with potassium  citrate  reverses  the  biochemical  defect  
and  reduces stone recurrence.



1.4 Clinical conditions associated with hypocitraturia

• Patients who take PPIs regularly may be at risk for decreased 
urinary citrate excretion.

• The consequent decrease in urinary citrate may become 
clinically significant for patients with other predisposing 
factors for hypocitraturia.

• Hypocitraturia can be treated with alkali (bicarbonate or 
citrate)

• because sodium load is a risk factor for kidney stones itself, 
potassium containing alkali products are preferred.



1.4 Clinical conditions associated with hypocitraturia

Low Extracellular Fluid pH
Normal or High 
Extracellular Fluid pH

Overproduction acidosis
• Chronic diarrhea
• Exercise-induced lactic acidosis

Underexcretion acidosis
• Congenital or acquired distal renal 

tubular acidosis
• Acetazolamide, topiramate

Potassium deficiency

Angiotensin II-related
•ACE inhibitors
•Salt excess
Excess dietary protein



1.4 Clinical conditions associated with hypocitraturia

• Hypocitraturia  can  also  be  found  in  normobicarbonatemic
states,  including 

• incomplete  dRTA,  

• chronic  renal insufficiency, 

• mild chronic metabolic acidosis, 

• high protein consumption  

• and  thiazide  treatment  with  hypokalemia, 

• Primary aldosteronism,

• excessive salt intake,

• and angiotensin converting  enzyme  (ACE)  inhibitor  treatment



2. The role of potassium citrate 
in the prevention of recurrent 
kidney stones
• Potassium citrate formula and its definitions

• Mechanism of action of potassium citrate

• Clinical applications of potassium citrate therapy in the prevention of 
kidney stones



2.1 Potassium citrate formula and its definitions

• Potassium citrate is a citrate salt of potassium

• Molecular formula is K3C6H5O7.H2O

• A transparent crystals or white, granular powder

• Freely soluble in water and slightly soluble in alcohol

• Potassium citrate extended-release tablets intended for oral 
administration, each contains 5 mEq (540 mg), 10 mEq (1080 
mg) or 15 mEq (1620 mg) of potassium citrate. In addition, 
each tablet contains the following inactive ingredients: 
carnauba wax and magnesium stearate.



2.2 Mechanism of action of potassium citrate

• Six RCTs have examined the effect of citrate predominantly on calcium 
stones with moderate-strength evidence that citrate reduces the risk for 
stone recurrence. 

• Of note, in 4 trials, patients were also assigned increased fluid intake, 
which makes it difficult to determine which intervention was 
attributable to the reduced stone risk.

• The American Urological Association (AUA) recommends potassium 
citrate 
• in patients with  recurrent calcium stones with low or low-normal urinary 

citrate excretion, 
• in recurrent calcium stone formers with normal urinary citrate excretion but 

low urinary pH,
• and even in patients with recurrent calcium stones without a detectable 

metabolic disorder.

• Furthermore, in calcium phosphate stone formers, citrate is understood 
to be a competent inhibitor of calcium phosphate crystallization. 

• We recommend 20 to 80 mEq of potassium citrate divided into 3 to 4 
doses per day. 

• Urinary pH must be monitored and dosage must be adjusted because 
urine pH should not increase above 6.5 to 7.



2.2 Mechanism of action of potassium citrate

• Given its multiple roles in calcium binding and as an inhibitor of the formation of all three types of 
common stone crystal species, citrate is theoretically an important defense against stone 
formation. 

• Consistent with this hypothesis, reduced levels of citrate correlated with new onset of stones in 
long-term observational studies of men and women. 

• For both sexes, the upper 95% CI for the relative risk ratio of becoming a stone former is <1 when 
citrate excretion is >400 mg daily; lower levels of citrate excretion confer progressively increased 
risk of stone formation. 

• Treatment with potassium citrate or another oral potassium-based alkali should, therefore, be 
used to increase urine citrate levels to >400 mg daily and reduce the risk of stone formation in 
patients with idiopathic calcium stones. 

• Oral citrate intake increases urine citrate levels by imposing an alkali load as the citrate is 
metabolized as citric acid.

• Perhaps as a mechanism of removing alkali without raising urine pH, the kidneys reduce renal 
citrate reabsorption via effects on the main citrate transporter in the proximal tubule. Urine 
bicarbonate excretion often increases in response to oral citrate intake, resulting in increases in 
urine pH and CaP supersaturation. 

• Potassium citrate — or potassium alkali of any kind — lowers urine calcium excretion in patients 
who form stones or in patients with bone diseases. 

• This effect probably occurs because the alkali neutralizes chronic dietary acid load. 
• As metabolic acidosis decreases proximal tubule sodium reabsorption via a number of 

mechanisms, reversing the chronic acid load from diet will likely increase sodium reabsorption, 
which will help to conserve filtered calcium and decrease calcium excretion. 

• Distal effects of diet acid load and its reversal have not yet been studied in humans or proven in 
experimental models



Mechanism of Action

• the metabolism of absorbed citrate produces an alkaline load.

• The induced alkaline load in turn increases ↑ urinary pH and 

raises ↑  urinary citrate by augmenting citrate clearance 

without measurably altering ultra filterable serum citrate.



• Alithoral appears to increase urinary citrate principally by 

modifying the renal handling of citrate, rather than by 

increasing the filtered load of citrate.

Mechanism of Action





12 H, 3 Days

• In the setting of normal renal function, the rise in urinary 

citrate following a single dose begins by the first hour and 

lasts for 12 hours.

• With multiple doses the rise in citrate excretion reaches its 

peak by the third day and averts the normally wide circadian 

fluctuation in urinary citrate, thus maintaining urinary citrate 

at a higher, more constant level throughout the day.



0.7 units

• Following long-term treatment, Alithoral at a dosage of 60 

mEq/day raises urinary citrate by approximately 400 mg/day 

and increases urinary pH by approximately 0.7 units.

• One primary potential side effect that is attracting attention is 

the risk of CaP stone formation. 



2.3 Clinical applications of potassium citrate 
therapy in the prevention of kidney stones

• Renal tubular acidosis (RTA) with calcium stones

• Calcium oxalate nephrolithiasis with any cause associated with

hypocitraturia

• Calcium oxalate nephrolithiasis with any cause in which no

metabolic disorders have been found

• Uric acid stones with or without calcium stones



American Urological Association Guideline

• Clinicians should offer potassium citrate therapy to patients 
with recurrent calcium stones and low or relatively low urinary 
citrate. (Standard; Evidence Strength Grade B)

• Clinicians should offer thiazide diuretics and/or potassium 
citrate to patients with recurrent calcium stones in whom 
other metabolic abnormalities are absent or have been 
appropriately addressed and stone formation persists. 
(Standard; Evidence Strength Grade B)

• Clinicians should offer potassium citrate to patients with uric 
acid and cystine stones to raise urinary pH to an optimal level. 
(Expert Opinion)



3. Protective role of potassium 
citrate in bone tissue



• The implications of our study are potentially far-reaching. Bringing 
together years of speculation and clinical studies, we show that 
potassium citrate positively and definitively benefits the calcium 
economy, relieving the skeleton of its role as a source of base 
reservoir. 

• If the demonstrated improvement in calcium balance and decreased 
makers of bone resorption over 6 months continues, potassium 
citrate administration has the potential to mitigate age-related 
declines in bone density and strength associated with the Western 
diet. 

• Readily available, safe, and easily administered in an oral form, 
potassium citrate also has the potential to reduce fracture in at-risk 
populations.

• Future studies are needed to determine the role that alkalinizing 
potassium salts will play in prevention and treatment of 
osteoporosis and the looming threat it poses to aging men and 
women in the Western world.



Cumulative incidence of vertebral
fracture in stone formers.





Idiopathic hypercalciuria: Can we prevent 
stones and protect bones?

• Idiopathic hypercalciuria is common in patients with kidney stones and 
is also present in up to 20% of postmenopausal women with 
osteoporosis but no history of kidney stones.

• Idiopathic hypercalciuria has been directly implicated as a cause of loss 
of trabecular bone, especially in men. But reversing the hypercalciuria in 
this condition has not been definitively shown to diminish fracture 
incidence.

• Patients with kidney stones who have low bone mass and idiopathic 
hypercalciuria should 
• increase their daily fluid intake, 
• follow a diet low in salt and animal protein, 
• and take thiazide diuretics to reduce the risk of further calcium stone 

formation. 

• Whether this approach also improves bone mass and strength and 
reduces fracture risk in this patient group requires further study.



4. Correction of hypokalemia 
due to thiazide diuretics



• Since most metabolic disorders of thiazide diuretics are due to 
hypokalemia, serum potassium levels should be monitored and 
corrected if low in almost all patients taking the drug.

• If hypokalemia is associated with metabolic alkalosis, potassium 
chloride is the most appropriate potassium salt.

• If hypokalemia is associated with alkaline bread conditions 
(metabolic acidosis or normal pH), the best potassium salt is 
potassium citrate.

• If thiazide diuretics are prescribed to treat hypertension, the most 
logical treatment for potassium replacement is potassium chloride. 

• If thiazide diuretics are used to prevent kidney stones, according to 
the pathophysiology discussed, potassium citrate is the best 
alternative treatment, because it is also effective in treating kidney 
stones.



Two critical but often ignored facts about thiazide therapy 
deserve note.

• First, the optimal effect of thiazide diuretics is  attained  with  a  low-
salt  diet.  While  there  is  likely  some direct effect of thiazides on 
the DCT, most of its effect is to induce slight extracellular volume 
contraction and increase proximal  calcium  reabsorption;  thus,  
simultaneous ingestion  of  a  high-salt  diet  will  nullify  the  efficacy  
of thiazides.

• Second, the successful reduction in urinary calcium  can  be  offset  
by  hypocitraturia  due  to  potassium depletion  and  proximal  
tubule  intracellular  acidosis.  

One must  be  vigilant  in  detecting  potassium  deficiency,  and 
potassium  supplements  should  be  prescribed  to  avoid 
hypocitraturia if dietary potassium intake is not sufficient.

Potassium  citrate  provides  an  advantage  over  potassium 

chloride in these cases.



5. Potassium Citrate and Diet



Citrate, Dietary Alkali Load and Magnesium

• Intake of fruits and vegetables is fundamental in kidney stone formers to 
provide a sufficient amount of dietary alkali and citrate 
supplementation. 

• The beneficial effects of fruits and vegetables on kidney stone risk is 
linked also to their alkalizing abilities. 

• In fact, metabolic acidosis is known to upregulate tubular reabsorption 
and metabolization of citrate through the sodium-dependent 
dicarboxylate transporter 1 (NaDC-1) and the cytosolic ATP citrate lyase, 
whereas alkalosis or citrate administration downregulates these 
enzymes, thus increasing urine citrate excretion.

• According to these evidences, the amount of acids excreted by the 
kidneys every day is connected to the risk of stones. 

• Using a validated formula, it is possible to estimate the net renal acid 
excretion from diet, and a food screener for the rapid determination of 
the potential renal acid load (PRAL) has been developed. 

• Higher PRAL of food is directly associated with hypercalciuria, with 
hypocitraturia, and ultimately with increased risk of stone formation.



• Citrate has an important role in urinary alkalization and antilithogenic activity. It 
has a high affinity for calcium, inhibiting crystallization of calcium crystals. Citrate 
also prevents the aggregation of already formed calcium oxalate crystals, thus 
preventing the formation of bigger concretions and stones.

• Due to their elevated potassium citrate concentrations, it was demonstrated that 
drinking 1.2 L of orange juice or 2 L of lemon juice per day increases urinary 
citrate excretion and reduces kidney stones recurrence rate in both normal 
subjects and hypocitraturic stone formers.

• We previously demonstrated that dietary potassium also has a strong 
relationship with the incidence of nephrolithiasis. 

• However, the origin of the potassium intake should also be considered: only 
potassium citrate, but not potassium chloride, was capable of reducing urinary 
calcium excretion in healthy subjects.

• Furthermore, we showed that only increased dietary animal protein to 
potassium ratio was associated with a greater risk of incident nephrolithiasis, 
whereas vegetable proteins have no significant association to stone risk.

• In fact, meat is also a source of dietary potassium, but its acidifying effect due to 
high content of sulfuric amino acids limits its antilithogenic effect.





6. Comparison of potassium 
citrate and sodium citrate



• The results indicate that both alkali therapies are equally 
effective in preventing uric acid stone formation because of 
their ability to increase urinary pH, 

• and potassium citrate may prevent the complication of 
calcium nephrolithiasis in patients with uric acid stones, 
whereas sodium citrate may not.

• A clinical trial conducted by Koff et al. used potassium citrate 
and lemonade for 21 stone patients, and showed that 
potassium citrate increased urine pH with increased urinary 
citrate level but lemonade did not have an effect on urinary 
pH or citrate levels except for increasing urine volume.



7. ADMINISTRATION



Potassium citrate

• Alkali  treatment  is  relatively  safe,  with  minor  GI  side 
effects,  although  certain  susceptible  individuals  can  have 
considerable  gastric  distress.

• Extended Release Forms benefits:

• Prevents significant Hyperkalemia in special patients

• Significant reduction in GI side effects



ADMINISTRATION

• Oral Administration

• In general, do not administer with tomato juice due to the very high 
sodium content, which may be counterproductive to the patient's 
medication regimen and/or health condition.

• Oral Solid Formulations

• Administer potassium citrate extended-release tablets with or 
immediately after food (within 30 minutes).

• Take with plenty of fluid.

• Swallow the tablets whole; do not crush or chew.

• Do not allow to dissolve in the mouth. 

• To minimize esophageal effects, take the tablets while in an upright 
or sitting position.

• If possible, take bedtime doses at least 10 minutes before lying 
down.



• Potassium citrate extended-release tablets are embedded in a 
wax matrix which is formulated to leach the salt slowly from 
the tablet and gradually deliver it over a large segment of the 
intestine. 

• Pathologically high concentrations of potassium are unlikely 
with the wax matrix dosage form unless passage through the 
GI tract is either delayed or blocked.



Severe Hypocitraturia

In patients with severe hypocitraturia (urinary citrate < 150 mg/day),

therapy should be initiated at a dosage of 60 mEq/day (30 mEq two times/

day or 20 mEq three times/day with meals or within 30 minutes after meals

or bedtime snack). 

Twenty-four hour urinary citrate and/or urinary pH measurements

should be used to determine the adequacy of the initial dosage

and to evaluate the effectiveness of any dosage change. 

In addition, urinary citrate and/or pH should be measured every four months. 

Doses of K cit greater than 100 mEq/day have not been studied and should be 

avoided.



INDICATIONS AND USAGE

• Renal tubular acidosis (RTA) with calcium stones

• Hypocitraturic calcium oxalate nephrolithiasis of any etiology 

• Uric acid lithiasis with or without calcium stones

• Therefore, higher doses of alkali administered at night ameliorate abnormally acidic urine in 

those with recurrent UA kidney  stones.

• Since  unusually  acidic  urine  is  the  predominant  feature  of  patients  with  UA  urolithiasis,  

alkali therapy with potassium citrate is first-line treatment in these patients.



DOSAGE AND ADMINISTRATION

Objective: To restore normal urinary citrate (greater than 320 mg/day and as

close to the normal mean of 640 mg/day as possible), and to increase urinary

pH to a level of 6.0 to 7.0.

• Severe hypocitraturia (urinary citrate < 150 mg/day): therapy should be -

initiated at 60 -mEq per day; a dose of 30 mEq two times per day or

20 mEq three times per day with -meals or within 30 minutes after meals

or bedtime snack 

• Mild to moderate hypocitraturia (urinary citrate >150 mg/day): therapy -

should be initi-ated at 30 mEq per day; a dose of 15 mEq two times per -

day or 10 mEq three times -per day with



DOSAGE AND ADMINISTRATION

• Treatment with extended release potassium citrate should be 

added to a regimen that 

• limits salt intake (avoidance of foods with high salt content and of 

added salt at the table) 

• and encourages high fluid intake (urine volume should be at least 

two liters per day). 



DOSAGE AND ADMINISTRATION

• Monitor every four months and more frequently in patients with 

cardiac disease, renal disease or acidosis

• serum electrolytes (sodium, potassium, chloride and carbon dioxide), 

• serum creatinine and 

• complete blood counts.

• Perform electrocardiograms periodically. 

• Treatment should be discontinued if there is 

• hyperkalemia,

• a significant rise in serum creatinine 

• or a significant fall in blood hemocrit or hemoglobin.



8. WARNINGS AND PRECAUTIONS



• The  side  effects  have  to  be weighed  against  its  efficacy  
against 

• recurrent  CaOx stones 

• and  uric  acid  stones 

• and  in  patients  with residual stones after shock wave lithotripsy

• Original FDA Original Approval :1985



• In patients with hyperkalemia (or who have conditions pre-
disposing them to hyperkalemia), as a further rise in serum 
potassium concentration may produce cardiac arrest. Such 
conditions include: chronic renal failure, uncontrolled diabetes 
-mellitus, acute dehydration, strenuous physical exercise in 
unconditioned individuals, adrenal insufficiency, extensive 
tissue breakdown or the administration of a potassium-
sparing agent (such as triamterene, spironolactone or 
amiloride).

• In patients in whom there is cause for arrest or delay in tablet 
passage  through the gastrointestinal tract, such as those 
suffering from delayed gastric emptying, -esophageal 
compression, intestinal obstruction or stricture, or those 
taking anticholinergic medication.

CONTRAINDICATIONS



CONTRAINDICATIONS

• In patients with  Active peptic ulcer disease because of its 
ulcerogenic potential.

• In patients with active urinary tract infection (with either urea-
splitting or  other organisms, in association with either calcium 
or struvite stones). The ability of Alithiral 10 to increase 
urinary citrate may be attenuated by bacterial enzymatic 
degradation of -citrate. Moreover, the rise in urinary pH 
resulting from Alithiral 10 therapy might promote further 
bacterial growth.

• In patients with renal insufficiency (glomerular filtration rate 
of less - than 50cc/min), because of 

• the danger of soft tissue calcification –

• and increased risk for the development of hyperkalemia.



WARNINGS AND PRECAUTIONS

• Pregnancy Category C

• The normal potassium ion content of human milk is about 13 

mEq/L. 

• It is not known if Alithoral has an effect on this content. 

• Alithoral should be given to a woman who is breast feeding 

only if clearly needed.



WARNINGS AND PRECAUTIONS

• Hyperkalemia

• In patients with impaired mechanisms for excreting potassium, Alithoral 

administration can produce hyperkalemia and cardiac arrest. 

• Potentially fatal hyperkalemia can develop rapidly and be asymptomatic. The use 

of Alithoral in patients with chronic renal failure, or any other condition which 

impairs potassium excretion such as severe myocardial damage or heart failure, 

should be avoided.

• Closely monitor for signs of hyperkalemia with periodic blood tests and ECGs.



• 10 mEq

• Extended release

• 90 tablets per pack

• 54,000 Tomans



Thank you


