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Bone Disease and
Idiopathic Hypercalciuria

Joseph E. Zerwekh, PhD

Summary: Observational and epidemiologic studies alike have shown that idiopathic hyper-
calciuric (IH) stone-forming patients typically show bone mineral density scores that are
significantly lower than those observed for age- and sex-matched normal subjects or those for
nonhypercalciuric stone-forming patients. Most of these studies have relied on changes in
bone mineral density and have not explored the mechanism(s) involved. There have been a
small number of studies that have relied on dynamic bone histomorphometry to ascertain the
nature of the bone defect in IH patients. When performed, these studies clearly have shown
increased bone resorption and high bone turnover in patients with fasting hypercalciuria
whereas suppressed bone formation indices are the most consistent finding in patients with
the absorptive variant of IH. The causes of this apparent difference in bone remodeling
between the 2 variants of IH still is uncertain. Available evidence suggests that potential
mechanisms may be dependent in large part to genetic, metabolic, and nutritional causes of
hypercalciuria and bone loss in patients with IH.
Semin Nephrol 28:133-142 © 2008 Elsevier Inc. All rights reserved.
Keywords: Osteopenia, hypercalciuric stone-formers, bone histomorphometry, nutrition,
genetics
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 t has been 30 years since the first report of
reduced bone mineral content in patients
with urolithiasis. This was soon followed by

 series of studies from several laboratories that
ere consistent with the notion that patients
ith calcium urolithiasis typically have lower
one mineral density (BMD) than normocalci-
ric stone-formers and their non–stone-forming
ounterparts. Despite the consistency of these
arly reports in documenting low BMD among
tone-formers, these studies suffered from sev-
ral limitations including various causes for uro-
ithiasis, small patient numbers, differences be-
ween instruments used to measure BMD, and
ther confounders such as body mass and sex.
his article reviews the evidence supporting

he existence of bone loss in patients with uro-
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ithiasis, the nature of the defect in bone remod-
ling contributing to bone loss, and possible
echanisms for such a loss.

O PATIENTS WITH
ROLITHIASIS HAVE REDUCED BMD?

linical Studies

everal of the earliest studies that assessed BMD
n patients with idiopathic hypercalciuria (IH)
uggested that bone mass or bone mineral con-
ent (BMC) was lower than that observed for
ge- and sex-matched normal subjects. How-
ver, most of these studies did not clearly d e -
ne the underlying mechanism for the hy-
ercalciuria or consistently present urinary
alcium data. For example, Alhava et al1 used
ingle-photon absorptiometry (SPA) to quanti-
ate the BMC of the radius in an unselected
opulation of stone-formers. Compared with
ormals, the stone-formers’ BMD at the distal
adius was reduced by 5%. Only 5 patients were
ypercalciuric at the time of evaluation and
ome patients had evidence of subtle hyper-

arathyroidism, a condition that clearly could
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134 J.E. Zerwekh
rive increased bone resorption and decreased
MD, particularly of cortical bone as found in
he distal radius. In a study by Fuss et al,2 SPA of
he distal radius in 94 patients with IH showed
educed BMC, especially in patients who had
een adhering to a low-calcium diet. Again, this
tudy was somewhat clouded by the inclusion
f subjects with fasting hypercalciuria and in
hom parathyroid hormone (PTH) concentra-

ions may have been increased. Another set of
tudies by Casez et al3 initially reported a mean
-score reduction of �0.55 at the spine by dual-
nergy x-ray absorptiometry in 94 young cal-
ium stone-formers, but in a subsequent study
ound normal lumbar vertebral BMD in a sec-
nd group of 99 patients.4 Barkin et al,5 using
eutron activation analysis, reported that BMD
as reduced by 5% in 109 patients with recur-

ent urolithiasis. This report is significant in that
eutron activation analysis is considered to be
ne of the most sensitive methods for assessing
MC. Thus, these studies have shown that a
one mass deficit does exist among hypercalci-
ric stone-formers, although the results proba-
ly include patients with mild–moderate hyper-
arathyroidism.
Several studies also have examined BMD in

ormocalciuric stone-formers. Again, the find-
ngs were mixed, with about half of the studies
eporting no significant differences in BMD or
MC as compared with age- and sex-matched
ormal subjects.4,6-9 On the other hand, studies
hat used methods for measuring BMD that
ere considered to be more sensitive found

ignificant reductions of BMD in normocalci-
ric calcium stone-formers.5,10-13 These studies
sed methods such as neutron activation,5 dual-
nergy x-ray absorptiometry,13 and single-en-
rgy quantitative computed tomography. Taken
ogether, these studies suggest that bone loss is
resent in some normocalciuric stone-forming
atients, but not of the magnitude observed for
atients with IH.
Despite these inconsistent findings in some

tudies, there appears to be a general consensus
f reduced BMD in patients with IH comprising
oth fasting and absorptive hypercalciuria vari-
nts. Except for 2 studies that used the less-
ensitive SPA technique,14,15 all other studies

ave shown that BMD is decreased significantly u
t the spine and moderately at cortical-rich
ites7,10-12,16-20 for stone-forming patients with
H. This observation was found to be true
hether patients were considered as a whole
r subdivided into those with absorptive hyper-
alciuria type I (AHI) or fasting hypercalciuria.
t should be noted that when this subclassifica-
ion is made, patients with renal leak or fasting
ypercalciuria appear to have a much greater
eficit in their BMD as compared with patients
ith AHI, implicating a role for secondary hy-
erparathyroidism in contributing to the bone

oss. On the other hand, the bone loss in pa-
ients with AHI appears to occur despite en-
anced intestinal calcium absorption, a fact that
nderscores a primary defect at the level of the
keleton. In addition, many IH patients are in-
tructed to reduce dietary calcium intake to
ttenuate their hypercalciuria, but in so doing
ay contribute to enhanced bone loss. This
oint has been supported by a recent report

rom Asplin et al.21 Their study assessed vertebral
nd femoral neck BMD among relatives and
robands in 22 stone-formers (14 of whom
ere hypercalciuric) and contrasted the results

o 37 patients without stones (10 of whom
ere hypercalciuric). Several interesting find-

ngs emerged from their study. There was no
ifference in mean BMD z-scores at the spine or
t the hip between stone-formers and non–
tone-formers. Second, stone-formers reported
educed dietary calcium intakes when factored
or body weight, but urinary calcium excretion
as comparable among the 2 groups, suggest-

ng that stone-formers were in more negative
alcium balance as compared with non–stone-
ormers. This is consistent with balance studies
hat have shown that bone of IH patients with
tones loses more mineral than normal when
ietary calcium becomes limited.22 BMD z-
cores at the hip and spine were correlated
nversely with urinary calcium for stone-form-
rs but not non–stone-formers. In addition, the
MD z-scores of the femoral neck and spine
aried significantly with ammonium excretion
or stone-formers but not for non–stone-form-
rs. These findings suggest that a low calcium
ntake may exaggerate bone loss in hypercalci-

ric patients and render the skeleton more sus-
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Bone disease and idiopathic hypercalciuria 135
eptible to bone loss by other mechanisms such
s increased dietary acid intake.23,24

pidemiological Studies

ased on the foregoing discussion, it is clear
hat in a majority of these earlier studies pa-
ients with IH are at greater risk of sustaining
one loss than compared with nonhypercalci-
ric subjects. Although many of these studies
ere performed in few patients with little at-

empt to characterize the nature of their hyper-
alciuria, the consistency of findings of reduced
MD in patients with IH strongly supports an
ssociation. The significance of this observation
ies in the fact that low BMD is a strong risk
actor for osteoporotic fracture.25,26 However,
oth fractures and kidney stones are relatively
are events in the general population and dem-
nstration of an association would require large
tudy populations, best obtained by epidemio-
ogic data. Melton et al27 used a population-
ased retrospective cohort study design with
ata from the Rochester Epidemiology Project
o determine rates of fracture among 624 per-
ons diagnosed with kidney stones from 1950
o 1974 in Olmstead County, MN. The risk of
ertebral fracture was increased greatly among
en who formed kidney stones (standardized
ortality ratio, 7.0), and was increased mildly

mong women (standardized mortality ratio,
.4). This increased risk for fractures was ob-
erved only for the spine and not at nonverte-
ral sites. A second population-based study in
,309 women failed to disclose any association
etween BMD and fracture and history of kid-
ey stones.28 Only 44 women were found to
ave had a history of kidney stones, suggesting
hat the study may have had insufficient power
o observe an association with BMD or frac-
ures. A cross-sectional study by Lauderdale
t al29 used the National Health and Nutrition
xamination Survey (NHANES) III data to deter-
ine whether a history of kidney stones was

ssociated with lower femoral neck BMD or
revalent spine or wrist fracture. There were
93 respondents out of approximately 31,000
ho reported a history of kidney stones (477
en, 316 women). They found that men with

idney stone history had lower femoral neck

MD than men without kidney stone history f
fter adjusting for age, body mass index, race/
thnicity, and other potential confounders. This
as not true for women who formed kidney

tones. Men with kidney stone history were
lso more likely to report prevalent wrist and
pine fractures (prevalence odds ratio for spine
racture, 2.32 for men [95% confidence interval,
.04-5.18]; but not for women, 1.75 [95% con-
dence interval, 0.58-5.29]). The study also
sked whether dietary calcium modified the
ssociation between kidney stone history and
MD. There was a positive interaction term for
idney stone history and milk consumption for
oth men and women, but was significant only
or men (P � .05). Figure 1 depicts how the
nteraction term affects the association be-
ween level of milk consumption and age-ad-
usted BMD for men for each level of milk
onsumption. Thus, men with a history of kid-
ey stones who reported low milk (calcium)

ntakes had a much lower age-adjusted BMD
han men with no kidney stone history, under-
coring an important nutritional consideration
n preventing bone loss and increased fracture
isk among male kidney stone patients. This
bservation also was consistent with the results

igure 1. The association between customary dietary
alcium intake and age-adjusted femoral neck BMD for
en with (●) and without (�) a history of kidney stones.
ustomary dietary calcium intake was determined from

elf-reported habitual milk consumption. Age-adjusted
MD values are relative to men with no kidney stone
istory and no habitual milk consumption. Reprinted
ith permission of the American Society for Bone and
ineral Research.29
rom 2 smaller studies discussed earlier.2,21
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136 J.E. Zerwekh
We can therefore say that there is strong
linical and epidemiologic evidence supporting
n association of bone loss in idiopathic hy-
ercalciuric stone-forming patients. Although

hese studies have used BMD as the marker of
one loss, these studies cannot shed light on
he presumed mechanism for bone loss at the
issue level.

HAT IS THE NATURE OF THE
EFECT IN BONE REMODELING IN

DIOPATHIC HYPERCALCIURIC PATIENTS?

here have been relatively few studies directed
t examining bone remodeling dynamics in IH
atients. This is probably the result of the need

or controlled diets before evaluation, the inva-
ive nature of some procedures such as bone
iopsy, and lack of willing patients because of
elatively mild asymptomatic bone disease. Two
tudies have used only biochemical markers of
one turnover. In the study by Jaeger et al,9

rinary hydroxyproline as well as the collagen
ross-links, pyridinoline and deoxypyridinoline,
ere measured in both fasting and 24-hour
rine collections from 29 hypercalciuric and 30
onhypercalciuric stone-formers. There were
o significant differences in the mean values of
hese markers between hypercalciuric and non-
ypercalciuric stone-formers. However, BMD at
he tibial diaphysis was correlated negatively
ith the pyridinoline/creatinine concentration

atio in 24-hour urines and skeletal scores were
orrelated negatively with fasting hydroxyprolin-
ria. Although this finding points to increased
one resorption as a cause of the reduced bone
ass, subjects were on a free-choice diet during

heir urine collections, a fact that may have
nfluenced diet-sensitive urinary hydroxypro-
ine excretion. Twenty-four–hour urinary pyr-
dinoline excretion also was correlated inversely

ith the skeletal score, whereas the more skel-
ton-specific deoxypyridinoline30 showed no
ignificant association. More recently, Asplin et
l21 examined 5 bone turnover markers in their
tudy including bone-specific alkaline phospha-
ase, c-terminal and n-terminal telopeptides of
ype I collagen in serum, and total pyridinoline
nd deoxypyridinoline in urine. They found no
ifferences between any of these markers in

tone-formers and non–stone-formers. In addi- d
ion, none were correlated with BMD z-score of
he femoral neck or spine to a significant de-
ree. No assessment was made for hypercalci-
ric versus nonhypercalciuric subjects. Thus,
o clear indication of the nature of the bone
efect in IH patients has emerged with the use
f these biochemical markers.

Studies that have used both static and dy-
amic bone histomorphometry also have
hown mixed results, although one aspect of
one turnover has been observed to be a rather
onsistent finding, namely decreased bone for-
ation in subjects with IH. Bordier et al31 per-

ormed bone biopsy on 47 calcium stone-form-
rs with IH. For the whole group, biopsy
ndings were within normal limits. However,
hen patients were divided into those with

enal leak hypercalciuria and absorptive hyper-
alciuria secondary to renal phosphate leak, 2
istinctive patterns of bone turnover emerged.
atients with increases in PTH showed in-
reased osteoclastic and osteoblastic surfaces
onsistent with high bone turnover. On the
ther hand, there appeared to be a defect in
one formation for the patients with renal
hosphate leak and intestinal hyperabsorp-
ion of calcium. Osteoblastic surfaces were de-
reased, as were osteoid parameters. Although
steoclastic and eroded surfaces were reported
s increased, values were within normal age-
djusted limits and may have simply been the
esult of a failure of the resorbed lacunae to fill
n the face of low bone formation. De Vernejoul
t al32 reported static and dynamic parameters
or 30 patients with IH. Although immunoreac-
ive PTH was increased in 3 patients, no sub-
lassification of these patients was performed.
rabecular bone volume was decreased mildly
hereas osteoid parameters were normal. De-

pite normal osteoid parameters, osteoblastic
urface was decreased significantly in the face
f normal mineralization. Resorption parame-
ers were decreased for osteoclastic surface but
ormal for eroded surfaces. The investigators
uggested that cancellous bone volume was de-
reased owing to decreased bone formation in
he face of normal bone resorption. Malluche
t al33 studied 15 patients with IH. These patients
ere shown to be of the absorptive type by a

ecrease in the calcium to creatinine ratio after
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Bone disease and idiopathic hypercalciuria 137
ellulose phosphate administration, a nonab-
orbable calcium binder. Bone biopsy analysis
isclosed a defective bone formation as shown
y increased osteoid volume and surface and
educed osteoblast numbers. The increased os-
eoid surface was considered to be inactive
ecause active double-labeled tetracycline sur-
aces were reduced by nearly half. Bone res-
rption did not appear to be increased. The

nvestigators concluded that defective bone for-
ation is present in IH patients with AHI. Per-
aps the largest series to date is that of Stein-

che et al.34 They performed bone biopsy in 33
alcium stone-formers while on a random diet
nd compared the values with those obtained
n 30 age- and sex-matched control subjects.
hese patients displayed normal PTH and se-
um phosphate levels but increased phosphatu-
ia as well as hypercalciuria. Therefore, their
ypercalciuria was probably either dietary or

diopathic in origin, but probably not of the
enal leak type. Their histomorphometric data
howed decreased bone formation rates and
ncreased mineralization lag times. Total resorp-
ion surfaces also were increased but again
robably were the result of defective refilling of
he lacunae in the face of low bone formation.

Two additional studies composed of small
umbers of patients used bone density mea-
urements in addition to bone histomorphom-
try. As expected, BMD was low for the IH
atients in both series.20,35 Although bone for-
ation was low in both series, the 6 men in the
eilberg et al20 study had fasting hypercalciuria
nd increased osteoclastic bone resorption, sug-
esting dissociation between bone resorption
nd formation. The 5 calcium stone-formers in
he Da Silva et al35 study showed defective
ineralization and increased osteoid and re-

orption surfaces. Another study by Bataille
t al36 studied 24 hypercalciuric calcium stone-
ormers because BMD of their vertebrae dis-
losed a mean z-score of �0.5 by single-energy
uantitative computed tomography. Twenty-
hree of the subjects had fasting hypercalciuria
nd 1 patient had AHI. As a group, trabecular
one volume was decreased on biopsy as well
s the osteoid parameters and bone resorption
urfaces. Dynamic parameters were consistent

ith decreased bone formation and mineral ap- r
osition rate without a significant increase of
ineralization lag time. These findings are

omewhat surprising in light of the fasting hy-
ercalciuria present in most of the patients in
he Bataille et al36 study because increased bone
esorption would be expected to be found.
owever, hydroxyprolinuria was shown to be

ncreased in these patients despite relatively
ormal bone resorption surfaces on bone bi-
psy. This latter finding serves well to empha-
ize the discordance that often is seen between
istomorphometric indices of bone resorption
nd that obtained from biochemical markers of
one turnover.

To help resolve the contribution of bone to
asting hypercalciuria in patients with AHI,
eller et al37 obtained bone biopsy specimens
n 9 stone-formers with AHI and on 9 matched
ontrol subjects. Patients then were studied af-
er stabilization on a low-calcium (400 mg/d)
iet in an inpatient setting at the General Clin-

cal Research Center for evaluation of calcium
omeostasis before and after blockade of bone
esorption with alendronate (10 mg/d for 17
ays). Bone biopsy analysis disclosed that com-
ared with controls, stone-formers had de-
reased indices of bone formation (osteoblast
urface/bone surface, 1.8% � 2.1% vs 3.0% �
.5%, P � .04; mean wall thickness, 36 � 7 �m
s 47 � 8 �m, P � .001) and relatively higher
one resorption, although the mean value was
ell within normal limits (osteoclastic surface,

.4% � 0.2% vs 0.2% � 0.2%, P � .05). A
hort-term course of alendronate treatment cor-
ected fasting hypercalciuria and reduced 24-
our urinary calcium by 48 mg/d. However,

ncreased intestinal calcium absorption per-
isted and calcium balance improved signifi-
antly. These studies not only support the per-
istent finding of reduced bone formation
bserved in other studies, but also suggest that
he hypercalciuria of AHI originates primarily
rom intestinal hyperabsorption of calcium, but
one resorption in excess of bone formation
ay contribute. Indeed, Weisinger et al38 re-
orted a mean decrease in urinary calcium of
5 to 202 mg/d with an identical dose of alen-
ronate to IH patients. Bushinsky et al39 also
ound that the urinary calcium of hypercalciuric

ats decreased toward the range of wild-type
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138 J.E. Zerwekh
ats after treatment with subcutaneous alendro-
ate, correcting the estimated negative calcium
alance. Urinary calcium did not change in nor-
al subjects or normal rats after alendronate in

ither of these studies.
Thus, a majority of the studies that have used

one histomorphometry in IH patients support
he notion that the low BMD principally is ow-
ng to a suppression of bone formation in the
ace of relatively normal bone resorption. There
re exceptions to this, particularly in the face of
asting hypercalciuria and secondary hyperpara-
hyroidism where bone resorption and forma-
ion may be increased.

HAT MECHANISMS ARE
ESPONSIBLE FOR BONE LOSS IN IH?

rom the foregoing discussion, it is apparent
hat 2 general types of bone remodeling defects
re present in patients with IH and are depen-
ent on the nature of the hypercalciuria. For
hose with a clear picture of renal hypercalci-
ria resulting from either renal calcium leak or
rom increased filter load of calcium, the re-
odeling defect is consistent with one of in-

reased bone turnover, whereas in those with
he absorptive form of hypercalciuria the defect
ppears to be more consistent with defective
one formation in the presence of normal or

nappropriately increased bone resorption. Sev-
ral possible mechanisms have been proposed
o explain these differing responses in bone
urnover.

In renal hypercalciuria, there is an increase
n bone turnover believed to be secondary to an
ncrease in PTH secretion to maintain serum
onized calcium concentration. Bone biopsy
nalysis in osteoporotic patients with renal cal-
ium leak and secondary hyperparathyroidism
as disclosed increased bone turnover that re-
olves with hydrochlorothiazide treatment.40

owever, there are additional circumstances
nder which a renal hypercalciuric picture
ight emerge associated with increased skele-

al turnover.

igh Animal Protein Intake

high animal protein diet is known to cause

ypercalciuria. Several mechanisms have been r
nvoked to explain the hypercalciuria but it
ppears to be derived mainly from both bone
nd renal loss mechanisms resulting from a sys-
emic acid load.41 High dietary protein intake
auses glomerular hyperfiltration, which results
n increased filtered load of calcium and hyper-
alciuria. However, the hypercalciuria seen un-
er high dietary protein intake is much greater
han that predicted to occur only from in-
reased filter load to the kidney.42 This suggests
hat there may be a direct acid-mediated inhibi-
ion of renal tubule calcium reabsorption. Re-
ent studies have confirmed that an acid load
nhibits the renal reabsorption of calcium43 and
romotes a sharp increase in bone turnover in
n animal model.42 Furthermore, in a recent
linical study,44 a high-protein–low-carbohy-
rate weight-reducing diet increased net acid
xcretion by 54 mEq/d and reduced urinary pH
y 0.5 units. Although urinary calcium in-
reased by 90 mg/d, intestinal calcium absorp-
ion was not altered, suggesting that the hyper-
alciuria was of skeletal origin. We recently
eported on the deleterious effects of high pro-
ein intake on the skeleton using static and
ynamic-based bone histomorphometry.42 Pro-
ein excess was produced in rats by feeding a
igh-casein diet. Compared with a low-casein
iet, urinary calcium was 3- to 4-fold greater on
high-casein diet that was high in acid ash

ontent. The increase in bone resorption as
ssessed by eroded surfaces and active oste-
clastic surfaces was quite dramatic, with each
f these parameters being increased 3-fold or
etter (Fig. 2). In a preliminary study, Zerwekh
t al45 showed that neutralization of the acid
oad by co-administration of potassium citrate
ompletely prevented hypercalciuria, cancel-
ous bone loss, and the increase in bone resorp-
ion parameters. It is interesting to also note
hat in 3 previous studies mentioned earlier, in
hich it was asked whether an association be-

ween acid intake and BMD existed, that those
esults were consistent with such an associa-
ion. Pietschmann et al7 found an inverse asso-
iation between vertebral BMD and 24-hour uri-
ary sulfate and pH. Jaeger et al9 also showed
n inverse association between these biochem-
cal markers of increased acid load and cor-

ected BMD at the tibia and femur. In the study
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Bone disease and idiopathic hypercalciuria 139
y Asplin et al,21 no significant relation was
een between BMD z-scores of the femoral neck
r spine with urinary sulfate or titratable acid,
ut an inverse significant correlation was found
or total ammonium versus femoral neck and
ertebral BMD z-score in stone-formers. Non–
tone-formers did not show such an association.
inally, Sakhaee et al46 reported that potassium
lkali administration (40 mmol/d) to postmeno-
ausal women significantly decreased urinary
alcium without changing serum PTH levels. In
his study potassium alkali alone had little effect
n bone turnover markers, although it did re-
uce the serum carboxyterminal extension
eptide of type I collagen (a marker of bone
esorption) by about 10%.

rostaglandin E2 Excess

nother potential sequela of high protein in-
ake is increased renal production of prosta-
landin (PG)E2. Intra-arterial administration of
GE2 in experimental animals has been shown
o increase urinary calcium excretion without
hanges in glomerular filtration rate.47 Under
onditions of high animal protein intake (in-
reased acid load), PGE2 may serve to exacer-
ate the acid-load–induced hypercalciuria by

ncreasing the sensitivity of the epithelial cal-
ium channel to inhibition by acid. Prostaglan-
ins also have potent skeletal effects. Their ac-
ions on osteoclasts and osteoblasts have been
hown to be mixed, depending on the model
sed (cell culture, organ culture, whole ani-

igure 2. Microphotographs of cancellous bone from r
ow-casein diet for 2 months showing osteoid and osteob
rom a rat that had been on a high-casein diet showing a
f eroded surface (arrows). Final magnification, 160�.
al). Most studies have suggested that PGE2 is a d
otent stimulator of bone resorption48 while
nhibiting osteoblastic collagen synthesis.49

hether a high animal protein diet can increase
ystemic PGE2 concentrations sufficiently to af-
ect the bone remodeling process is currently
nknown.

ther Potential Causes

ther reports have suggested that the bone loss
een in IH patients with stones may be intrinsic
o the underlying cause of the hypercalciuria.
everal factors, including interleukin-1, inter-
eukin-6, tumor necrosis factor-�, granulocyte

acrophage colony stimulation factor, and fatty
cids have been intimated to promote hypercal-
iuria and bone loss, the latter through in-
reased bone resorption and turnover.12,47,50-52

lthough these potential mechanisms are con-
istent with increased bone turnover, they may
ot explain the low bone formation that has
een reported for a majority of patients with
HI.

otential Causes of
ow Bone Formation in AHI

s discussed previously, bone biopsy speci-
ens from patients with AHI have shown a
icture compatible with low bone formation
nd turnover whereas features suggestive of
ncreased bone resorption are less common. At
he cellular level, decreased bone formation
ay result from reduced osteoblast numbers,

ur. (A) Trabecular bone from a rat that had been on a
arrow) and normal bone formation. (B) Trabecular bone
d increase in the number of active osteoclasts and extent
at fem
lasts (

marke
ecreased work function per osteoblast, and/or
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ncreased osteoblast apoptosis. To date, there
as not been an assessment of osteoblast apo-
tosis in bone biopsy specimens from patients
ith AHI. Malluche et al33 suggested that in
atients with nephrolithiasis and stones, the
one biopsy was consistent with decreased
ork function per osteoblast, whereas in the

tudy by Heller et al37 it was more consistent
ith decreased osteoblast numbers. At the mo-

ecular level, the number of base changes in the
bsorptive hypercalciuria-related adenylyl cy-
lase (AHRAC) has been shown to be well cor-
elated with reduced spinal bone density.53

mong AH patients with intestinal hyperab-
orption of calcium, patients harboring AHRAC
ase substitutions had much lower bone den-
ity than those with wild-type AHRAC geno-
ypes. AHRAC is expressed in bone but its cur-
ent function in bone cells is currently not
nown. It is conceivable that dysfunction of
HRAC can alter the rate of bone formation that
roduces an inappropriately high bone resorp-
ion in AHI.37

Another potential cause is increased serum
,25-dihydroxyvitamin D (1,25[OH]2D) or in-
reased sensitivity to its actions. At high doses,
his hormonal regulator of intestinal calcium
bsorption may increase bone resorption and
ecrease collagen synthesis.54 Administration of
,25(OH)2D to normal volunteers mimics the
HI phenotype.55 Some 30% to 80% of patients
ith AHI have increases in this vitamin D me-

abolite because of disordered regulation.56,57

itamin D receptor concentrations have been
eported to be increased in IH patients in some
tudies58 but not in another study.59 Increased
itamin D receptor concentration and in-
reased sensitivity of bone60,61 also have been
hown in an animal model of hypercalciuric
ephrolithiasis, namely the genetic hypercalci-
ric stone-forming rat. Thus, in patients with
igh 1,25(OH)2D or increased receptor num-
er, there may be increased bone resorption
ompared with normal subjects and possibly
educed collagen synthesis similar to the re-
uced bone formation observed in AHI stone-
orming patients. Additional studies with both
uman and animal models of AHI will be

eeded to further explore what mechanisms 1
ay be contributing to the bone loss observed
or this group of stone-forming patients.
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