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Context and Objective: Dietary intake of animal proteins is associated with an increase in urinary
calcium and nephrolithiasis risk. We tested the hypothesis that the acid load imposed by dietary
proteins causes this hypercalciuria.

Design and Setting: In a short-term crossover metabolic study, an alkali salt was provided with a
high-protein diet (HPD) to neutralize the acid load imparted by dietary proteins.

Participants and Interventions: Eleven healthy volunteers were evaluated at the end of each of
four phases while consuming metabolic diets with fixed calcium and sodium content. Phases 1 and
3 consisted of a control diet (CD). Phases 2 and 4 consisted of a eucaloric HPD (60 g/d animal proteins
added to CD). Along with HPD in phases 2 and 4, subjects ingested 30 mEq twice daily of either
potassium citrate (KCitrate, alkaline salt) or potassium chloride (KCl, control neutral salt).

Results: KCitrate completely neutralized the acid load imparted by HPD (based on changes in urine
pH and net acid excretion) and increased urinary citrate. Urinary calcium increased during both HPD
phases compared with CD but was not significantly different between the HPD � KCl and HPD �

KCitrate phases (182 � 85 vs. 170 � 85 mg/d; P � 0.28). Increased urinary saturation with respect
to calcium oxalate and uric acid with HPD was abrogated by KCitrate.

Conclusions: This study suggests that, at least in the short-term, mechanism(s) other than acid load
account for hypercalciuria induced by HPD. The beneficial effect of KCitrate on nephrolithiasis risk
with HPD is through correction of declines in urine pH and citrate. (J Clin Endocrinol Metab 96:
3733–3740, 2011)

Dietary protein intake is a well-recognized determinant
of urinary calcium excretion. On average, 24-h

urine calcium rises by approximately 1 mg for every 1 g
increase in daily protein intake (1, 2). This hypercalciuria
accounts in part for the increased risk of kidney stone
formation associated with excess protein consumption (3,
4). Persistent hypercalciuria may also lead to a negative
calcium balance and bone loss (5, 6).

Several mechanisms have been postulated to explain the
relationship between dietary protein intake and urinary cal-
cium. The production of acid during metabolism of proteins

may be responsible for hypercalciuria through mobilization
of bone mineral for buffering of this acid load (7, 8) and/or
viaa reduction in renal tubular calciumreabsorption (9–11).
Additionally, protein intake may enhance urinary calcium
excretion through increased intestinal calcium absorption
(12, 13) and/or through a rise in glomerular filtration rate
(14). The goal of the present metabolic study was to evaluate
the “acid load” hypothesis by assessing urinary calcium ex-
cretion and risk of nephrolithiasis in healthy subjects on a
high animal protein diet given an alkali salt to neutralize the
acid load imparted by dietary proteins.
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Subjects and Methods

Study subjects
Study subjects were normal healthy adult volunteers of either

gender and of any ethnicity who were recruited through adver-
tisement. Exclusion criteria were history of nephrolithiasis, pep-
tic ulcer disease, chronic diarrhea, intestinal surgery, or treat-
ment with drugs that alter acid-base or potassium balance.
Subjects were also excluded if any of the following abnormalities
were present on screening laboratory studies: anemia, metabolic
acidosis or alkalosis, hyper- or hypokalemia, hyper- or hypocal-
cemia, or decreased endogenous creatinine clearance (estimated
glomerular filtration rate �90 ml/min). The study was approved
by the University of Texas Southwestern (UTSW) Medical Cen-
ter Institutional Review Board, and all subjects provided written
informed consent.

Study protocol
Volunteers were studied in the UTSW Medical Center inpa-

tient Clinical and Translational Research Center (CTRC; for-
merly General Clinical Research Center) at the end of each of the
following 2-wk phases: phases 1 and 3, control diet (CD; 15%
of calories from proteins; 1.0 g/kg � d); phases 2 and 4, high-
protein diet (HPD; in which 60 g/d of animal protein was added
to CD while maintaining constant total caloric intake) (Supple-
mental Fig. 1, published on The Endocrine Society’s Journals
Online web site at http://jcem.endojournals.org). During the first
week of each phase, subjects consumed a diet at home under the
direction of the CTRC dietitian to match the recommended
protein, sodium, and calcium intake. Fixed metabolic diets
(see Table 2 for composition) were prepared by the UTSW
CTRC dietitian and consumed by the subjects during the second
week of each phase, with calcium and sodium intake kept con-
stant throughout all four phases.

During phase 2, subjects supplemented their diet with potas-
sium citrate (KCitrate) or potassium chloride (KCl) (depending
on the assignment determined by the CTRC statistician) in three
10-mEq tablets twice daily (with breakfast and dinner) for a total
of 60 mEq/d. During phase 4, subjects took the opposite potas-
sium salt at the same dose schedule. The dose of KCitrate of 60
mEq/d was chosen to neutralize the expected excess acid con-
ferred by the HPD. KCitrate was a commercially available prep-
aration (10 mEq per tablet in wax matrix; Mission Pharmacal
Company, San Antonio, TX), and KCl tablets (10 mEq per tablet
in wax matrix, Mission Pharmacal Company) were formulated
to be identical in appearance to KCitrate.

Laboratory testing and analytical procedures
Subjects had fasting blood drawn and collected two 2-h fast-

ing urine samples and two 24-h urine samples on the last 2 d of
each phase. Serum chemistries (Na, K, Cl, CO2, glucose, creat-
inine, phosphorus, liver function tests) and certain urine tests
(Na, K, phosphorus, and creatinine) were run by an autoanalyzer
(Synchron CX9ALX; Beckman, Brea, CA). Serum and urine Ca
and Mg were analyzed by atomic absorption spectrophotometry
(Instrumentation Laboratory, Bedford, MA). Urine uric acid was
analyzed by the uricase method, urine citrate by a citrate lyase
procedure (Cobas Fara, Roche, NJ), and urine pH using a digital
pH electrode. Urine ammonium was determined by the gluta-
mate dehydrogenase method, whereas urine bicarbonate was
calculated from urine pH and pCO2. Oxalate was measured by

ion chromatography (Dionex, Sunnyvale, CA), urine titratable
acidity was measured directly using automated burette end-point
titration system (Radiometer, Copenhagen, Denmark), and net
acid excretion (NAE) was calculated as (titratable acidity � am-
monium) � (bicarbonate � citrate), all expressed in milliequiva-
lents. For the remaining assays described below, serum and urine
samples from all four phases were batched for each volunteer and
run in a single run; urine prostaglandin E2 (PGE2) was measured
by ELISA (Cayman Chemical Company, Ann Arbor, MI). Intact
PTH was assessed by immunoradiometric assay kit (Allegro intact
PTH IRMA; Nichols Institute Diagnostics, San Juan Capistrano,
CA). Serum 25-hydroxyvitamin D and 1,25-dihydroxyvitamin D
were assayed by kits, with initial immunoextraction followed by
quantitation by enzyme immunoassay (Immunodiagnostics
Systems, Scottsdale, AZ). Serum cross-linked carboxyterminal
telopeptide of type I collagen (CTX, Serum Crosslaps; Nordic
Bioscience Diagnostics, Herlev, Denmark) and urine cross-
linked aminoterminal telopeptide of type I collagen (NTX; Os-
teomark; Ostex International, Seattle, WA) were assessed by
ELISA. Serum procollagen I amino-terminal propeptide (PINP)
was assayed by RIA kit (UniQ PINP; Orion Diagnostica, Espoo,
Finland).

Supersaturation index (SI) of calcium oxalate (CaOx), brush-
ite, and uric acid were calculated by dividing the ionic activity
product in actual urine samples by the respective thermodynamic
solubility product, using the Joint Expert Speciation System
(JESS) (15). A value of 1 represents saturation; greater than 1,
supersaturation; and less than 1, undersaturation.

Serum ultrafilterable calcium (UFCa) was estimated from se-
rum total calcium, albumin, globulin, and pH (calculated from
serum bicarbonate using the Henderson-Hasselbach equation)
as previously described (16): UFCa in mmol/liter � (0.6626 �
[serum total calcium]) � (0.097 � [serum albumin]) � (0.040 �
[serum globulin]) � (0.0068 � [H�]) � 0.054. Fractional
excretion of calcium was calculated as: (fasting urine calcium/
UFCa)/(fasting urine creatinine/fasting serum creatinine) �
100%.

Fractional intestinal calcium absorption was measured using
a dual-tracer stable isotope technique. On the morning of the
second to last day in each phase, 20.0 �g of 42Ca was adminis-
tered iv before the start of a 24-h urine collection. Then oral
calcium was administered as 46Ca, 1.0 mg, mixed in 250 ml of
a standardized liquid synthetic diet containing 100 mg of ele-
mental calcium as a carrier. The receptacle containing the liquid
synthetic diet and 46Ca was rinsed with 50 ml of distilled water
that was swallowed by the study subject. Urine samples collected
for the subsequent 24 h were used for the measurement of stable
isotopes and calculation of fractional intestinal calcium absorp-
tion as previously described (17).

Statistical analysis
The four study phases were compared with mixed-effects

model repeated measures (MMRM) analysis. Multiple compar-
isons were tested with least square means differences from the
models, applying the Bonferroni adjustment for multiple testing.
Data with skewed distributions were log-transformed to meet
analysis assumptions. The effect of the order in which the po-
tassium supplements were given was evaluated with mixed mod-
els. Statistical tests were two-sided at the 0.05 level of signifi-
cance. Statistical analysis was conducted using SAS 9.2 (SAS
Institute, Cary, NC).
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Results

Demographics
A total of 11 subjects participated in this study. One

subject withdrew before completion of the fourth phase of
study, and 10 subjects completed the entire study. Demo-
graphics of study subjects are shown in Table 1. Partici-
pants were predominantly women of Caucasian ethnicity.
The mean (� SD) age was 43 (�17) yr, and mean body mass
index was 29.2 (� 6.7) kg/m2.

Diet composition and adherence to diet
The composition of the two different metabolic diets

for each subject was estimated using a database generated
by the UTSW CTRC of analyzed contents of individual
food components and by using U.S. Department of Agri-
culture food tables (18). Diet composition during the CD
and HPD phases is shown in Table 2. Compared with the
CD, the HPD had nearly 2-fold higher protein content,
with higher fat and lower carbohydrate content. Sodium
and calcium content was not different between the two
diets by design.

The adherence of study subjects to the diets provided
is reflected in the higher blood urea nitrogen and serum
uric acid levels (Table 3) and the higher urinary sulfate
and phosphorus (Table 4) in the HPD phases compared
with the CD phases. None of the urinary variables was
significantly different between CD1 and CD2 phases,
indicative of adequate washout after the first HPD
phase. Urine sodium and magnesium excretion was also
not different across the four phases, further demon-
strating compliance with the provided diets. The order
in which the subjects received the potassium supple-
ments did not affect the serum or urine results as as-
sessed by MMRM analysis.

Acid-base variables
Ingestion of the HPD along with the neutral potassium

salt, KCl, delivered a significantly greater acid load than
the CD as demonstrated by the lower 24-h urine pH (Fig.
1A) and 24-h urine citrate and by the higher 24-h urine

ammonium (Fig. 1B) and NAE (Fig. 1C). Serum bicarbon-
ate concentration and fasting urine pH were also lower
during the HPD � KCl phase compared with the CD
phases (Tables 3 and 4). On the other hand, treatment with
the alkaline potassium salt, KCitrate, neutralized the acid
load delivered by the HPD as indicated by restoration of
24-h urine pH, urine ammonium, and NAE to the level of
the CD phases (Fig. 1). Serum bicarbonate concentration
and fasting urine pH were also not different between the
HPD � KCitrate and the CD phases (Tables 3 and 4).
Compared with the HPD � KCl, HPD � KCitrate treat-
ment resulted in higher 24-h urine pH (6.41 � 0.41 vs.
5.67 � 0.53; P � 0.0001), fasting urine pH (6.18 � 0.42
vs. 5.49 � 0.35; P � 0.0001), and 24-h urine citrate
(978 � 272 vs. 423 � 267 mg/d; P � 0.0001). Compared
with HPD � KCl, HPD � KCitrate was also associated
with lower urine ammonium (39 � 17 vs. 64 � 26 mEq/d;
P � 0.0001) and NAE (37 � 30 vs. 104 � 40 mEq/d; P �
0.0001) (Fig. 1).

Calcium metabolism and bone turnover
Compared with the CD phases, ingestion of the HPD

with KCl was associated with a significant increase in
24-h urine calcium (HPD � KCl, 182 � 85 mg/d, P �
0.007; vs. CD1, 147 � 84 mg/d, P � 0.001; vs. CD2,
134 � 66 mg/d; Fig. 2A). Ingestion of the HPD with
KCitrate was associated with a smaller increase in 24-h
urine calcium (HPD � KCitrate, 170 � 85 mg/d, P �
0.097 vs. CD1 and P � 0.01 vs. CD2; Fig. 2A). The 24-h
urine calcium was not significantly different between
the HPD � KCl and HPD � KCitrate phases (182 � 85
vs. 170 � 85 mg/d; P � 0.28). The estimated model
difference in 24-h urine calcium for HPD � KCl vs.
HPD � KCitrate was 12.8 � 22 mg/d (95% confidence
interval, �12 to 39 mg/d). Figure 2B displays the rela-
tionship between 24-h urine calcium and NAE in the

TABLE 1. Demographic characteristics of study
subjects

Characteristic
n 11
Gender distribution (female/male) 7/4
Ethnicity (African-American/Asian/Caucasian) 1/2/8
Age (yr) 43 � 17
Height (cm) 168 � 10
Weight (kg) 82 � 21
Body mass index (kg/m2) 29.2 � 6.7

Data are expressed as number or mean � SD.

TABLE 2. Macronutrient and micronutrient
composition of diets

CD HPD P value
Total calories (kcal/d) 2245 � 523 2179 � 625 0.16
Protein (g/d) 86 � 24 157 � 41 �0.001
Fat (g/d) 90 � 21 132 � 44 �0.001
Carbohydrates (g/d) 273 � 71 92 � 89 �0.001
% calories from protein 15 � 1 29 � 4 �0.001
% calories from fat 36 � 3 54 � 10 �0.001
% calories from

carbohydrates
48 � 4 17 � 13 �0.001

Na (mEq/d) 135 � 28 135 � 28 0.88
Ca (mg/d) 849 � 218 850 � 196 0.74
P (mg/d) 1363 � 426 1865 � 502 �0.001
Mg (mg/d) 296 � 101 256 � 75 0.10
Oxalate (mg/d) 184 � 229 136 � 239 0.62

Data are expressed as mean � SD.
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HPD � KCl and HPD � KCitrate phases in individual
subjects. Although provision of KCitrate significantly
reduced NAE in all subjects compared with KCl, in most
subjects it did not alter urine calcium to a substantial
extent. Although serum UFCa was not different between
the four phases of study (Table 3), the fractional excre-
tion of calcium was significantly higher in the HPD �
KCl phase compared with the CD phases.

Fractional intestinal calcium absorption measured
by stable dual calcium isotope method did not change
significantly across the four phases (ranging between
42.1 and 45.6%). In addition, no significant difference
was noted across the four phases in bone formation
(serum PINP and bone-specific alkaline phosphatase) or
bone resorption [serum CTX, urine NTX, and urine
deoxypyridinoline (DPD)] markers (Tables 3 and 4).
Similarly, there were no significant changes in serum
25-hydroxyvitamin D, 1,25-dihydroxyvitamin D, or
urine PGE2 excretion (Tables 3 and 4).

Urinary saturation of stone-forming salts
Urinary saturation of uric acid estimated by SI was

significantly higher in the HPD � KCl phase (1.3 � 0.9)
compared with the CD (CD1, 0.4 � 0.3; CD2, 0.5 �
0.5) and HPD � KCitrate (0.5 � 0.5) phases (Fig. 2C).

Urine oxalate excretion was stable throughout the four
phases. Ingestion of the HPD with KCitrate was asso-
ciated with a significantly lower SI of CaOx than in-
gestion of HPD with KCl (1.6 � 0.4 vs. 2.3 � 1.6; P �
0.0028; Fig. 2D).

Discussion

Improved understanding of the mechanism responsible
for greater calcium excretion with dietary protein in-
take is vital because hypercalciuria is a risk factor for
kidney stone formation (19) and may lead to a negative
calcium balance and bone loss (5, 6). In this metabolic
study, we evaluated the role of the acid load imparted
by dietary proteins on calcium excretion and the risk
of kidney stone formation. We found that whereas
KCitrate neutralized the acid load delivered by a HPD, it
did not prevent the hypercalciuria associated with this
diet. These findings suggest that, at least in the short-term,
mechanism(s) other than acid loading account for in-
creased urinary calcium excretion during ingestion of
HPD. On the other hand, the increased urinary saturation
with respect to CaOx and uric acid induced by the HPD
was abrogated by KCitrate.

TABLE 3. Serum biochemistry

Variable CD1 HPD � KCl CD2 HPD � KCitrate P value (by MMRM)
Electrolytes

Na (mEq/liter) 138 � 2 137 � 3a 139 � 1 138 � 2 0.01
K (mEq/liter) 4.2 � 0.3 4.3 � 0.2 4.3 � 0.2 4.3 � 0.3 0.64
Cl (mEq/liter) 104 � 2 105 � 3 104 � 2 104 � 2 0.13
CO2 (mEq/liter) 27.9 � 1.7 25.8 � 2.3a 28.4 � 1.3 26.5 � 1.5 0.0002
BUN (mg/dl) 10 � 2 16 � 3a 10 � 2 16 � 3b �0.0001
Cr (mg/dl) 0.85 � 0.18 0.91 � 0.20 0.87 � 0.15 0.92 � 0.17 0.04
UA (mg/dl) 5.8 � 0.9 7.3 � 1.9a 5.7 � 0.8 7.0 � 1.6b �0.0001
Ca (mg/dl) 9.4 � 0.3 9.4 � 0.3 9.4 � 0.3 9.4 � 0.4 0.86
P (mg/dl) 3.1 � 0.4c 3.4 � 0.4 3.4 � 0.3 3.4 � 0.4 0.02
Mg (mg/dl) 2.2 � 0.2 2.2 � 0.2 2.2 � 0.2 2.3 � 0.1 0.14

Lipids
Total cholesterol (mg/dl) 217 � 26 210 � 24 223 � 26 215 � 26 0.33
HDL-cholesterol (mg/dl) 57 � 17 55 � 15 55 � 13 58 � 16 0.19
Triglycerides (mg/dl) 131 � 79 91 � 37a 141 � 87 97 � 37 0.002
LDL-cholesterol (mg/dl) 133 � 16 136 � 22 140 � 25 138 � 29 0.78

Calcium/bone metabolism
Serum UFCa (mmol/liter) 1.32 � 0.05 1.33 � 0.04 1.32 � 0.04 1.32 � 0.04 0.71
PTH (pg/ml) 61 � 34 52 � 27 60 � 24 66 � 30 0.23
25-Hydroxyvitamin D (ng/ml) 29 � 12 34 � 15 31 � 13 34 � 13 0.03
1,25-Dihydroxyvitamin D (pg/ml) 51 � 36 42 � 13 46 � 16 58 � 35 0.25
Ca absorption (%) 42.5 � 13.9 45.6 � 11.5 42.8 � 8.9 42.1 � 12.7 0.48
BAP (U/liter) 21.8 � 10.8 21.8 � 10.3 22.4 � 11.8 21.3 � 11.0 0.43
CTX (ng/ml) 0.65 � 0.50 0.69 � 0.53 0.67 � 0.46 0.62 � 0.44 0.49
PINP (ng/ml) 42 � 22 41 � 17 43 � 20 43 � 25 0.93

Data are expressed as mean � SD. BUN, Blood urea nitrogen; Cr, creatinine; UA, uric acid; HDL, high-density lipoprotein; LDL, low-density
lipoprotein; BAP, bone-specific alkaline phosphatase.

Statistical significance at P � 0.0083 level is indicated by: a for HPD � KCl vs. CD (similar results are achieved whether HPD � KCl is compared to
CD1 alone, CD2 alone, or mean of the two CD); b for HPD � KCitrate vs. CD (similar results are achieved whether HPD � KCitrate is compared to
CD1 alone, CD2 alone, or mean of the two CD); c for CD1 vs. CD2 and CD1 vs. HPD � KCl.
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Intake of high animal protein diets confers a large
acid load, due to the generation of protons during the
oxidation of sulfur-containing amino acids in animal
proteins to sulfuric acid (20). The hypercalciuria in-
duced by dietary proteins has been attributed in part to
this acid load because there is a high degree of correla-
tion between the increase in urinary calcium and the
increase in urinary NAE after higher intake of proteins
(7). In addition, the ingestion of ammonium chloride, a
source of acid load (21), or of sulfur-containing amino
acids alone (22) also leads to hypercalciuria. Further-
more, short- and long-term studies in healthy post-
menopausal women (17, 23, 24), elderly men (24), and
postmenopausal women with osteopenia (25) have
shown that potassium alkali treatment lowers urinary
calcium excretion. Although these studies suggested
that lower urinary calcium excretion was related to a
reduction in net acid intake, all were performed under
habitual protein intake of approximately 1 mg pro-

tein/kg body weight/d. In this study, we found that pro-
vision of potassium alkali in the setting of HPD (2 mg/
kg � d) does not result in a comparable hypocalciuric
effect. Our results are similar to those by Ceglia et al.
(26) who found no significant difference in urinary cal-
cium excretion, whether a HPD was given with an al-
kaline load (potassium bicarbonate) or with placebo.
These findings suggest that the hypercalciuria induced
by HPD cannot be attributed solely to an acid load.

Some studies have suggested that the hypercalciuria
associated with HPD may be related to enhanced intes-
tinal calcium absorption (12, 13). We did not detect any
significant change between the HPD and CD phases in
intestinal calcium absorption measured by the dual iso-
tope calcium technique (Table 4), a finding similar to
that reported in the study by Ceglia et al. (26). Possible
explanations for the discrepancy in the change in intes-
tinal calcium absorption across studies include differ-
ences in dietary calcium content and/or methodological

TABLE 4. Urine biochemistry

Variable CD1 HPD � KCl CD2 HPD � KCitrate P value (by MMRM)
24-h Urine

Electrolytes
Volume (liters/d) 3.39 � 0.73 3.08 � 0.52 3.18 � 0.51 3.36 � 0.70 0.41
pH 6.32 � 0.37 5.67 � 0.53a 6.24 � 0.33 6.41 � 0.41c �0.0001
Ca (mg/d) 147 � 84 182 � 85a 134 � 66 170 � 85 0.002
Mg (mg/d) 95 � 42 87 � 33 86 � 31 92 � 36 0.34
P (mg/d) 745 � 314 992 � 372a 692 � 232 1034 � 326b �0.0001
Cr (mg/d) 1598 � 731 1631 � 565 1457 � 536 1717 � 636 0.0047
Na (mEq/d) 111 � 54 100 � 25 112 � 37 102 � 31 0.62
K (mEq/d) 59 � 25 99 � 19a 55 � 18 102 � 17b �0.0001
Cl (mEq/d) 107 � 41 141 � 25a 106 � 34 94 � 32c 0.0011
Oxalate (mg/d) 30 � 11 28 � 14 29 � 9 31 � 23 0.89
Sulfate (mmol/d) 19 � 10 27 � 11a 18 � 6 31 � 9b �0.0001
Uric acid (mg/d) 607 � 185 690 � 256 571 � 130 808 � 186b 0.0015

Acid-base variables
Ammonium (mEq/d) 36 � 12 64 � 26a 35 � 13 39 � 17c �0.0001
Citrate (mg/d) 705 � 241 423 � 267a 667 � 225 978 � 272b,c �0.0001
Citrate (mEq/d) 8.0 � 2.6 5.2 � 3.1a 7.8 � 2.7 11.4 � 3.0b,c �0.0001
Bicarbonate (mEq/d) 8.4 � 11.2 4.7 � 6.1 9.4 � 13.0 18.0 � 9.6b,c 0.0009
TA (mEq/d) 22 � 6 49 � 12a 26 � 11 30 � 11c �0.0001
NAE (mEq/d) 39 � 15 104 � 40a 41 � 27 37 � 30c �0.0001

Bone turnover markers
NTX (nM BCE/d) 512 � 554 436 � 268 457 � 362 420 � 297 0.56
NTX/Cr (nM BCE/mg) 0.30 � 0.23 0.26 � 0.12 0.31 � 0.19 0.25 � 0.14 0.31
PGE2 (ng/d) 193 � 73 207 � 148 207 � 89 197 � 53 0.98
PGE2/Cr (ng/mg) 0.13 � 0.06 0.13 � 0.07 0.15 � 0.07 0.13 � 0.04 0.61
DPD (nM/d) 56 � 28 55 � 29 56 � 25 57 � 32 0.98
DPD/Cr (nM/mg) 0.04 � 0.02 0.03 � 0.01 0.04 � 0.02 0.04 � 0.02 0.094

Fasting urine
Fasting pH 6.33 � 0.41 5.49 � 0.35a 6.41 � 0.37 6.18 � 0.42c �0.0001
Fasting Ca/Cr (mg/mg) 0.064 � 0.040 0.086 � 0.046a 0.059 � 0.027 0.071 � 0.038 0.018
FE calcium (%) 1.00 � 0.65 1.52 � 1.00a 0.94 � 0.41 1.22 � 0.75 0.010

Data are expressed as mean � SD. TA, Titratable acidity; Cr, creatinine; BCE, bone collagen equivalents; FE, fractional excretion.

Statistical significance at P � 0.0083 level is indicated by: a for HPD � KCl vs. CD (similar results are achieved whether HPD � KCl is compared to
CD1 alone, CD2, or the mean of two CD); b for HPD � KCitrate vs. CD (similar results are achieved whether HPD � KCitrate is compared to CD1
alone, CD2, or the mean of two CD); c for HPD � KCl vs. HPD � KCitrate.
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differences in the measurement of intestinal calcium ab-
sorption. The impact of dietary proteins on intestinal
calcium absorption is more evident when dietary cal-
cium is limited (12, 13) and less prominent when dietary
calcium is abundant (13, 26). Furthermore, in our
study, the stable oral calcium isotope was provided
mixed in a standardized liquid synthetic diet in the
morning, as previously described (17, 26). This tech-
nique may potentially miss postprandial differences in
intestinal calcium absorption, which may in part ex-
plain the discrepancy between our results and those of
other studies (12, 13) in which the calcium isotope was
provided with three separate meals daily. Aromatic
amino acids more abundantly present in the HPD may
also augment urinary calcium excretion through acti-
vation of the calcium-sensing receptor (27). Another
potential mechanism suggested to contribute to protein-
induced hypercalciuria is an increase in urinary PGE2

levels, which may regulate calcium excretion (28). No
significant change in urinary PGE2 excretion was seen
between the HPD and CD phases in our study (Table 4).

It is unlikely that the changes in urinary calcium ob-
served during the HPD phases were due to dietary fac-
tors other than protein intake. We maintained the same
dietary sodium and calcium intake between the CD and
HPD phases (Table 2), and isocaloric substitution of
carbohydrates for fats does not alter urinary calcium

(29). A higher dietary phosphorus
load naturally accompanies a HPD
(Tables 1 and 3). Several studies (us-
ing different phosphate sources and
calcium intakes) have reported no
change in net calcium balance because
increased fecal calcium loss was offset
by a reduction in urinary calcium ex-
cretion (30).

One long-term potential deleteri-
ous effect of HPD is an increase in
nephrolithiasis risk, as suggested by
epidemiological, clinical, and experi-
mental studies. Intake of protein was
directly associated with the risk of
nephrolithiasis in a prospective study
of over 45,000 men followed for more
than 4 yr (3). Conversely, a diet re-
stricted in protein and sodium was ef-
fective in preventing recurrent stone
formation among patients with hy-
percalciuric nephrolithiasis (31). In a
short-term metabolic study, a HPD
(2 g protein/kg body weight � d) con-
ferred an increased risk for CaOx and
uric acid stones compared with a diet

with usual protein intake (1.1 g protein/kg � d) (32). In our
study, KCitrate provision along the HPD prevented the
increase in urinary saturation with respect to CaOx and
uric acid observed during the HPD � KCl phase (Table
4 and Fig. 2). Markedly acidic urine is a key risk factor
in uric acid stone formation (33), and KCitrate reduced
the risk of uric acid stones primarily by preventing the
reduction in urinary pH associated with HPD ingestion.
The significant difference in CaOx saturation between
the two HPD phases occurred despite similar urinary
calcium or oxalate excretion and was likely due to a
combination of higher urine citrate and pH during the
HPD � KCitrate phase (34). Both urine citrate and urine
pH are key determinants of CaOx saturation (34). Ci-
trate in urine is a key inhibitor of nephrolithiasis and
acts chiefly through the formation of a complex with
calcium, causing a reduction in the ionic calcium con-
centration and in the urinary saturation of CaOx (35).
The decline in urinary citrate in the face of the metabolic
acid load imparted by the HPD results in increased sat-
uration of CaOx, an effect that is corrected by provision
of the alkaline salt KCitrate. The higher 24-h urine pH
with KCitrate also contributes to lower CaOx satura-
tion via formation of more soluble calcium complexes
(such as calcium phosphocitrate and dicalcium dihy-
drogen phosphate) instead of CaOx (34).

FIG. 1. Acid-base variables during the four study phases. A, 24-h urine pH. B, 24-h urine
ammonium. C, 24-h urine NAE. Data shown as box plots, with the bottom and top of each
box representing the 25th and 75th percentiles, the band near the middle representing the
median, and the diamond representing the mean. †, P � 0.0083 for HPD � KCl vs. CD1 and
CD2. ‡, P � 0.0083 for HPD � KCl vs. HPD � KCitrate.
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The long-term effects of HPD on calcium metabolism
and bone status have been controversial. Although some
studies have associated HPD with negative calcium bal-
ance (5), lower bone mineral density (6), and increased
fractures (36), others have reported improved bone min-
eral density (37) and lower fracture risk (38, 39). A recent
systematic review and meta-analysis of the relation be-
tween protein and bone health in healthy human adults
found no definite effect of protein intake on fracture
risk in the long term (40). In our metabolic study, no
significant changes in bone turnover markers were
noted with the HPD, although the 2-wk duration of
observation may have been too short to detect such
alteration.

Limitations of our study include the short-term du-
ration, which may have prevented the detection of
changes in bone turnover markers. Furthermore, al-
though urine calcium excretion increased during the
HPD phases, we have not identified a mechanism un-
derlying such an increase. Nevertheless, we were able to
rule out an effect of the acid component of protein.
Another potential limitation is the lack of synchroni-
zation of the study phases with menstrual cycle in the
four premenopausal women evaluated in this study.
Since one main finding of this study is the lack of sig-

nificant difference in 24-h urine cal-
cium between the HPD � KCl and
HPD � KCitrate phases, it is possible
that the study was underpowered and
that a larger sample size may have de-
tected a significant difference. How-
ever, using the mean difference and SD

from the available data, over 30 sub-
jects would be needed for 80% power
to detect a small effect size of 13 mg/d,
which is not likely to be clinically sig-
nificant. Finally, in this study we com-
pared the effects of HPD � KCitrate
to those of HPD � KCl rather than
HPD � placebo. Although a placebo
phase can evaluate the effects of HPD
on calciuria, a comparison of KCitrate to
placebo cannot separate the effects of po-
tassium from those of alkali therapy.
On the other hand, our comparison of
KCitrate to KCl provides information
on the effects of alkali alone, which is
valuable to evaluate the role of acid
load in HPD-induced calciuria. Further-
more, studies have shown that KCl does
not have hypocalciuric effects on its own
(25, 41), making it an adequate control for
KCitrate in the HPD setting.

Conclusions
In summary, this metabolic study suggests that, at least

in the short term, mechanism(s) other than acid loading
account for increased urinary calcium during ingestion of
HPD. On the other hand, the increased urinary saturation
with respect to CaOx and uric acid induced by HPD may
be prevented by coingestion of potassium alkali through
correction of declines in urine pH and citrate. Long-term
studies are needed to definitively determine the effects of
HPD on the risk of fracture and nephrolithiasis and what
the proper countermeasure(s) should be.
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