
(CANCER RESEARCH 53. 784-789. February 15. 1993]

The Antiproliferative Effect of Dietary Calcium on Colonie Epithelium Is Mediated
by Luminal Surfactants and Dependent on the Type of Dietary Fat1
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ABSTRACT

Bile acids and fatty acids may promote colon cancer by inducing colonie
hyperproliferation. Dietary calcium inhibits the promoting effects of bile
acids and fatty acids, possibly by precipitating these surfactants and low
ering their cytolytic activity. Because bile acids and fatty acids are prod
ucts of fat digestion, their effects may be dependent on the type of dietary
fat. The effects of the type of dietary fat (energy percentage, 40) and of
CaHPO4 supplementation (25 versus 225 umol/g diet) on the luminal
solubility of surfactants, cytolytic activity, epitheliolysis, and in vivo co-
Ionic proliferation were studied in rats using Western high-risk diets. The

different types of commercially available fats were butter, saturated mar
garine, and polyunsaturated margarine. Supplemental calcium drastically
increased fecal fatty acid excretion, the effect being dependent on the type
of fat, and slightly stimulated fecal bile acid excretion. Soluble surfactant
concentrations were drastically decreased by calcium supplementation
with all three types of dietary fat. Consequently, cytolytic activity of fecal
water was decreased by supplemental calcium. These luminal effects of
calcium resulted in a lower intestinal epitheliolysis. The compensatory
proliferation of the colonie epithelium was decreased by supplemental
<';il IPO i for the butter and saturated margarine diets. Despite <'alll'O ,-

dependent decreases in luminal effects and epitheliolysis, no significant
decrease in proliferation on the polyunsaturated margarine diet was ob
served. Multiple regression analysis of soluble surfactants with cytolytic
activity (R = 0.76), epitheliolysis (R = 0.74), and colonie proliferation
(K = 0.84) showed highly significant associations. Cytolytic activity and

epitheliolysis as well as epitheliolysis and proliferation were highly corre
lated (r = 0.97 and r = 0.88, respectively; n = 36) for control and
CaHPO4-supplemented diets, suggesting cause-and-effect relationships. It

is concluded that the antiproliferative effect of dietary calcium is mediated
by the precipitation of luminal surfactants and is dependent on the type of
dietary fat.

INTRODUCTION

Several types of epidemiological studies have reported positive
associations between the incidence of colon cancer and the dietary
intake of fat (1-3). Negative correlations have been found for a high

calcium intake and colon cancer (4, 5).
Tumor induction studies with rodents have shown that bile acids

and fatty acids may act as promoters/cocarcinogens (6-8). One im

portant mechanism for this promoti ve effect is the induction of colonie
hyperproliferation. which can be considered to be a biomarker of an
increased susceptibility to colon cancer (9). Several studies using a
semiphysiological design with intrarectal instillation of bile acids or
fatty acids in rodents have shown that these surfactants may indeed
induce higher proliferation rates in the colon (10-12). Simultaneous

administration of calcium reduces these hyperproliferative effects (11,
12).

With regard to the mechanism of the promotive effect of dietary fat
and the protective effect of dietary calcium, Newmark et al. (13) have
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proposed that a high-fat diet raises the concentrations of potentially

cytolytic bile acids and fatty acids in the colon. Damage of the colonie
epithelium by these surfactants is then compensated for by an in
creased epithelial proliferation. Calcium may form complexes with
the cytolytic surfactants in the intestinal lumen thus reducing their
cytolytic and hyperproliferative effects (13). Several lines of experi
mental evidence now support this proposed sequence of effects. In
vitro studies have shown that bile acids and fatty acids are toxic to
different types of cells (14-19). Bile acids are bound to calcium

phosphate ( 18, 20, 21 ). which reduces their cytolytic activity (18). The
cytolytic activity of fatty acids is blocked by calcium (16). Nutritional
studies with rodents have demonstrated that a diet-induced increase in

colonie surfactant concentrations stimulates cytolytic activity as well
as colonie proliferation (22). Dietary CaHPO4 decreases concentra
tions of soluble surfactants and the cytolytic activity of fecal water
(23). Proliferation induced by feeding of bile acids is also decreased
by supplemental dietary CaHPO4 (24, 25). In recent studies Newmark
et al. (26) showed that a diet high in fat and low in calcium and
vitamin D induced higher proliferation rates compared to a control
diet. In humans, the cytolytic activity of fecal water is lowered by
supplemental calcium (27), as is proliferation of colonie epithelium
(28, 29). However, the different steps in the mechanism (i.e., effects
on solubility of surfactants, luminal cytolytic activity, intestinal epi
theliolysis. and the compensatory proliferation of the colonie epithe
lium), as far as we know, have never been quantified in one study. In
the present study we investigated this proposed sequence of effects in
rats fed Western high-risk diets (control) or diets supplemented with

CaHPO4. We used three different types of dietary fat, mimicking a
human diet with a high content of saturated medium-chain triglycÃ©r
ides (butter), a diet with a high content of long-chain saturated fat
(saturated margarine), and a diet with a high content of PUFA1

(margarine).

MATERIALS AND METHODS

Animals and Diets. Eight-week-old male outbred Wistar rats (Small Ani

mal Research Center of the Wageningen Agricultural University) (body weight.
192 g) were housed individually at a constant temperature of 2IÂ°C.During the

experimental period of 2 weeks, groups of rats (6 rats/group) were fed a
purified diet which differed in CaHPO4 content (25 and 225 umol/g) and in
type of dietary fat (AIN-76A diet contains 130 umol Ca/g diet). The calcium

content of the control diet (25 umol/g diet) is comparable to a human daily
intake of 5(X)mg Ca/day. whereas the recommended dietary calcium intake for
adults is 800 mg/day. Three types of commercially available dietary fats were
used: butter, saturated margarine, and a margarine with a high content of
polyunsaturated fatty acids. The fatty acid composition of the experimental
diets measured by gas Chromatographie analysis according to the method of
Badings and De Jong (30) is given in Table I. Correction was made for the
cholesterol content of the butter and saturated margarine diets by supplement
ing the PUFA-margarine diet with O.OÃ•W(wt/wt) cholesterol (BDH Chemicals.
Ltd.. Poole. England). The composition of the low-CaHPO4 diet was (g/kg
diet): casein (acid casein: DMV Veghel. the Netherlands), 200; dextrose mono-

hydrate (AVEBE. Foxhol, the Netherlands). 460: corn oil (Reddy. Rotterdam,
the Netherlands), 20; butter (Super Select B.V.. Utrecht, the Netherlands).

1The abbreviations used are: ALP. alkaline phosphatase; PUFA. polyunsaturated fatty

acids.

784

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/4/784/2452788/cr0530040784.pdf by guest on 19 M

ay 2023



ANTIPROLIFERATIVE EH-ECT OF DIETARY CALCIUM ON COLONIC EPITHELIUM

Table 1 Fattv acid composition of the diets containing butter, saturated margarine, or
PUFA-margarine (fjrnol/g diet)

Butter SaturatedmargarineSaturatedC4.o-C|()-o

1Â«)C,2:0
33C14()

84C,
6:<)221C

|8:o65C20:0-C22:0

3MonounsaturatedC|â€ž:|

13C|Â«:|

165PolyunsaturatedC

|8:247Minor

fatly acids 4728686717151514115811122PUFA

margarine314S6851711404314

saturated margarine (Van den Bergh en JÃ¼rgensB.V.. Rotterdam, the Nether
lands), or polyunsaturated margarine (Van den Bergh en JÃ¼rgensB.V.). 215;
cellulose (ENKA B.V.. Arnhem, the Netherlands). 20; mineral mix, 35; vitamin
mix, 10; CaHPO4-2H:O (Merck. Darmstadt. Germany), 4.3; and acid-washed

sand (Lamers en Lindemans. Den Bosch, the Netherlands). 35.7. Cholesterol
and CaHPO4 were added in exchange for sand. The compositions of the
vitamin and mineral mixtures have been described (31, 32). The control diets
mimic Western high-risk diets containing approximately 40% fat (energy per

centage; 20% wt/wt). low fiber, and low calcium. Feed and water were sup
plied tul libitum. Animal weights were recorded weekly, and feed intake was
measured every 2 days. Feces were collected quantitatively during days 11-14

of the experiment.
|-'H]Thymidine Incorporation. After the experimental feeding period, rats

(nonfasted) were given i.p. injections of [mff/iv/--*H]thymidine (Amersham

International. Buckinghamshire. England; specific activity, 25 Ci/mmol: dose,
100 uCi/kg) in saline. Two h later they were killed by decapitation after
anesthetization with CO;, and the colon was excised and opened. Intestinal
contents were removed by rinsing with ice-cold 154 mw KC1. The mucosa of

the colon was scraped using a spatula, and after homogeni/.ation in 154 rmi
KCI. the scrapings were analyzed exactly as described previously (22). Pro
liferation was expressed as dpm 'H/ug DNA. It should be stressed that for a

reliable estimate of proliferation the amount of radioactivity incorporated
into DNA must vary between the experimental groups, whereas the amount of
DNA must be constant. In our study no significant differences between the
amount of DNA/scraping were observed between the experimental groups
(mean Â±SE, 231 Â±9 ug DNA/scraping; Â«= 36).

Total Feces Analyses. Fecal bile acid excretion was measured as described
elsewhere (33). Briefly, freeze-dried feces were extracted with a 2-methyl-2-

propanol:water (1:1, v/v) mixture, and subsequently bile acids were assayed
enzymatically using a fluorimetrie enzymatic kit (Sterognost 3a-FLU: Ny-

comed AS, Oslo, Norway). Total free fatty acids in feces were extracted three
times with diethyl ether after acidification with HC1 (final concentration. 4 M).
After evaporation of the diethyl ether under nitrogen and subsequent resolu-
bilization in ethanol. free fatty acids were assayed enzymatically (NEFA-C kit:

Wako Chemicals, Neuss. Germany). Appropriate standards and reference sam
ples were assayed simultaneously. The recovery of added standards in these
procedures to measure bile acids and tatty acids in feces always exceeded 95%.
Calcium was measured after extraction with trichloroacetic acid (final concen
tration, 5% wt/v) in an atomic absorption spectrophotometer, and inorganic
phosphate was determined in the trichloroacetic acid extract using the method
described by Fiske and Subbarow (34).

Fecal Water Preparation. Fecal water was prepared by reconstituting
freeze-dried feces with double-distilled water to 35% dry weight, which re
flects the wet weight to dry weight condition in the distal rat colon.4 After
homogenizing, the samples were incubated for I h at 37Â°Cin a shaking water

bath followed by centrifugation for 10 min at 15,000 x g (Eppendorf 5415).
No significant differences in fecal water composition were observed when the
reconstituted feces were incubated for 30, 60, 90. or 120 min at 37Â°C.Cen

trifugation for 20 or 30 min produced no significant differences in bile acid.

4 J. A. LaprÃ©and R. Van der Meer, unpublished data.

calcium, or phosphate content of fecal water, nor did it affect its cytolytic
activity (data not shown). The supernatant was carefully aspirated, and pH was
measured at 37Â°C.Samples were stored at -20Â°C until further use. Control

experiments showed that fecal water from freeze-dried feces using this proce

dure did not differ significantly from fecal water prepared from fresh teces for
the parameters studied (22, 23).

Cytolytic Activity Assay. Cytolytic activity of fecal water was tested as
described previously (23) with the following minor modifications. The incu
bation mixture contained 40, 80. 120. or 160 ul of fecal water, 154 Â¡TIMNaCl
to a total volume of 160 ul, and 40 ul of washed human erythrocytes (final
hematocrit, 5%). The incubation time was 2 h at 37Â°C.Cytolytic activity of

each fecal water was quantified as the area under the lytic curve. This cytolytic
activity is expressed as a percentage of the maximal area, which implies 100%
lysis at each dilution of fecal water.

Fecal Water Analyses. Bile acids and free fatty acids were assayed using
the enzymatic methods mentioned above. Appropriate reference samples and
standards were measured simultaneously. Recovery of standards added to
samples was always greater than 92%.

Total ALP activity was determined according to the method of Bessey et al.
(35) using a glycine buffer (final concentration, 100 IHM; pH 9.8) in the
presence of ZnSO4 (final concentration, 2 imi) and MgCl2 (final concentration,
5 imi). p-Nitrophenyl phosphate was used as the substrate, and the absorbance
of the reaction product /Â»-nitrophenolwas determined spectrophotomelrically at
405 nm. ALP activity was expressed as umol p-nitrophenol/min/ml fecal water
(units/ml). Intestinal ALP activity was inhibited using 60 m\i i.-phenylalanine.

which acts as a specific uncompetitive inhibitor of the intestinal iso/.yme in
humans and rats (36). The difference between the total (noninhibited) activity
and the activity after inhibition with i -phenylalanine is the activity of the
intestinal isozyme. This enzyme-kinetic measurement of intestinal ALP in fecal
water correlated highly (r = 0.98: v = 1.03 X -0.01) with the inimunopre-

cipitation method for determining intestinal ALP (37).
Statistics. Values are the means of six rats with their SEs. After analysis of

variance the differences between the means of the groups were tested using
Fisher's protected least significant difference test (two-sided). Differences

were regarded as significant if P < 0.05. Data comparing cytolytic activity of
fecal water with intestinal epitheliolysis and epitheliolysis with colonie pro
liferation were analyzed by single linear regression analysis. Multiple regres
sion analysis of the effect of luminal surfactants on cytolytic activity, epithe
liolysis. and proliferation was done using a commercially available statistical
package (SPSS/PC+ v2.0) (SPSS. Inc.. Chicago, ID.

RESULTS

Feed intake (19.1 Â±0.2 g/day) and weight gain (79.9 Â±1.6 g/14
days) were not significantly affected by the experimental diets. Sup
plemental CaHPO4 significantly increased fecal mass (g dry/day) on
the saturated margarine diet and stimulated the fecal excretion of
calcium and inorganic phosphate in all of the diets (Table 2). No
significant effects of the experimental diets on the pH of fecal water
were observed. Concentrations of calcium and inorganic phosphate in
fecal water were not significantly different between the different types
of dietary fat. Supplemental CaHPO4 significantly increased both the
concentrations of calcium and inorganic phosphate in fecal water on
all three types of dietary fat (Table 2).

Total free fatty acid concentration was significantly lower on the
PUFA-margarine control diet compared to the butter and saturated-

margarine control diets (Fig. I). The free fatty acid excretion was
drastically increased by supplemental CaHPO4 with the same fat-type

dependency. Supplemental CaHPO4 slightly increased the total fecal
concentration of bile acids (Fig. 1).

Because the cytolytic effects of surfactants are not mediated by
their total fecal concentrations (23), we quantified the concentrations
of fatty acids and bile acids in fecal water (Fig. 2). In contrast to the
increases in total fecal fatty acids, the concentrations of soluble fatty
acids were drastically decreased by supplemental CaHPO4. Analogous
to the total fatty acid concentrations, concentrations of soluble fatty
acids were the lowest on the PUFA-margarine diets (Fig. 2). The
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Table 2 Effects of type of dietary fat and supplemental CaHPO4 on fecal mass and fecal excretion and fecal water concentrations of calcium and inorganic phosphate

Control diets contain 25 pmol CaHPO4/g diet, and diets with supplemental calcium contain 225 umol CaHPCVg diet. Values are means of six rats Â±SEs. Values in the same row
not sharing the same superscript are significantly different: P < 0.05 (Fisher's protected LSD lest).

Butter Saturated margarine Polyunsaturated margarine

Control +Calcium Control +Calcium Control +Calcium

Total feces
Fecal mass (g dry/day)
Calcium (pmol/g dry)
Inorganic phosphate (pmol/g dry)

1.25 Â±0.08"-''
33 Â±8"
46 Â±7"

1.32 Â±0.10"
2140 Â±90''

1330 Â±80*

1.09 Â±0.09"
36 Â±11"
40 Â±7"

1.52 Â±0.13*
1810 Â±80*
920 Â±40''

1.14 Â±0.13"
24 Â±4"
33 Â±3"

1.24 Â±0.06"
1850 + 80*
1150 + 40'

Fecal water
PH
Calcium (mM)
Inorganic phosphate (mM)7.7

Â±0.1
0.8 Â±0. 1"
3.1 Â±0.5"7.3

Â±0.2
2.5 Â±0.3*

12.7 Â±1.2*7.5

Â±0.2
0.7*0.1"3.6

Â±0.6"7.3

Â±0.1
2.3 Â±0.4*

10.0+ 1.0*7.5

Â±0.1
0.6 Â±0. 1"
3.0 Â±0.3"7.5

Â±0.1
3.0 Â±0.3 *
9.9 Â±1.4*

1000
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Fig. l. Concentrations of total free fecal fatty acids (FA) and of total fecal bile acids
(BA ) (pmol/g dry weight) of rats fed diets differing in type of dietary fat and amount of
CaHPO4. Values are means of six rats Â±SEs. Bars not sharing the same superscript are
significantly different: P < 0.05. Control diets contain 25 pmol CaHPCVg diet, and diets
with supplemental calcium contain 225 umol CaHPOVg diet.

concentrations of soluble bile acids were also drastically decreased by
supplemental CaHPO4 (Fig. 2). These calcium-dependent decreases in

soluble surfactant concentrations should, according to the hypothesis
of Newmark et al. (13), result in a lower cytolytic activity of fecal
water. The cytolytic activity of fecal water was indeed drastically
inhibited by supplemental CaHPO4, the effect being dependent on the
type of dietary fat (Fig. 2). Multiple regression analysis showed that
concentrations of fatty acids and bile acids are important determinants
of cytolytic activity (R = 0.76).

Luminal cytolytic activity as measured by lysis of erythrocytes
reflects the potency of the colonie contents in damaging cells and
could result in changes in intestinal epitheliolysis. Intestinal ALP
activity in fecal water might reflect intestinal epitheliolysis (17, 37),
and therefore we determined the release of this epithelial marker as a
measure of intestinal epitheliolysis. The fat-type-dependent effects on

luminal surfactants and cytolytic activity are reflected in effects on
intestinal epitheliolysis. The calcium-dependent decreases in soluble

surfactant concentrations and cytolytic activity resulted in comparable
decreases in intestinal epitheliolysis (Fig. 3). Concentrations of solu
ble surfactants and intestinal epitheliolysis were shown to be highly
correlated by multiple regression analysis (R = 0.74). Subsequently

we investigated whether the effects on intestinal epitheliolysis resulted
in changes in the compensatory proliferation of colonie epithelium.
For the butter and the saturated margarine diets, the calcium-depen

dent decreases in luminal surfactants, luminal cytolytic activity, and
intestinal epitheliolysis resulted in a lower colonie proliferation, but
no significant decrease in colonie proliferation on the PUFA-marga-

rine diet was observed. Multiple regression analysis showed that lu
minal surfactants and in vivo colonie proliferation were highly corre
lated (R = 0.84). In contrast, no significant associations were found

between the concentrations of calcium in fecal water and colonie
proliferation.

Because the hypothesis of Newmark et al. (13) predicts causal
relationships between luminal cytolytic activity, intestinal epitheliol
ysis, and colonie epithelial proliferation, we correlated the data for the
individual rats (Fig. 4). Luminal cytolytic activity, reflecting the po
tency of the colonie contents to damage cells, is highly correlated
(r= 0.91; n = 36; P < 0.001) with intestinal epitheliolysis for control
diets as well as CaHPO4-supplemented diets. Intestinal epitheliolysis
is also highly correlated with colonie proliferation (r = 0.88; n = 36;
P < 0.001) for control and CaHPO4-supplemented diets.

DISCUSSION

Supplementation of Western high-risk diets with CaHPO4 resulted

in a drastic increase in total fatty acids and slight increases in total bile
acid concentrations in feces. In contrast, the concentrations of soluble
surfactants were drastically decreased by supplemental CaHPO4.
Thus. CaHPO4 supplementation resulted in an increased precipitation
of hydrophobic surfactants consistent with the first step in the hypoth
esis of Newmark et al. (13). The precipitation of fatty acids is prob
ably caused by calcium-fatty acid soaps (38). Whether phosphate is

involved in this complexation (39, 40) is at present not known and
requires further investigation. The lower total concentration of fecal
fatty acids on the PUFA-margarine diet compared with the other two

diets might be caused by an impaired interaction of (poly)unsaturated
fatty acids with calcium. Another possibility might be that calcium
soaps of (poly )unsaturated fatty acids are more soluble in the intestinal
environment (41) and may therefore be better absorbed compared to
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Fig. 2. Concentrations of free fatty acids (FA ) and bile acids (BA) in fecal water (mw|

and cytolytic activity of fecal water of rats fed diets differing in type of dietary fat and
amount of CaHPO4. Values are means of six rats Â±SEs. Bars not sharing the same
superscript are significantly different: P < 0.05. Control diets contain 25 umol CaHPOVg
diet, and diets with supplemental calcium contain 225 umol CaHPOVg diet.

calcium soaps of saturated fatty acids. Bile acids seem to be more
easily precipitated by insoluble calcium phosphate than by ionized
calcium (18, 20, 21, 42). With regard to this, it should be noted that

calcium in the colonie lumen is predominantly present as insoluble
calcium phosphate (42^4).

Recently we have shown that effects of diet on colonie proliferation
could be mediated by soluble surfactant concentrations and luminal
cytolytic activity (22). Supplemental calcium lowers proliferation in
duced by bile acids or fatty acids in rodents when instilled intrarectally
(11, 12) or added to the diet (24, 25). Our present study investigated
the combination of luminal effects of CaHPO4 supplementation and
the subsequent rÃ©ponseof colonie epithelium. The lack of association
between concentrations of soluble calcium and colonie proliferation
indicates that luminal calcium concentrations have no major direct
effect on in vivo colonie proliferation in contrast to results obtained in
vitro (15, 45, 46). However, concentrations of fatty acids and bile
acids were highly correlated with in vivo colonie proliferation, sug
gesting that these surfactants are important determinants of colonie
proliferation. Consistent with the hypothesis of Newmark et al. (13),
the intermediate steps between soluble surfactants and colonie prolif
eration consist of cytolytic effects of the intestinal contents resulting
in intestinal epitheliolysis.

The luminal effects of dietary CaHPO4 supplementation, i.e., a
decrease in soluble surfactants and luminal cytolytic activity, resulted
in a decreased intestinal epitheliolysis. For the butter and saturated
margarine diets, these effects of supplemental CaHPO4 caused a lower
proliferation consistent with the proposed sequence of effects. How-
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Fig. 3. Intestinal epitheliolysis and colonie epithelial proliferation of rats fed diets
differing in type of dietary fat and amount of CaHPO4 Values are means of six rats Â±SEs.
Bars not sharing the same superscript are significantly different: P < 0.05. Control diets
contain 25 umol CaHPOVg diet, and diets with supplemental calcium contain 225 umr
CaHPOVg diet.
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Fig. 4. Relationships between cytolytic activity
of fecal water and intestinal epitheliolysis. and be
tween intestinal epitheliolysis and colonie epithe
lial proliferation of rats fed diets differing in type of
dietary fat and amount of CaHPO.j. O, control diets
(25 jumol CaHPO4/g diet); â€¢¿�calcium-supple

mented diets (225 jimol CaHPOVg diet).
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ever, despite the observed decreases of luminal parameters and intes
tinal epitheliolysis on the PUFA-margarine diet, no significant re

duction in proliferation was found with supplemental CaHPO4 on this
diet. Whether this lack of effect on colonie proliferation suggests
an alternative or additional mechanism by which polyunsaturated fatty
acids induce proliferation, e.g., by a direct effect on protein kinase C
(47), is at present not known. Interestingly, the individual data points
of rats fed CaHPO4-supplemented diets lie on the same re

gression lines comparing cytolytic activity with epitheliolysis, and
epitheliolysis with proliferation, as the points of rats fed control diets.
In our opinion, this indicates that the main effect of a decreased
proliferation caused by supplemental CaHPO4 is due to the surfactant-

dependent decreases in cytolytic activity and epitheliolysis. To our
knowledge, this study with rats is the first one to demonstrate the
sequence of effects of calcium on luminal and epithelial parameters. It
should be stressed that our study does not prove cause-and-effect
relationships, because it was done under steady-state conditions. How

ever, because of the consistency with the in vitro and in vivo studies
cited above, it is reasonable to speculate that this sequence of effects
is causal.

Further information as to whether the sequence of luminal and
epithelial effects of calcium observed in rats is also of relevance for
studies of humans can be obtained by comparison of proliferation in
colonie biopsies with luminal parameters. For instance, preliminary
results from our diet-controlled study with healthy volunteers indicate

that supplemental calcium decreases soluble fatty acid concentrations
and inhibits the cytolytic activity of fecal water (27), consistent with
protective effects of dietary calcium on colonie proliferation (28, 29).
Bruce el al. (48, 49) could not demonstrate a decrease in proliferation
by supplemental calcium in placebo-controlled studies using patients

with partial or subtotal colectomy. These operations may significantly
alter bile acid metabolism. This will probably result in more primary
bile acids that show less binding to calcium phosphate compared to
secondary bile acids (18). Investigation of the solubility of bile acids
and fatty acids and determination of luminal cytolytic activity in these
studies would probably have provided more information about the

nature of these results.
In conclusion, dietary CaHPO4 supplementation of Western high-

risk diets decreases the concentrations of soluble bile acids and fatty
acids by precipitating these surfactants. Consequently, cytolytic ac
tivity of fecal water and intestinal epitheliolysis are decreased. These
effects may explain the fat-type-dependent decreases in colonie cell

proliferation after dietary supplementation with CaHPO4. Ultimately,
this sequence of effects may explain how diet could affect the risk of
colon cancer.

ACKNOWLEDGMENTS

The authors wish to thank J. Haas and M. Peters for expert biotechnical
assistance.

REFERENCES

1. Jain , M., Cook, G. M., Davis. F. G., Grace, M. G.. Howe, G. R.. and Miller. A. B.
A case-control study of diet and colorectal cancer. Int. J. Cancer. 26: 757-768, 1980.

2. Weisburger. J. H. Causes, relevant mechanisms, and prevention of large bowel cancer.
Semin. Oncol., 18: 316-336. 1991.

3. WilleÂ».W. C., Stampfer, M. J.. Colditz. G. A., Rosner, B. A., and Speizer, F. E.
Relation of meat, fat. and fiber intake to the risk of colon cancer in a prospective study
among women. N. Engl. J. Med.. 323: 1664-1672. 1990.

4. Sorenson, A. W.. Slattery, M. L., and Ford. M. H. Calcium and colon cancer: a review.
Nutr. Cancer. //: 135-145. 1988.

5. Garland. C. F., Comstock, G. W., Garland, F. C, Helsing. K. J.. Shaw, E. K., and
Gorham, E. D. Serum 25-hydroxyvitamin D and colon cancer: eight year prospective
study. Lancet. 2: 1176-1178, 1989.

6. Narisawa. T., Magadia. N. E.. Weisburger. J. H.. and Wynder, E. L. Promoting effects
of bile acids on colon carcinogenesis after intrarectal instillation of yv-methyl-jV'-

nitro-A'-nitrosoguanidine in rats. J. Nati. Cancer. Inst., 53: 1093-1097, 1974.
7. Reddy. B. S.. Watanabe, K., Weisburger. J. H.. and Wynder. E. L. Promoting effects

of bile acids in colon carcinogenesis in germ free and conventional F344 rats. Cancer
Res., 37: 3238-3242, 1977.

8. McSherry, C. K., Cohen, B. I.. Bokkenheuser, V. D., Mosbach, E. H.. Winter. J.,
Matoba. N., and Scholes. J. Effects of calcium and bile acid feeding on colon tumors
in the rat. Cancer Res., 49: 6039-6043. 1989.

9. Lipkin. M. Biomarkers of increased susceptibility to gastrointestinal cancer: a new
application to studies of cancer prevention in human subjects. Cancer Res., 48:
235-245. 1988.

10. Bull. A. W.. MarneÂ»,L. J.. Dawe, E. J., and Nigro, N. D. Stimulation of deoxythy-
midine incorporation in the colon of rats treated intrarectally with bile acids and fats.
Carcinogenesis (Lond.), 4: 207-210. 1983.

11. Wargovich, M. J.. Eng. V. W. S., Newmark. H. L.. and Bruce. W. R. Calcium
ameliorates the toxic effect of deoxycholic acid on colonie epithelium. Carcinogenesis
(Lond.). 4: 1205-1207. 1983.

12. Wargovich, M. J.. Eng. V. W. S., and Newmark. H. L. Calcium inhibits the damaging
and compensatory proliferative effects of fatty acids on mouse colon epithelium.
Cancer Lett.. 23: 253-258, 1984.

13. Newmark, H. L.. Wargovich. M. J., and Bruce, W. R. Colon cancer and dietary fat,
phosphate, and calcium: a hypothesis. J. Nati. Cancer Inst., 72: 1323-1325. 1984.

14. Coleman, R.. Lowe, P. J.. and Billington, D. Membrane lipid composition and sus
ceptibility to bile salt damage. Biochim. Biophys. Acta. 599: 294-300, 1988.

15. Buset, M., Lipkin. M.. Winawer, S.. and Friedman. E. Inhibition of human colonie
epithelial cell proliferation in vivo and in vilm by calcium. Cancer Res., 46: 5426-

5430. 1986.
16. Buset. M., Galand. P.. Lipkin, M.. Winawer. S.. and Friedman. E. Injury induced by

fatty acids or bile acid in isolated human colonocytes prevented by calcium. Cancer
Lett., JO: 221-226, 1990.

17. Lapre, J. A., Termont. D. S. M. L., and Van der Meer, R. Lytic effects of mixed
micelles of bile acids and fatty acids. Am. J. Physiol., 263: G333-G337, 1992.

18. Van der Meer, R., Termont, D. S. M. L., and De Vries. H. T. Differential effects of
calcium ions and calcium phosphate on cytotoxicity of bile acids. Am. J. Physiol.,
260: G142-G147, 1991.

19. Velardi. A. L. M., Groen, A. K., Oude Elferink, R. J. P., Van der Meer, R.. Palasciano,
G., and Tytgat, G. N. J. Cell-type dependent effect of phospholipid and cholesterol on
bile sail cytotoxicity. Gastroenterology, 101: 457â€”464,1991.

20. Van der Meer. R.. and De Vries. H. T. Differential binding of glycine- and taurine-
conjugated bile acids to insoluble calcium phosphate. Biochem J., 229: 265-268,

1985.
21. Qiu. S.. Wen. G.. Hirakawa. N.. Soloway. R. D., Hong, N.. and Crowther, R. S.

Glycochenodeoxycholic acid inhibits calcium phosphate precipitation in vitro by

788

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/4/784/2452788/cr0530040784.pdf by guest on 19 M

ay 2023



ANTIPROUFF.RATIVE EFFECT OF DIETARY CALCIUM ON COLONIC EPITHELIUM

preventing the transformation of amorphous calcium phosphate to calcium hydroxya-
patite. J. Clin. Invest., Â«8:1265-1271, 1991.

22. LaprÃ©,J. A., and Van der Meer, R. Diet-induced increase in colonie bile acids
stimulate lylic activity of fecal water and proliferation of colonie cells. Carcinogenesis
(Lond.), 13: 41-44, 1992.

23. LaprÃ©,J. A., De Vries. H. T., and Van der Meer, R. Dietary calcium phosphate inhibits
cytotoxicity of fecal water. Am. J. Physiol.. 261: G907-G9I2, 1991.

24. Bird, R. P., Schneider. R.. Stamp, D.. and Bruce, W. R. Effect of dietary calcium and
cholic acid on the proliferative indices of murine colonie epithelium. Carcinogenesis
(Lond.), 7: 1657-1661, 1986.

25. Skraastad, D., and Reichelt, K. L. An endogenous colon mitosis inhibitor and dietary
calcium inhibit the increased colonie cell-proliferation induced by cholic acid. Scand.
J. Gastroenterol., 23: 801-807. 1988.

26. Newmark, H. L., and Lipkin, M. Colonie hyperplasia and hyperproliferation induced
in rodents by a nutritional stress diet containing 4 factors of the western human diet:
high fat and phosphate, low calcium and vitamin D. in: M. Lipkin, H. L. Newmark,
and G. Kelloff (eds.). Calcium, Vitamin D, and Prevention of Colon Cancer, pp.
145-154. Boca Raton, FL: CRC Press, Inc., 1991.

27. LaprÃ©,J. A., De Vries, H. T.. Termont, D. S. M. L., Kleibeuker. J. H.. De Vries, E. G.
E., and Van der Meer, R. Mechanism of the protective effect of supplemental dietary
calcium on cytolytic activity of fecal water. Cancer Res.. 53: 248-253, 1993.

28. Lipkin, M., and Newmark, H. Effect of added dietary calcium on colonie epithelial
cell-proliferation in subjects at high risk for familial colonie cancer. N. Engl. J. Med..
313: 1381-1384. 1985.

29. Ro7.en, P., Fireman, Z., Fine, N., Wax, Y., and Ron, E. Oral calcium suppresses
increased rectal proliferation of persons at risk of colorectal cancer. Gut, 30: 650-655,

1989.
30. Badings, H. T., and De Jong. C. Glass capillary gas chromatography of fatty acid

methyl esters. A study of conditions for the quantitative analysis of short- and
long-chain fatty acids in lipids. J. Chromatogr., 279: 493-506. 1983.

31. American Institute of Nutrition. Report of the American Institute of Nutrition Ad Hoc
Committee on Standards for Nutritional Studies. J. Nutr, 107: 1340-1348, 1977.

32. Schaafsma, G., and Visser, R. Nutritional interrelationships between calcium, phos
phorus and lactose in rats. J. Nutr.. 110: 1101-1111, 1980.

33. Van der Meer, R.. De Vries. H. T.. and Glatz. J. F. C. f-Butanol extraction of feces: a
rapid procedure for enzymic determination of fecal bite acids. In: A. C. Beynen. M.
H. J. Geelen, M. B. Katan. and J. A. Schouten (eds.). Cholesterol Metabolism in
Health and Disease: Studies in the Netherlands, pp. 113-119. Wageningen, the Neth

erlands: Ponsen and Looijen. 1985.
34. Fiske, C. H.. and Subbarow. Y. The colorimetrie determination of phosphorus. J. Biol.

Chem.. 66: 375^tOO, 1925.

35. Bessey, O. A., Lowry, O. H.. and Brock, M. J. A method for the rapid determination
of alkaline phosphatase with five cubic millimeters of serum. J. Biol. Chem., 164:
321-323, 1946.

36. Fishman, W. H., Green. S., and Inglis. N. I. Organ specific behavior exhibited by rat
intestine and liver alkaline phosphatase. Biochim. Biophys. Acta, 62: 363-375, 1962.

37. LaprÃ©.J, A.. Kleibeuker, J. H., and Van der Meer. R. Intestinal alkaline phosphatase
in fecal water reflects epitheliolysis and is decreased by dietary calcium. Gastroen-

terology. 100: A378. 1991.
38. Cheng. A. L. S., Morehouse, M. G.. and Deuel, H. J. The effect of the level of dietary

calcium and magnesium on the digestibility of fatty acids, simple triglycÃ©rides,and
some natural and hydrogenated fats. J. Nutr., 37: 237-250. 1949.

39. Swell. L.. Trout, E. C.. Field, H., and Treadwell. C. R. Effect of dietary fat and fatty
acid on fecal excreation of a calcium oleate phosphate complex. J. Biol. Chem.. 22:
613-615, 1956.

40. Richards. J. F.. and Carroll. K. K. Studies on calcium phosphate fatty acid salts
occurring in fecal lipids. Can. J. Biochem. Phys., 37: 725-730. 1959.

41. Graham. D. Y., and Sackman, J. W. Solubility of calcium soaps of long-chain fatty
acids in simulated intestinal environment. Dig. Dis. Sci., 28: 733-736. 1983.

42. Van der Meer, R.. Weiberg, J. W. M., Kuipers, F., Kleibeuker, J. H.. Mulder, N. H..
Termont. D. S. M. L., Vonk. R. J., De Vries, H. T.. and De Vries, E. G. E. Effects of
supplemental dietary calcium on the intestinal association of calcium, phosphate and
bile acids. Gastroenterology. 99: 1653-1659. 1990.

43. Fordtran. J. S.. and Locklear. T. W. Ionic constituents and osmolality of gastric and
small-intestinal fluids after eating. Am. J. Dig. Dis., //: 503-521. 1966.

44. Spencer, H., Kramer. L., Norris, C., and Osis. D. Effect of calcium and phosphorous
on zinc metabolism in man. Am. J. Clin. Nutr., 40: 1213-1218. 1984.

45. Appleton, G. V. N., Owen, R. W., Wheeler, E. E., Challacombe. D. N., and William
son. R. C. N. Effect of dietary calcium on the colonie luminal environment. Gut, 32:
1374-1377, 1991.

46. Whitfield, J. Calcium switches, cell cycles, differentiation, and death. In: M. Lipkin.
H. L. Newmark, G. Kelloff (eds.). Calcium, Vitamin D, and Prevention of Colon
Cancer, pp. 31-74. Boca Raton, FL: CRC Press, Inc.. 1991.

47. Craven. P. A.. Pfanstiel. J.. Saito, R.. and DeRubertis. F. R. Role of activation of
protein kinase C in the stimulation of colonie epithelial proliferation and reactive
oxygen formation by bile acids. J. Clin. Invest., 79: 532-541, 1987.

48. GrÃ©goire,R. C., Stern, H. S.. Yeung. K. S.. Langley, S., Furrer, R.. and Bruce. W. R.
Effect of calcium supplementation on mucosal proliferation in high risk patients for
colon cancer. Gut. 30: 376-382. 1989.

49. Stern, H. S., GrÃ©goire,R. C., Kashtan, H.. Stadier. J.. and Bruce. W. R. Long-term
effects of dietary calcium on risk markers for colon cancer in patients with familial
polyposis. Surgery (St. Louis), 108: 528-533, 1990.

789

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/4/784/2452788/cr0530040784.pdf by guest on 19 M

ay 2023




