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Abstract

Calcium precipitation in bile is a requisite event in the initiation
and growth of all pigment gallstones. Calcium solubility in bile
is thus of great importance. This is the first attempt to define
the ion-product of CaCO; in bile in any species. If the ion-product:
[Ca**]- [CO3] exceeds solubility product (K,), the sample is su-
persaturated and CaCOs precipitation is thermodynamically
possible. We have recently determined K7, of calcite to be 3.76
X 107® mol/liter at 37°C and total ionic strength = 0.16 M.
Gallbladder (GB) bile was obtained from 15 anesthetized dogs
after 12-24-h fasts. Duct bile was obtained from three dogs (n
= 12) during variable taurocholate infusion. Samples were as-
sayed for pH, partial pressure of carbon dioxide (PCO,), total
bile salt concentration (JTBS]), total calcium concentration ([Ca]),
and free calcium ion concentration ([Ca**]). With increasing
[TBS] in both GB and duct bile, there was a linear decline in
pH, a curvilinear decline in [HCOj3] and [CO3}, and linear in-
crease in [Ca**] and [Ca]. All ductular samples were supersat-
urated with CaCO;, with saturation indices (SI) as high as 17.5
and a mean of 8.36+1.43 (SE). In sharp contrast, none of the
GB samples were supersaturated, due to the marked decline in
[CO3] upon concentration and acidification of bile. In GB bile,
the SI ranged from 0.006 to 0.126, with a mean of 0.039+0.011.
The gallbladder thus produced a change in the SI from a value
as high as 17.5 to a value as low as 0.006 in concentrated GB
bile, which is a nearly 3,000-fold change. The average change
in the SI was ~215-fold. Since all duct samples were supersat-
urated, and since the dog does not normally form gallstones, the
data support our previous hypotheses that: (a) in canine bile, as
in canine pancreatic juice, a nucleating factor is necessary for
CaCO; precipitation; (b) bile salts are important buffers for Ca**
in bile; and (c) normal GB mucosal function (concentration and
acidification of bile) plays an important role in reducing CaCO;
lithogenicity in GB bile.

Introduction

Calcium precipitation in bile is a requisite physicochemical event
in the initiation and growth of all pigment gallstones. Such stones
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contain calcium salts of one or more readily precipitable anions
in bile, which we (1) have recently termed “calcium-sensitive”:
carbonate, bilirubinate, phosphate, and long-chain fatty acids
(2). Calcium solubility in bile is thus of critical importance in
the formation of pigment stones.

For cholesterol stones, the importance of cholesterol super-
saturation in bile was clearly demonstrated by the studies of
Admirand and Small (3). More recent work has highlighted the
importance of nucleation factors in the formation of cholesterol
stones, since supersaturated bile occurs in individuals who do
not have gallstones (4-6), and since bile from cholesterol gall-
stone patients nucleates more rapidly in vitro than bile samples
from subjects without gallstones for a given degree of cholesterol
supersaturation (7-9).

Precipitated calcium salts in bile are believed to serve as a
nucleus for cholesterol precipitation since cholesterol stones have
been found to contain pigment stone centers (10, 11). Therefore,
we (1, 12) have recently advanced the hypothesis that calcium
precipitation is important in the initiation of cholesterol gall-
stones by forming a nucleus on which cholesterol can precipitate
from its supersaturated state. A similar view has been expressed
by Williamson and Percy-Robb (13).

In addition to possibly having a role in the initiation of cho-
lesterol stones, calcium precipitation may occur on the surface
of such stones either spontaneously (14), during chenodeoxy-
cholic acid treatment (15), or during ursodeoxycholic acid treat-
ment (14). Such precipitation is clinically important, as it usually
precludes successful gallstone dissolution.

In any given bile sample, the limiting solubility of a calcium
salt is determined by the ion-product: [Ca**] - [anion~] for that
salt. If this product exceeds the solubility product constant
(Kp)' of that salt, the sample is supersaturated (metastable) and
calcium precipitation is thermodynamically possible. Of the four
anions listed above that precipitate with calcium in bile, only
the K, of CaCO; (calcite) has been determined under physiologic
conditions. Recently, using the Ca** electrode, Moore and Ver-
ine (16) have reported K, for calcite to be 3.76 X 10~® mol/
liter at 37°C. Comparison of the ion-product: [Ca**]-[CO3] in
a given bile sample at 37°C with the value of K3, allows a quan-
titative statement as to whether that sample is supersaturated
with respect to calcite.

This study is the first attempt to determine the ion-product
of a calcium salt in bile in any species. We will show that canine
ductular bile, but not gallbladder bile, is supersaturated with
calcium carbonate. The results suggest that: (a) nucleating fac-
tor(s) are necessary for calcium precipitation in bile, and (b)
normal gallbladder mucosal function (absorption and acidifi-

1. Abbreviations used in this paper: [Ca], total calcium concentration;
[Ca**], free calcium ion concentration; [HCOj3], bicarbonate ion con-
centration; K, solubility product constant; PCO,, partial pressure of
carbon dioxide; [TBS], total bile salt concentration.
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cation) greatly reduces the [Ca**]-[CO3] ion product, so that
gallbladder bile is normally unsaturated with calcite.

Methods

Gallbladder bile was obtained from 15 mongrel dogs anesthetized with
sodium pentobarbitol (25 mg/kg) after 12-24-h fasts. The period of fasting
was intentionally varied to achieve variable degrees of bile concentration
and acidification. Laparotomy was performed and gallbladder bile as-
pirated anaerobically into a syringe using a 20-gauge needle. Care was
taken to empty the gallbladder completely to minimize stratification
effects on bile composition (17).

12 samples of common duct bile were also obtained from three dogs
during variable infusion of sodium taurocholate (0-100 umol/min), ob-
tained from Calbiochem-Behring Corp., La Jolla, CA (purity > 98%).
At laparotomy, the cystic duct was ligated, and the common duct was
intubated with PE-190 tubing, and ligated distally. For each rate of in-
fusion, bile flow was allowed to stabilize until it was relatively constant.
At this time, a sample of duct bile was slowly withdrawn anaerobically
into a syringe. A second higher rate of taurocholate infusion was then
begun and the procedure repeated.

All samples were immediately analyzed at 37°C for pH and partial
pressure of carbon dioxide (PCO,) using a blood gas analyzer (model
513; Instrumentation Laboratory, Inc., Lexington, MA). Total CO, con-
tent ([TCO,]) was determined in triplicate with a S/Pecial Chem Micro
CO, System (American Scientific Products, McGaw Park, IL). Total bile
salt concentration was assessed by the 3-hydroxysteroid dehydrogenase
method (18). Total calcium concentration ([Ca]) was determined by
atomic absorption spectroscopy using a spectrometer (model 305B; Per-
kin-Elmer Corp., Instrument Div., Norwalk, CT). Free ionized calcium
concentration ([Ca**]) was determined anaerobically at 37°C with a
Ca** electrode (Model SS-20 Ionalyzer; Orion Research, Inc., Cam-
bridge, MA).

In each sample, the bicarbonate ion concentration ([HCO3]) was
calculated from the Henderson-Hasselbalch equation:

- [HCO3]
pH = pK’ + log Pco 0 (Eq. 1a)
[HCO3] = (pCO;- Q) X (10°2<%) (Eq. 1b)

where pK = 6.1 at 37°C (19), and Q' is the CO, solubility coefficient.
The product: Pco, - Q' is the concentration of dissolved CO,. We have
recently reported Q' to be 0.0288 mol/liter per mmHg in canine bile at
37°C (20); this value was used in the calculations. In each sample, the
carbonate ion concentration ([CO3]) was similarly calculated:

- it [CO5]
pH = pK) + log —-———[H C03] (Eq. 2a)
[CO3] = [HCO;3] X (10°H-Pk2) (Eq. 2b)

where pK’ = 9.8 at 37°C (19). The ion-product: [Ca**]: [CO;] was then
determined for each sample from observed electrode {Ca**} and calcu-
lated [CO5] concentrations. All calculations were made with a computer
(PC-XT; IBM Instruments, Inc., Danbury, CT); graphs were made using
Lotus 1-2-3 software and Hewlett-Packard Model 7470A plotter.

Resuits

PH vs. total bile salt concentration ([TBS]). As shown in Fig. 1,
there was an apparently linear decline in pH with increasing
[TBS]. The slopes of the regressions for duct and gallbladder
bile samples were not significantly different from one another
(variance analysis), so the two sets of data were combined to
yield the tentative regression: pH = 8.03 — 0.008 [TBS], (r
= 0.97). In duct samples, with increasing taurocholate infusion
and increasing [TBS], pH declined from 7.85 to 7.37. The linear
decline in pH continued in gallbladder samples as bile salt con-
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Figure 1. Tentative linear relation between pH and total bile salt con-
centration in 12 ductular and 15 gallbladder bile samples: pH = 8.03-
0.008 [TBS], r = 0.97; y = 8.03 — 0.008 x.

centration rose during sodium and water reabsorption. Thus, in
the most concentrated gallbladder bile sample, [TBS] was 305
mM and pH was 5.86; the lowest observed pH was 5.81 at a
[TBS] of 298 mM.

[HCO73]and [COj5] vs. [TBS]. The above-mentioned decline
in pH was accompanied by a curvilinear decrease in calculated
bicarbonate and carbonate ion concentrations, as shown in Fig.
2. In ductular bile, maximal observed [HCO3] was 38.6 mM,
with a decline to <1 mM in concentrated gallbladder bile. Sim-
ilarly, [CO3] declined from a maximal value of 0.34 mM in
ductular bile to <7 X 107 M in concentrated and acidified
gallbladder bile. This decline was ~5,000-fold. Thus, the normal
concentration and acidification of bile in the canine gallbladder
resulted in a striking decrease in the concentration of one com-
ponent of the ion-product: [Ca**]-[CO3]. This decline in
[CO3] would correspondingly increase the maximal allowable
[Ca**] concentration within the limits of calcium carbonate sol-
ubility, as dictated by K.

[Ca) and free [Ca**] vs. [TBS]. In sharp contrast to the
above decrease in [CO3], the concentrations of total calcium
and free ionized Ca** rose linearly with increasing bile salt con-
centration in both ductular and gallbladder bile samples. For
total calcium (Fig. 3), the combined tentative regression was:
[Ca] = 2.73 + 0.026 [TBS], (r = 0.96), while for free Ca** (Fig.
4) it was: [Ca**] = 1.16 + 0.0063 [TBS], (r = 0.90). The [Ca**]-
intercept of the latter regression, 1.16 mM, is the approximate
normal canine ionized calcium concentration in plasma. This
suggests that free Ca** ion in the proximal biliary tract is at or
near electrochemical equilibrium with plasma.

The slope of 0.0063 (Fig. 4) for the rise in [Ca**] was con-
siderably lower than the slope of 0.026 (Fig. 5) observed for total
calcium, which indicates that free [Ca**] rises more slowly than
[Ca] during bile concentration. Thus, in ductular samples, mean
[Ca] was 3.98+0.18 mM (SE), whereas in gallbladder bile it was
9.30+0.28 mM. In contrast, mean [Ca**] rose from 1.47+0.08
mM in ductular bile to a mean of only 2.71+0.11 mM in gall-
bladder bile.

This difference between total and free Ca** concentrations
largely reflects binding of calcium to bile salts. Thus, the ratio
of mean [Ca**] to mean [Ca]: 2.71/9.30 = 0.291 in gallbladder
bile indicates that only about 29.1% of total calcium was present
as the free ion, while 70.9% was present as bound and complexed
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species. Significant calcium-binding would be expected, since
taurocholate is the major bile acid in canine bile, and since we
have recently found affinity constants of ~151 liters/mol and
7.1 liters/mol for the binding of calcium to free and micellar
taurocholate species, respectively (1, 12).

Ion product: [Ca**]+[CO3]. The above-mentioned decline
in [CO3] was much greater than the rise in free [Ca**], so that
the ion-product: [Ca**]- [CO5] sharply declined with increasing
bile salt concentration (Fig. 5). The dashed line in the figure at
3.76 X 1078 mol/liter is the value of K, for calcite at 37°C and
total ionic strength 0.16 M (17). It can be seen that all duct bile
samples were supersaturated, with ion-products that exceeded
Ky,. The most marked degreeg of supersaturation were at the
lowest bile salt concentrations. These data indicate that canine
ductular bile is metastable with respect to calcium carbonate
(calcite). In sharp contrast, all gallbladder bile samples were far
below Ky,, which indicates that canine gallbladder bile is nor-
mally unsaturated with respect to calcite.

Saturation index. Another way of considering calcium sol-
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Figure 3. Tentative linear relation between [Ca] and [TBS], in 12 duc-
tular and 15 gallbladder bile samples: [Ca] = 2.73 + 0.026 [TBS], r
=0.96; y = 2.73 + 0.026 x.

ubility in bile is the saturation index, which we will define as
the ratio of the observed ion-product to K,:

[Ca*™]-[COs5]
K,

A saturation index of 1.0 is the limit of a stable thermody-
namic state. An index < 1.0 indicates that the sample is unsat-
urated, while a value > 1.0 indicates that the sample is super-
saturated (metastable) and CaCO; precipitation is thermody-
namically possible.

Results are shown in Fig. 6. In ductular bile, the maximum
observed saturation index was 17.5, decreasing to a minimum
of 2.1 with increasing bile salt concentration. The mean satu-
ration index for the 12 ductular samples was 8.36+1.43. On the
average, therefore, ductular samples were supersaturated by a
factor of 8.36. In gallbladder bile, the saturation index ranged

(Eq. 3)

Saturation index =
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Figure 4. Tentative linear relation between free ionized calcium and
total bile salt concentrations in 12 ductular and 15 gallbladder bile
samples. Free [Ca**] was related to [TBS] by the function: [Ca**]

= 1.16 + 0.0063 [TBS], r = 0.91. Note the [Ca*"] intercept of 1.16
mM at zero [TBS]; this is the approximate [Ca**] in canine plasma. y
= 1.16 + 0.0063 x.
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Figure 5. Observed ion-products: [Ca**]+[CO3], in 12 ductular and

15 gallbladder bile samples at 37°C as a function of total bile salt con-
centration. The dashed line is the value of the solubility product con-
stant, Ky, for calcite at this temperature. Note that all ductular sam-
ples were supersaturated (metastable), whereas all gallbladder bile sam-
ples were unsaturated.

from 0.006 to 0.126, with a mean of only 0.039+0.011. Thus,
the mean ion-product in gallbladder bile was only 3.9% of Ky
so that, on the average, gallbladder bile was unsaturated by a
factor of ~25.

These data show that normal gallbladder mucosal function,
i.e., concentration and acidification of bile, produced a change
in the saturation index from a value as high as 17.5 in ductular
bile to a value as low as 0.006 in gallbladder bile, a nearly 3,000-
fold change. The average change in the saturation index from
ductular (8.34) to gallbladder (0.039) bile was ~215-fold.

Discussion

These studies represent the first attempt in any species to deter-
mine whether bile is supersaturated with respect to calcium car-
bonate. Using the Ca** ion electrode for measurement of free
ionized calcium, and established relationships and constants for
calculation of free carbonate ion concentration, the ion-product:
[Ca**]- [CO3]has been assessed in 12 samples of canine ductular
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Figure 6. Saturation indices (SI), calculated from the data in Fig. 5.
Note that all ductular bile samples showed indices well above 1.0 (su-
persaturated), whereas all gallbladder bile samples showed indices well
below 1.0 (unsaturated). The average change in the saturation index
between duct and gallbladder bile was ~215-fold.
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bile and in 15 samples of gallbladder bile. The results show strik-
ing differences between ductular and gallbladder bile. Thus, all
ductular samples, but none of the gallbladder samples, were su-
persaturated with calcium carbonate. We believe these findings
have important implications regarding the pathogenesis of cal-
cium-containing gallstones.

First, a metastable state has been shown to exist in ductular
bile samples of the dog, a species that does not normally form
gallstones. This strongly suggests that a nucleating factor is nec-
essary for CaCO; precipitation to occur in bile. We have pre-
viously reported a very analogous situation in canine pancreatic
juice (21), in which both basal and stimulated samples were
consistently supersaturated with respect to calcite, yet the dog
is not known to form pancreatic stones. Pancreatic stones have
been reported only in humans and cattle (22, 23), and are com-
posed largely or entirely of calcite in both species (24-26). The
presence of supersaturated juice, but no stones, strongly suggests
that for a pancreatic stone to develop, a nidus for CaCOj; pre-
cipitation is necessary. Verine and Lafont (27) have demon-
strated the presence of protein in pancreatic stones from humans
and cattle, and Sarles (22) has suggested that such a protein
“plug” forms a nidus for CaCO; precipitation in human pan-
creatic calcific disease.

The present studies thus indicate that there are strong anal-
ogies between bile and pancreatic juice in the dog; both fluids
are supersaturated with CaCQj, yet neither gallstones nor pan-
creatic stones have been reported in this species. These findings
suggest that a nucleating factor, presumably mucus and/or pro-
tein, is required for CaCO; precipitation in bile, similar to the
“protein plug” theory of Sarles for CaCO; precipitation in pan-
creatic juice. Any measure that reduces the free Ca** concen-
tration (activity) in bile will reduce the likelihood of pigment
gallstone formation.

The second implication of these studies is that bile salts are
the major buffers for free Ca** in bile, in conformity with our
previous hypothesis in studies of calcium-binding to taurocholate
(12). This is indicated by the finding that, on the average, only
about 29% of the total calcium in gallbladder bile was present
as free Ca** ion; the remainder was present as bound or com-
plexed species. At given total calcium, this buffer action would
tend to reduce free Ca**, and thus serve to reduce the
[Ca**]-[CO3] ion product, thereby reducing the likelihood of
CaCO,; precipitation in bile.

The third implication of the present study relates to gall-
bladder mucosal function, and the protection that this provides
against calcium precipitation in bile. Thus, in Fig. 5 it was seen
that all ductular samples were supersaturated with CaCO;,
whereas none of the gallbladder bile samples were supersaturated.
This reduction in lithogenicity of gallbladder bile occurred in
the face of increasing [Ca**], and was due to a marked reduction
in free carbonate ion concentration. We now will consider the
mechanisms by which [CO3] may be so dramatically reduced
in gallbladder bile.

The reduction in free [CO3] is due primarily to two factors:
(a) reduction in total carbonate (total CO; in all forms) in gall-
bladder bile, and (b) reduction in the relative proportion of
[CO3] as pH declines. In the past, it has been generally held that
the reduction in total carbonate in gallbladder bile that occurs
during the concentrating process is due to bicarbonate ion reab-
sorption. Recently, however, in studies reported elsewhere (Rege,
R. V., and E. W. Moore, manuscript submitted for publication),
we have shown that in the dog, there is substantial H* ion se-
cretion by gallbladder mucosa. This presumably represents a



Na*/H* exchange in the epithelial cell, similar to that recently
described in Necturus gallbladder in vitro by Weinman and Reuss
(28). Acidification by H* secretion would result in a greater pH
decline, at given luminal bicarbonate, than would occur by sim-
ple bicarbonate absorption alone, due to an increase in the de-
nominator of the Henderson-Hasselbalch equation (increase in
CO, from luminal bicarbonate neutralization). As a result of
this pH decline, the proportion of total CO, present as carbonate
ion would be substantially lower.

These considerations regarding gallbladder mucosal function
may be summarized as follows: upon delivery of ductular bile
to the gallbladder, the mucosa absorbs Na* and water, while
secreting H* ion. The latter reacts with luminal bicarbonate to
produce CO, and water. As a result of bicarbonate neutralization
and CO, production, there is a decline in pH and total CO,,
with dramatic decline in the concentration of free [CO3] ion.
The decrease in [CO3] is so substantial that gallbladder bile re-
mains very unsaturated with respect to CaCOj, despite a rise in
free [Ca**] during the concentrating process. In addition, upon
removal of water by mucosal function (Na* absorption), the
total bile salt concentration increases, with a corresponding in-
crease in calcium-binding capacity, so that free [Ca**] remains
relatively low in the face of increasing total calcium. Resulting
[CO3] and [Ca**] are thus sufficiently low to produce an ion-
product that is well below K7, for calcite.

Note that assessment of CaCOj solubility is strongly depen-
dent on the constants used in the calculations: pK', pK3, and
K. For the first two of these, we have used values given by
Edsall and Wyman (19), who have noted that these are probably
accurate to within 0.1 pH unit (29). For K3, we have used the
value 3.76 X 10~® mol/liter, recently obtained with the Ca**
electrode (16); this value is similar to that of Hastings, Murray,
and Sendroy (30) who, in 1926, obtained a K7, of 3.98 X 1078
mol/liter (37°C, total ionic strength [u] = 0.15 M), and is almost
identical to the results of Broman and Hastings (31) who, in
1937, obtained a calcite K, value of 3.72 X 107 mol/liter.

All of the above K7, values were obtained at a total ionic
strength of 0.15 or 0.16 M, which is the approximate ionic
strength of ductular bile. As bile undergoes concentration by
the gallbladder, the total ionic strength increases, so that in fully
concentrated bile the sodium concentration may exceed 300
mM. As we have noted previously (1), the term “total ionic
strength” has no clearly defined meaning in such samples, be-
cause bile salt anions aggregate to form micelles and the activities
of Na* and K* (32), and also Ca** (12) are suppressed by virtue
of binding to the micelle. In gallbladder bile, it is therefore likely
that K%, varies somewhat from sample to sample, so that the
saturation indices for gallbladder samples (Fig. 6) should be
viewed as approximate estimations. Since gallbladder samples
were unsaturated by a factor of ~25, minor variations in Ky,
due to ionic strength effects would not diminish the striking
differences between ductular and gallbladder bile, and would
not alter the conclusion that gallbladder bile is unsaturated with
respect to calcite.

Also note that three different polymorphs of CaCO; have
been identified in human gallstones: calcite, aragonite, and va-
terite (10, 33). Vaterite is rarely found elsewhere in nature, and
the physicochemical significance of the various polymorphs in
gallstone disease is not known. Insofar as relative solubility of
the various polymorphs is concerned, Broman and Hastings (31)
found aragonite to be somewhat more soluble than calcite; we
know of no studies of vaterite solubility under physiologic con-
ditions. Should future studies show that vaterite is less soluble

than calcite, then resulting saturation indices would be higher
than those depicted in Fig. 6. On the other hand, if vaterite is
more soluble than calcite, then K, for calcite will determine
CaCO; solubility, since limiting solubility is determined by the
least soluble species present. The relative solubilities of aragonite
and vaterite are worthy of future investigation.

We believe these studies have provided new insights into
some of the factors that may lead to calcium precipitation and
gallstone formation. The results support our previous hypothesis
(1) that in canine bile, as in canine pancreatic juice, a nucleating
factor is necessary for CaCQ; precipitation. In addition, it is
proposed that normal gallbladder mucosal function plays an
important role in reducing calcium carbonate lithogenicity in
gallbladder bile. Similar studies are now needed in humans.
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