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Abstract An in vitro model was used to simulate the intestinal permeation of calcium ions
depending on the type of salt (carbonate, fumarate, citrate, or gluconate), its concentration (1.0,
2.5, 5.0, or 10 mM/1), and pH (1.3, 4.2, 6.2, or 7.5). To simulate the conditions for calcium
permeation in a patient in a fasting state, the solutions were placed in contact with segments of
small intestine of pig: stomach, duodenum, jejunum, and ileum. The percent permeation, its
rate, and half-time were measured in each case. In all cases, the maximum permeation was seen
at 1 mM concentration, depending on pH: 100% for carbonate at pH 1.3; 82% for fumarate,
pH 6.2; 79.5% for citrate at pH 4.2, and 81% for gluconate at pH 7.4. The maximum rate of
permeation (% h™') was also observed at 1 mM: 2.16 for carbonate at pH 1.3, 0.29 for
fumarate at pH 6.2, 0.26 for citrate at pH 4.2, and 0.28 for gluconate at pH 7.4. The shortest
half-time permeation (¢1,, h) for I mM solutions depended also on pH (in parentheses):
carbonate 0.3 (1.3), fumarate 2.4 (6.2), citrate 2.6 (4.2), and gluconate 2.5 (7.4). The results
suggest that calcium carbonate and citrate can be recommended to patients with normal
gastric acidity and hyperacidity while fumarate and gluconate to patients with hypoacidity.
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Introduction

Insufficient dietary calcium intake often leads to systemic and cellular disorders of calcium
homeostasis [1—4]. To correct calcium deficiency, supplements are given in doses of 500—
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1,000 mg elemental calcium as inorganic and organic salts [1, 5]. Common forms of oral
administration of calcium include calcium carbonate, gluconate, lactogluconate, glucolac-
tobionate, dobesilate, citrate, lactate, and others [6]. The calcium content differs in various
salts. Among these salts, calcium carbonate is more often used because it contains the
highest amount of elemental calcium ~40%.

However, despite the large variety of calcium preparations available for calcium
supplementation, their effectiveness is inadequate because of poor absorption after oral
administration [6]. To make calcium absorption more effective, researchers look for
substances that enhance its gastrointestinal absorption [3, 7]. To learn how much substance
passes through GI cell membranes after oral administration, both in vitro models using
Franz diffusion cells and in vivo models are used in absorption studies [8—10].

The purpose of this study was to determine the degree and half-time of Ca(Il) ion
permeation depending on the type of calcium salt (carbonate, fumarate, citrate, or
gluconate), its concentration (1, 2.5, 5, or 10 mmol/l), and pH of the medium (1.3, 4.2,
6.2, or 7.5). The organic salts are commonly used in supplementation protocols [1, 6].
Calcium carbonate was used as reference.

The permeation of Ca(Il) ions at these concentrations and pH was measured using swine
small intestine. Tested ions passed from the donor environment (stomach) to the acceptor
environment, which corresponded to the natural condition of different parts of the GI tract
(stomach, duodenum, jejunum, or ileum). An in vitro model was applied to study the
permeation process. The results were used to estimate the permeation of the different
solutions tested after oral administration to a patient in fasting state, where gastric pH is
about 1.3 [11].

Materials and Methods
Reagents

The purity of all reagents was 99.9-99.99%, i.e., contaminants cannot be detected by
conventional methods of analysis. Calcium carbonate (CaCQO3) was purchased from POCH,
Gliwice, Poland; calcium fumarate (CaC4H,04-3H,0) was obtained from FZNP Biochefa,
Sosnowiec, Poland; calcium gluconate (Ca[CgH;;07],-H,O) was from Pharma Cosmetic,
Krakow, Poland; and calcium citrate Ca3;[C¢HsO],-4H,0 was from Sigma-Aldrich Chemie
GmbH, Buchs, USA. Some characteristics of these salts are shown in Table 1.

Small Intestine

Fifteen specimens of small intestine were collected from 6-month-old pigs weighing 100+
2 kg. The samples weighed on average 290+10 mg. They were handled and stored in

Table 1 Some characteristics of
the calcium salts used in the study ~ Calcium Salt MM (Da) Calcium Solubility, g/100 g
content, % H,O at 25°C

Carbonate 100 39.7 0.001
Fumarate 208 19.2 1.6
Gluconate 448 8.9 3.0
Citrate 570 21.1 0.09
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458 Dolinska et al.

accordance with the methodology of maintenance of organs and tissues intended for
transplantation [12]. Once removed from the carcass and dissected, the intestines were
washed with 0.9% NaCl solution to an absorbance value with an extinction coefficient £<0.02
at 278 nm, and then quickly frozen at —20°C until needed for the experiments.

Body Fluids

Body fluids simulating the natural conditions of certain gastrointestinal sections were used:
artificial gastric juice containing pepsin at pH 1.3 to simulate stomach, artificial intestinal
liquids at pH 4.2 and 6.2 containing pepsin and pancreatin to simulate the duodenal and
jejunal environments, and artificial intestinal fluid at pH 7.5 containing pancreatin to imitate
the ileal environment [11].

Determination of Calcium Ions

For the quantitative determination of Ca(Il), a UV—Vis spectrometer (Marcel Media,
France) was used following a validated method [13].

Research Model

The experimental model consisted of a standard Franz diffusion cell [8]. The cell consisted
of two chambers holding 2 ml each. One acted as the donor chamber (donor compartment,
D) and the other as the acceptor chamber (acceptor compartment, A). The two chambers
were kept at the same level and were separated by the small intestine tissue to be tested.
Chamber D was filled with 2 ml of the artificial gastric juice in which a calcium salt was
dissolved (carbonate, fumarate, citrate, or gluconate) at different concentrations (1, 2.5, 5,
or 10 mmol/l). Compartment A was filled with 2 ml of the appropriate fluid simulating
different sections of the small intestine at pH 1.3, 4.2, 6.2, or 7.5.

After 0, 0.25, 0.50, 0.75, 1, 2, 3, 4, 5, and 6 h, the entire amount of liquid was collected
from A and the absorbance was read at 570 nm to determine the amount of Ca(Il). The
experiment was designed following a Latin square 4x3 scheme [14]. The plan of the
experiment is presented in Table 2.

Table 2 Mathematical plan of

the experiment Salt A Calcium concentration, mM
B
1 2.5 5 10
bl b2 b3 b4
Carbonate pH 1.3 pH 4.2 pH 6.2 pH 7.5
al cl c2 c3 c4
Fumarate pH 6.2 pH 7.5 pH 1.3 pH 4.2
a2 c3 c4 cl c2
Citrate pH 4.2 pH 1.3 pH 7.5 pH 6.2
a3 c2 cl c4 c3
Gluconate pH 7.5 pH 6.2 pH 4.2 pH 1.3
a4 c4 c3 c2 cl
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The process of Ca(Il) penetration was traced according to the type of calcium salts: al—
carbonate, a2—fumarate; a3—citrate, or ad—gluconate; the calcium concentration: bl—
1 mM, b2—2.5 mM, b3—5 mM, or b4—10 mM; and the pH of the acceptor environment:
cl—1.3, c2—4.2, ¢3—6.2, or c4—7.5.

Ions penetrated following first-order kinetics. The ion transfer rate constant (k) was
calculated by means of the following formula:

_ InC —InG;
B h—1

k

where C is the total Ca(Il) in A at time #;,=0 h, and C, is the total Ca(Il) in A at £,=6 h.
From the rate constant, the half-time of penetration is given by:

In2
e

Statistical Analyses

The results are presented as the mean (x) of ten samples. The standard deviation (SD) and
correlation coefficients (%) were calculated. Correlations were calculated between calcium
concentration and acceptor environment pH as well as the degree and half-time of Ca(Il)
penetration. The Student ¢ test was used to establish statistical significance, set at p<0.05.
The software packages Excel (Microsoft) and Statistic for Windows 5.1 (StatSoft Inc.) were
used for all calculations.

Results and Discussion

The experiments were designed to simulate the conditions under which calcium salts are
administered orally on an empty stomach. In such case, the gastric pH is about 1.3 [11].
Calcium ion solutions passed from the chamber mimicking the stomach to other simulating
different parts of the gastrointestinal tract under conditions that are dependent on the
chemical form of calcium, its concentration, and the pH in the acceptor chamber.

The degree of ion migration from D to A was varied: 9.6-100% for carbonate, 18.3-81.2%
for fumarate, 17.8-79.5% for citrate, and 21.2-81.0% for gluconate. One hundred percent
penetration is seen for I mM calcium carbonate. Increasing the concentration 10-fold caused a
near 10-fold decrease (9.6%) of the degree of penetration. The effect of concentration on ion
penetration and correlations (+*) are given in Fig. 1.

The degree of ion penetration for the organic forms of calcium was significantly
different as measured in relation to calcium carbonate solutions, with the exception of
5 mM fumarate. The lower the calcium concentration, the greater degree of ion penetration:
calcium citrate (+*=-0.908), carbonate (+*=—0.821), and fumarate (+*=—0.811). No such
significant dependence was observed in case of calcium gluconate solutions (+*=-0.368).

These in vitro results are consistent with previously published data on the effects of dose
and molecular mass of the calcium salt anion: fumarate, gluconate, and chloride on the
absorption of Ca(Il) ions. The amount of absorbed Ca(Il) was not associated with the
molecular mass of the anion [15].

The degree of calcium absorption in vivo, however, depends primarily on the needs of
the body. It was found that at the age of 25, absorption is reduced to 20-30%, and after
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Fig. 1 Effect of calcium concen-
tration on Ca(ll) ion penetration
and correlations (%)

Total amount of penetrated Ca(Il) ions [%]

1 2.5 5 10
calcium concentration [mM/1]

B Carbonate (r2=-0.821) ® Fumarate(r2=-0.811)
m Citrate(r2=-0.908) B Gluconate (r2=-0.368)

35 years of age, it drops down to 15%. In patients with osteoporosis, the body’s
requirement for calcium increases significantly [1, 4, 16].

All tested substances were salts of weak acid and strong base, and their highest
concentration was 10-fold lower than the concentration of hydrochloric acid in the stomach,
conditions ensuring total ionization (a=100%).

Figure 2 presents the effect of acceptor environment pH on ion penetration and
correlations (+%). Interestingly, the degree of Ca(Il) penetration at pH 1.3 was not the
greatest and differed significantly depending on the type of salt. Only the Ca(Il) ions from
calcium carbonate penetrated completely into an environment of pH 1.3. Under these
conditions, penetration was 57.2% ions from citrate, 39.7% from gluconate, and 18.3%
from calcium fumarate.

Fig. 2 Effect of acceptor pH
on Ca(II) ion penetration
and correlations (%)

Total amount of penetrated Ca(II) ions [%]

1.3 4.2 6.2 7.4
pH of acceptor

B Carbonate (r2=-0.987) ® Fumarate (r2=0.900)
m Citrate (r2=-0.654)  ® Gluconate (12=0.412)
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Calcium carbonate is not soluble in water, but in contact with gastric hydrochloric acid,
it changes into the chloride becoming freely soluble and best absorbed [7]. This result
suggests that calcium carbonate could be administered on an empty stomach or before
meals. Calcium from carbonate did not pass in near neutral to alkaline media.

The environment with a pH of 4.2 favored 79.8% penetration of calcium from citrate,
while more neutral conditions favored ions from fumarate (82%) and gluconate (81%).

Penetration was directly correlated to acidity of the acceptor environment in the cases of
carbonate (»=—0.987) and citrate (r=—0.654), and inversely for fumarate (»=0.900) and
gluconate (»=0.412), suggesting that calcium citrate could be used in patients with
hyperacidity [1.17]. Calcium in citrate is bound to a weak organic acid, which favors
absorption. The amount of ionized calcium remains stable for several hours even after
pancreatic juice secretion [7].

The half-time of permeation of the different solutions tested ¢, and the respective
correlations are shown in Fig. 3. The correlation was directly dependent on the
concentration for carbonate (r2:0.995), citrate (12:0.988), and fumarate (+*=0.711) but
not for gluconate (*=0.023).

Calcium carbonate is one of the most commonly administered calcium salts due to the
highest element content in the molecule ~40%. If administered in a concentration of 1 mM
(40 mg of calcium), 20 mg ions would pass within 30 min. Our results show that the
longest penetration time (41.3 h) was recorded for 10 mM calcium carbonate. Thus, 10 mM
calcium carbonate (400 mg elemental calcium) would result on the absorption of only
200 mg of this element in about 41 h. What this means is that the oral administration of
400 mg calcium (as carbonate) in a fasting patient would result in stomach retention of the
element, limiting its use as supplement. It is then preferable to administer the salt in smaller
doses. Patients, however, usually prefer to take the entire daily ration of the supplement in a
single dose, which would be of little help.

In view of this, it seems that it would be much more effective to administer calcium
gluconate or fumarate. The Ca(Il) penetration half-time from 10 mM solutions of these salts
was 8.22 and 15.68 h, respectively, five and 2.6 times shorter in comparison with calcium
carbonate. It should be noted, however, that the calcium content in gluconate is only ~8.9%.

Fig. 3 Effect of calcium concen- 451
tration on Ca(Il) ion penetration
half-time and correlations (%)

t50% [h]

1 2.5 5 10
calcium concentration [mM/1]

® Carbonate (r2=0.995) ® Fumarate(r2=0.711)
Citrate (r2=0.988)  ® Gluconate (r2=0.023)
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Fig. 4 Effect of acceptor pH on 25
Ca(II) ion ¢ 50% and correlations

)

L
*

t50% [h]

1.3 4.2 6.2 7.4
pH of acceptor

® Carbonate (r2=0.927) ® Fumarate (r2=-0.951)

Citrate (r2=0.682) B Glucoante (r2=-0.055)

Thus, supplementation with this salt should be in larger doses as compared with other calcium
salts tested.

To provide 500 mg of calcium, a patient should take up to 5.6 g of calcium gluconate,
2.4 g citrate, 2.6 g of fumarate, and only 1.25 g of calcium carbonate. This makes calcium
fumarate an interesting choice [15-17].

Its effectiveness and tolerance were determined in the fight against calcium and
phosphorus disturbances in patients on dialysis due to chronic renal failure compared with
treatment with calcium carbonate [16]. To obtain a similar metabolic compensating effect of

Table 3 Parameters of Ca(Il) penetration through the small intestine under different conditions

Calcium salt C, mM Acceptor pH Amount of penetrated Ca(Il) ions &, % h' 4 h Absorption

[%] [mg/l]
Carbonate 1 1.3 100.0+0.5 40.0 2.163 0.32  Very good
Carbonate 2.5 4.2 442+1.2 44.2 0.097 7.13  Weak
Carbonate 5 6.2 17.0+2.1 34.0 0.031 22.14  Weak
Carbonate 10 7.4 9.6+1.0 38.4 0.017  41.25 Weak
Fumarate 1 6.2 82.0+0.8 32.8 0.286 242  Good
Fumarate 2.5 7.4 81.2+0.4 81.2 0.279 2.49 Good
Fumarate 5 1.3 18.3+1.3 36.7 0.034  20.56 Weak
Fumarate 10 42 23.3+2.9 93.4 0.044  15.68 Weak
Citrate 1 42 79.5+3.2 319 0.264 2.62 Good
Citrate 2.5 1.3 57.2+2.2 57.3 0.141 490 Good
Citrate 5 7.4 27.1+1.6 54.3 0.053  13.15 Weak
Citrate 10 6.2 17.8+1.0 71.3 0.033  21.19 Weak
Gluconate 1 7.4 81.0£1.9 2.50 0.277 2.50 Good
Gluconate 2.5 6.2 21.2+1.1 17.5 0.040 17.46  Weak
Gluconate 5 4.2 69.8+1.6 9.7 0.071 9.72  Weak
Gluconate 10 1.3 59.1+8.2 8.2 0.084 8.22  Weak
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calcium and phosphorus levels in such patients, it would be sufficient to use 30% less calcium
as fumarate than carbonate without noticeable side effects. Positive effects of calcium fumarate
were also found when it was administered to female rats with experimentally induced
osteoporosis [16]. In rats, the absorption of calcium fumarate is comparable with other
calcium salts [18, 19].

The effect of pH on Ca(Il) ion penetration half-time in the acceptor environment is
shown in Fig. 4. The parameters of penetration from selected salts depending on the
conditions are presented in Table 3.

Higher pH in the acceptor environment favored a longer time for calcium ions to migrate
from its solutions: carbonate (+*=0.927) and citrate (+*=0.682). With a higher pH, ions
from fumarate (+*=—0.951) more rapidly penetrated into the acceptor. No significant
relationship was observed in case of calcium gluconate (*=—0.055). These results indicate
that calcium from carbonate and citrate is well absorbed in patients with normal stomach
acidity and hyperacidity, while supplementation with fumarate and gluconate will be more
effective in patients with hypoacidity.

Conclusion

On the basis of in vitro studies, we can draw conclusions on the absorption of the tested
calcium salts after oral administration in a fasting state [10]. Taking into account the degree
of Ca(II) penetration, the examined salts can be classified into groups of substances of high
(>90%), medium (50-89%), or poor absorption (<50%). Calcium carbonate will be well
absorbed at a concentration of 1 mM (40 mg calcium) at pH 1.3. Substances with medium
absorption would include calcium citrate also at 1 and at 2.5 mM (40 and 100 mg of
calcium, respectively) at pH values of 4.2 and 1.3; calcium fumarate at pH 6.2 and 7.4 and
gluconate in an environment with a pH value of 7.4.

The degree and half-time of Ca(Il) penetration depend on the type of calcium salt, its
concentration, and acceptor pH. During oral supplementation with calcium salts, they should be
administered at low doses to make them more accessible to the organism. Suitable conditions
for absorption of calcium salts may provide higher bioavailability and thus higher treatment
efficacy during supplementation. Calcium from carbonate and citrate should be used in patients
with normal stomach acidity and hyperacidity, while calcium fumarate and gluconate should be
recommended for supplementation in patients with hypoacidity.
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