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Summary

'Changes in bone mineral balance cause rapid and systematic changes in the calcium

isotope composition of human urine.

Abstract

Urine from subjects in a 17 week be€1 rest study was analyzed for calcium isotopic -
composition. Comparison of isotopic data with measurements of bone mineral density
and metabolic markers of bone metabolism indicates the calciurﬁ isotope~comp‘osition of
urine reflects changes in bone mineral balance. Urine calcium isotope composition
probably is affected by both bone metabolism and renal processes. Calcium isotope .
analysis of urine and other tissues may provide information on bone mineral balance that
is in important respects better than that available from other techniqués, and illustrates the

usefulness of applying geochemical techniques to biomedical problems.



The movement of calcium between organisms and their environments, and between
different compartments within aniorganism, is strictly regulated and essential to
life. Ih humans, acute disruptions of calciu'm metabolism can Jead to serious health
préblems such as neurologic and muscle disorders. Persistent disruptions can be
manifested in skeletal disorders such as os_teomqlacia and osteoporosis. Vertebrate
calcium intake and excretion are controlled largely by the linked processes of
intestinal calcium absorption and urinary and fecal calcium excretion. The
skeleton, being the largést reservoir for calcium in the body, is responsible for the
short term control of blood levels of this element. Thus, the development of
-techniques for quantifying bone resorptioﬁ, bone formation and skeletal mass play a
key role in our search for understanding calcium movemenfs in the bone
compartment of humans. ‘Because measures of bonbe resorption and fbrmation are
relative estimates of processes that are not quantitatively comparable, it rémains.
very difficult to determine changes of mineral balance in the bohe. However, iﬂ this
report we show that natural variétions in czilcium isotope composition caﬁ be
détected in human urine, and present evidence that these variations indicate

changes, including rapid changes, in bone mineral balance.

Natural calcium is a mixture of six isotopes (1). It is known that many processes,
including biological processes, can “fractionate™, or alter the relative abundances of
calcium isotopes. Calcium isotopic compositions are expressed as 844CVa, which can be |
defined as the differenf:e, in parts per thousand (%), between the “Ca*Ca (2) ofa .
sémple and a laboratory reference material (heré, dissolved calcium in seawater). There

appears to be no isotope fractionation during intestinal absorption and secretion of



calcium (3), or during bone resorption (4, 5). However, there is a approximately -1.3%o
6*Ca fractionation factor associated with bone formation (6), resulting in the §**Ca of
skeletal calcium being about 1.3 %. lower (i.e., isotopically lighter) than the diet and soft

tissue average (4, Figure 1).

A simple theoretical model relates soft tissue §**Ca to bone mineral balénce 4). Tﬁe
basis of this model is that calcium isotope fractionation during bone formation
‘preferentially moves isotopicall\y light calcium into thé skeleton, thus enriching soft tissue
in heavy calcium. Conversely, bone resorption returns isotopically light skeletal calcium
to soft tissues. Thus, positive bone mineral balance (where the rate of bone formation
exc?eds the rate of bone resorption) causes positive excursions in soft tissue §**Ca, and
negé.tive bone mineral balance causes negative excursions in soft tissue \644C.a. Ifbone
formation is the only process in the body that fractionates calcium isotopes, at “steady
state” (wheﬁ the rate of bone formation and bone resorption are equal), §**Ca of soft
tissue will be the same as 8**Ca of diet. Given the short residence time of,c.:alcium in soft
tissue (i.e., days) and the fact that soft tissue calcium concentrations are strictly regulated,
soft tissue 5*Ca should respond quickly to changes in bone mineral balance. These

changes should be reflected in both blood and urine calcium isotope cdmpgsition.

A correlation between soft tissue §**Ca and bone mineral balance has been inferred in
non-human vertebrates (4). To determine whether the same correlation is detectable in
humans, 8*Ca of two food samples and 49 urine samples from 10 subjects in a 17- Week |
bed rest study (7, 8, Table 1) were measured (9). ’fhis original study was degigned to

determine the effectiveness of two countermeasures-- resistive exercise and the anti-



resorptive bisphosphonate drug alendronate—against (simuléted) weightlessness-induced
bone loss. Subjects were assigned to one of three groups: a group treated with
alendronate, a group subjected to a regimen of resistive exercise, and a control
(untreated) group. Effectiveness of treatments was evaluated by comparing measurements
§f bone mineral density (BMD), net calcium balance, and biochemical markers of bone
resorption (n-telope;ptide, NTX(10)) and bone formation (bone-specific alkaline
‘phosphatase, BSAP ‘(1 1)) in the alend:ohate and exercise subjects with those of the .

control subjects. These data have been published and interpreted elsewhere (7, 8).

Relativé to initial values measufed for each subject, 8**Ca values were genprally negative
- for the control group, positive for the alendronate groub and unéhanged for the exercise
group (Figure 2). ihese data indicate that control subjects lost bone during bed rest while
alendronate subjects gained bone and exercise subjects maintained bone mass balance.
These results confirm the prediction of bone loss in the control group, and geherally are
consistent with published interpretatiqns of the BMD and bio‘chemiéal marker data (7, 8)
Tabie 2). The results are also consistent with theoretical predictions. Given reasonable
estimates of intestinal calcium absorption and i)one ‘tuzlnover rate in control subjects (12),
the predicted change in urine 5*Ca of control subj ects during bed rest is -0.26%0 to —
.0.48%o. The observed change was —0.58%o. Considering quantitative uncertainties in the
data, and uncertainties about key aspects of calcium isotopic behavior in humans, such as

the calcium isotope fractionation factor during bone mineralization, the agreement

between prédicted and observed change in §*Ca is good.



Measurements of metabolically induced variations in calcium isotépe composition may

- provide better data on short-term changes in bone mineral balance‘than other current
techniques. Change§ in BMD over the course of the experiment we‘re small, varied
considerably between different parts of the skeleton, and are difficult to interpret in terms
fof changes in total skeletal mass. Net calcium balance calculations are notoriously |
inaccurate, because they ignore dermai calcium loss (13, 14), and'Because net calcium
balance is typically small compared to calcium intake and excretion measurements from
which it is calculated, so that relatively small errors in measuring intai{e or excretion can
translate into large errors in net calcium balance (15, 16). ‘I'\ITX and BSAP reflect bone
resorption and bope formation, respectively, but there is no reliabley way to combine these
measurements into a quantitative méasure of bone mineral balance. This difficulty is
compéunded by the fact that changes in bone turnover rate can affebt rates of bone
formation and resorption in similar ways. Thus NTX and BSAP ére often positively
correlated, as is the case with the alendronate and exercise subjects in this study (Téblé
2). In contrast 8**Ca is directly related to bone mineral balancé. Unlike BMD, large
changes in 8**Ca can occur quickly and do not require large changes in bone mineral .
mass. Unlike NTX and BSAP, §*“Ca responds to the relative rates of bone formation énd
resorption, not by tﬁe absolute rate of bone turnover. More;)ver, mf;thods utilizing a
measurement of 8**Ca have the potential té discriminate between low bone density due to
loss of skeletal mineral (i.e. osteoporosis) versus low bone density caused by a decrease

in the mineralization of existing osteoid (i.e. osteomalacia and rickets). For these reasons

§*Ca measurements may be broadly useful in the study of bone mineral metabolism.



If bone formation were the only process that fractionated calcium isotopes in humans,
urine 8**Ca of soft tissues should be lower than dietary §**Ca when bone loss exceeds

. bone formation. However, §*Ca is uniformly higher than dietary §**Ca, even in control
subjects who experienced net bone loss. Urine 644Ca_also is strongly and inversely
correlated with the rate of urinary calcium excretion (Figure 3). These observations
indicate that calcium isotopes are fractionated during urine formation. Fractionation
during renal reabsorption of calcium would almost gertainly deplete urine of isotopically
light calcium (17), and reasonably could account for both the correlation between urinary

8*Ca and calcium excretion rate, and the fact that urine calcium is isotopically heavier

than dietary calcium. Alternatively, or in addition, high 8**Ca of urine calcium may
reflect isotope fractionation between the ﬁltra—ﬁltratablga and the protein-bound fracfions
of calcium in blood. Only the ultra-filtratable fraction is a sourée for calcium in urine,
and if calcium in this fraction is isotopically heavier than the proteiﬁ-bound fraction (e.g.,
due to differences in Ca-bond strengths), this difference would be reflected in urine. It
appears that measurements of §**Ca may also be useful in studying aspects of calcium

3

metabolism other than bone mineral balance, such as renal calcium processing.

There is great potential for frﬁitful and truly interdisciplinary research into biolo gicaliy
induced variations in the isotopes of calcium and other elements. By using knowledge of
the isotopic behaviors of elements such as carbon and oxygen, the natural isotopé
chemistry of these elements is exploited in geology and other sciences (18). However,
such tools are rarely applied to medically importanf intra-organismal processes. The
ability of calcium .isotopes to track biologically and medically significant changes in the

human body demonstrates that isotope analysis in general is a promising area for



biomedical research. The intra-organismal behaviors of the isotopes of elements such as
lead, mercury, selenium (19), iron (20), copper (21, 22), zine (21,22) chromiurm (23) and

molybdenum (24), await investigation.
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’fable 1. Isotope, NTX, and BSAP data from urine samples. Week numbe;'s refer to
the number of weeks of bgd rest. Week 0 values are those at the start of bed rest. Before
bed rest started, subjects were acclimated to a uniform diet for 3 weeks. For subject 2,
these weeks are designated with negative numbers. Bed rest eﬁded at week 17, after
which subjects were allo‘\;ved to return to normal activity but were monitored for an

additional 2 weeks. Week 19 data are from the end of this ambulatory period.

Weeks of ' §¥ca NTX BSAP

Sample no. Subject Group | bedrest “calCa %0 (nmol/day) | (U/L)
28 Subject 1 A 0 0.021683 -1.38 621 15.7
44 Subject 1 A 4 0.021692 -0.97 455 15.8

" 48 Subject 1 A 10 0.0216959 | -0.79 659 15.3
12 Subject 1 A 17 0.0216984 -0.67 594 14.3
47 Subject 1 A 19 0.021678 -1.61 579 12.5
41 Subject 9 A 0 0.0216757 | -1.72 630 22.8

5 Subject 9 A 4 0.02170¢ -0.18 555 21.7

50 , Subjects | A 10 0.0216891 | -1.10 580 | 19.1
33 Subject 9 A 17 0.0216782 | -1.60 591 17.0
23 ‘ Subject 9 A 19 0.0216868 | -1.21 586 18.9

3 Subject 10 A 0.0217161 0.14 680 24.5
40 Subject 10 A 4 0.0217177 0.22 612 20.1
31 Subject 10 A 17 0.0217207 0.35 497 15.3
10 Subject 10 A 19 0.0217195 0.30 431 16.9
35 Subject 2 C 2 0.0217048 | -0.38 462 nm
38 Subject 2 o] -1 0.0217075 | -0.25 379 nm

8 Subject 2 c .0 0.0217138 0.04 456 14.3
19 Subject 2 Cc 0.0216947 | -0.84 472 nm

4 -Subject 2 Cc 6 0.021686 -1.24 730 16.0
45 Subject 2 Cc 10 0.0216773 | -1.64 608 nm
30 Subject 2 o] 12 0.0216781 -1.61 537 nm
. 42 Subject 2 (o] 15 0.0216896 | -1.08 611 nm
- 16 Subject 2 C 17 0.0216873 | -1.18 612 14.4
24 - Subject 2 Cc 18 0.0216925 | -0.94 623 nm
20 Subject 2 C 19 0.0217064 | -0.30 535 14.7




29 Subject5 | C 0 00216794 | -1.55 909 203
27 Subject5 | C 4 0.0216795 | -1.54 1239 17.7
49 Subject 5 (o] 10 0.0216884 -1.13 1127 19.5
7 Subject5 | C 16 00217 | -0.60 1088 | 18.2
25 Subject5 |- C 19 0.021687 | -1.20 785 20.6
18 Subject 7 C 0 0.0217035 -0.44 418 15.9
26 Subject7 | C 4 0.0216857 | -1.26 662 | 155
54 Subject? | € 10 0.0216866 | -1.22 681 17.0
36 Subject7 | € 17 00216783 | -1.60 765 16.3
21 Subject7 | © 19 0.0216921 | -0.96 615 19.4
15 Subject8 | © 0 00217032 | -0.45 434 17.1
9 Subject8 | C 4 0.021685 | -1.29 764 nm
83 Subject 8 (o] 10 0.0216899 ~1.06 852 15.8
46 Subject8 | C 17 0.021693 | -0.92 850 16.8
43 Subject8 | C 19 00216981 | -0.69 586 17.7
17 Subject3 | E 0 0.021694 | -0.88 710 214
11 Subject 3 E 4 0.0216947 -0.84 851 "32.0
51 Subject3 | E 10 0.0216972 | -0.73 977 30.1
2 Subject3 | E 17 0.0216898 | -1.07 1075 27.3
37 Subject3 | E 19 0.0216792 | -1.56 1051 28.0
22 Subject4 | E 0 0.0216965 | -0.76 697 15.2
6 Subject4 | E 4 0.0216888 | -1.11 511 16.6
52 Subject4 | E 10 0.0217014 | -0.53 740 20.1
34 Subject4 | E 17 0.0216972 | -0.73 620 227
14 Subject4 | E 19 0.0216903 | -1.05 806 21.5
32 Subject6 | E 0 0.0216765 | -1.68 614 25.0
13 Subject6 | E 4 0.021686 | -1.24 698 51.7
1 Subject6 | E 17 0.0216902 | -1.05 949 37.8
- 39 Subject6 | E 19 0.0216915 | -0.99 819 30.8




Table 2. Mean data for all subjects.at all times for each group‘.v 1 sigma errors are
shown for §44Ca data. BMD data from the axial skeleton Wére used i)ecause this is the
part of the skeleton most likely to show mineral loss during inactivity, and should most
clearly reflect experimentally induced changes in bone mineralrbalance. NTX and BSAP
are metabolic niarkers of bone resorpt-ion and formation, respectively. Note that in the
exercise and alendronate groups these markers co-varied, reflecting the fact that bone
formation and resorption are metabolically coupled. This coupling makes it difficult to
explain changes in overall bone mineral balance in terms of changes in NTX and BSAP.
Net calcium balancé are pﬁblished values for whole experimental groups (6, 7), not just

the subsets of these groups selected for urine calcium isotope analyses.

Mean .
change in BMD| Mean change in Mean [Mean change

from starting | urinary5*Ca from | change in in Net Ca

Group value starting value NTX BSAP balance
(%) (%0) (nmol/day) (U/L) (mg/day)
Control -1.25 -0.580 (+/-.35) 210.66 0.02 -199 + 33
Exercise 0.06 0.072 (+/-.13) 153.06 9.36 22+ 54
Alendronate 1.61 0.483 (+/- 0.18) -89.40 -3.97 . -62 + 38
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Figure 1. Simplified schematic representation of vertebrate calciul;l metabolism.
Arrows indicate routes of calcium movement b§tween compartments, and numbers with
arrows show calcium isotope fractionation factors. The calcium isotope difference
between soft tissue and bone, and the ability of soft tissue and urinary *Ca to track
changes in bone mineral balance, is the result of there being a 1.3%, fractionation during

* bone formation, but no fractionation during bone resorption. This model assumes that

renal fractionation occurs during calcium re-uptake.
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Figure 2b

Figure 2. Change in urine d44¢a during and after bedrest, relaﬁve to week zero
values, by subject. Becauge starting 8*Ca of subjects‘ varied Widely, 8*Ca is referenced
to the starting value of each patient. Duriﬁg the study, patients were fed identical diets.
Two samples of homogenized diet yielded the same §*‘Ca (-1.88%0 and —1.90%o),
indicating that dietary §*Ca was approximately constant during the study. Vaﬁatidns in

\ dietéry 8*Ca would have affected all subjects, and could ﬁot explain the isotopic
differences between subjects that are of interest here. Figure4 2a shows data for all
paﬁénts with 1 sigma erfﬁrs. Figure 2b shows group means. If changes in §**Ca are
positively correlated with bone mineral balance, thése data indicate that duripg bed rest,
on averagle, aiendronate subjects maintained positive bone mineral balance, exefc;ise
_subjects neutral bone mineral balance, and control subjects negative bone mineral
balance. Note that because the true bone mineral status of any indiyidual éubj ect is
unknown. Becausé there is no expectation that the bone mineral status of all subjects in a
barticular group at a particular time would be the same, errors are not shoWn for the

group means in Figure 2b.
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Figure 3. Ca excretion rate versus the mean isotopic offset between urine and diet

(6" Cayrine minus 5*‘Cagier). Each point represents the mean values for one subject

through the period of bed rest. Urinary 8**Ca of all subjects was higher than dietary §**Ca
regardless of bone mineral balance. Isotopic offset was also inversely correiated with
urinary calcium excretion rate. This correlation would be most easily explained if renal
reuptake depletes urine of isotopically light calcium; the highef the fractioh of
isotop'ically light calcium that is absorbed, the more istopically heavy the calcium
-remaining in urine would become. Even small fractionation factors can produce large

isotope effects when they operate continuously on a dimim'shing'and closed pool of




{

calcium. As about 98% of calcium originally filtered from blood is reabsorbed,

fractionation during reuptake probably is quite small.



