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ABSTRACT 

Increased intake of dietary fiber is recommended by health agencies but there is a 

concern that it may reduce the bioavailability of minerals such as calcium (Ca) due to its 

ability to bind with minerals. However, it has been hypothesized that Ca is released and 

short çhain fatty acids (SCFA) are produced upon fiber fermentation. The released Ca 

is absorbed in the distai colon and the absorption is enhanced by SCFA. To determine 

the amount of Ca potentially absorbed in the colon, Ca released in basal diets or single 

dairy foods with and without pectin, psyllium or cellulose were tested using an al1 in vitro 

method. Compared with the basal diet, pectin did not affect the total Ca release from 

food matrix but rather shifted the release of Ca fiom the small intestinal to the colonic 

conditions. Psyllium and cellulose caused an insignificant release of Ca in the colon. To 

determine the Ca actually absorbed in the colon with and without SCFA, four rectal 

infusion studies were done in humans. The serum Ca response was increased particularly 

in the presence of SCFA in a 3:l acetate (Ac):propionate (Pr) ratio, indicating colonic 

absorption of Ca. Ca disappearance in the colon as a measure of Ca absorption showed 

that Pr was more effective than Ac in enhancing Ca absorption. Ca absorption increased 

linearly with Ca concentration with and without Ac, or Pr, suggcsting a non-saturable 

diffusion process. Ac and Pr absorption were enhanced by the presence of Ca. A human 



feeding study using two stable isotopes of Ca e.g. ' " ~ a  and "Ca showed that Ca 

absorption occurs in the colon. The presence of peçtin caused a reduction in the total Ca 

absorption but shifted the amount of Ca absorbed from the small intestine to the colon. 

In summary, the in vitro, rectal infusion and oral feeding studies have shown that Ca is 

released afier tiber fermentation and can be absorbed in the human distal colon. The 

colonic Ca absorption is enhanced by Ac or Pr, through a non-saturable diffusion process 

with Pr being more effective than Ac. 
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1. INTRODUCTION 

Dietary guidelines recommend increased intake of dietary fiber (Scientific Review 

Committee, 1990) but a concem is that it may reduce the bioavailability of rninerals such 

as calcium (Ca) and result in a deficiency state (Ink, 1988; Furda, 1979: James et al. 

1978; Branch et al, 1975). However. it has been suggested that rninerals bound or 

entrapped by fiber in the small intestine rnay become available for absorption in the colon 

if the fiber is frrmented by colonic bacteria (Thompson et al, 199 1).  This process 

depends upon the fermentability of the complexing agent to which Ca is bound, the 

release of Ca and also the short chain fatty acids (SCFA) produced during fermentation. 

Ca has been shown to be transported and absorbed in the colon of animals (Nellans 

and Goldsmith, 198 1 ; Nellans and Kimberg, 1978; Demigne et al, 1989; Partridge. 1978; 

Harrison and Harrison, 1969; Crammer and Copp, 1960: Amman et al, 1986; Petith and 

Scbedl. 1977: Lutz and Scharrer, 1991) but little evidence is available in humans 

(Grinstead et al, 1984; Sandstrorn et al, 1986). Short chain fatty acids (SCFA) mainly 

acetic (Ac). propionic (Pr) and butyric (Bu) acids, which are major produçts of 

fermentation of dictary fibers, have bcen suggested to cnhance the absorption of Ca and 

magnesium in the rat colon (Demigne et al, 1989; Lutz and Scharrer. 199 1 ; Lutz et al. 

199 1 ) but this has not been demonstnted in humans. Therefore. the overall goal of this 

work is to determine the amount of Ca that reaches the human colon and whether this Ca 

is absorbed and the absorption is facilitated in the presence of SCFA. A fùrther goal is 

to provide insight regarding the potential mechanism of Ca absorption in the colon. 



CHAPTER 2 

REVIEW OF LITERATURE 



2. REVIEW OF LITERATURE 

2.1. Calcium 

2.1.1. Calcium in Foods 

Calcium (Ca) is an essential nutrient for normal growth and development. Ninety- 

nine percent of total body Ca is in the bones ,and teeth (Scientific Review Cornmittee, 

1990). The remaining 1 % is located in the soft tissues where it is involved in metabolic 

processes, including enzyme activation. nerve transmission, membrane transport, blood 

clotting, muscle contraction and hormone function (Linder, 199 1). To maintain positive 

Ca balance. most adults need to consume 800 mg/day of elernental Ca; 1000- 1 100 

mg/day, for younger men and women and an additional 500 mglday for pregnant and 

lactating women (Scientific Review Committee, 1990). 

Dairy products such as milk, cheese and yogurt supply three-quarters of the Ca in the 

Canadian food supply while vcgetables. fruits, and grain products supply the rest 

(Scientitïc Review Committee. 1990). Meat, fish. and poultry supply a very small 

arnount. Ca in foods exists in the ionic. bound or complexed foms. Ca is present in 

milk as ionic Ca and colloïdal Ca phosphate; in cheese as Ca paracaseinate; and in yogurt 

primarily as ionic Ca (Farrell and Thompson. 1974). In fniits, vegetables and grain 

products, Ca is in the fonn of Ca complexes such as ascorbate. citrate, fiber. oxalate and 

phytates (Heaney and Weaver, 1992; Heaney et al, 1990; Leichsenring et al. 1957). A 

study on the form of Ca utilized by rats has shown that Ca as Ca caseinate was the best 

utilized; colloidal Ca phosphate was greater than Ca carbonate; and ionic Ca was as 



effective as Ca carbonate (Wong and La Croix, 1980). The same study showed that ionic 

Ca is Irss utilized than colloidal Ca indicating that Ca availability in dairy products is 

affected by the form of the Ca complex present. However in another study. the f o m  of 

Ca in whole milk, chocolate milk (containing oxalate), yogurt, imitation milk, cheese and 

Ca carbonate did not affect Ca avai lability (Recker et al, 1988; Yuan et aI, 199 1). This 

was supportrd by the work of Sheikh et a1 (1987) on the absorption of Ca from different 

Ca salts with different solubilities and from milk in human subjects where differences in 

Ca absorption did not show significant differences. They hypothesized that acid 

dissolution in the gastrointrstinal tract may be responsible for similar absorption of Ca 

salts. Moreover, lactase deficient and lactose tolerant subjects fed with either yogurt 

(unflavored) or milk also did not show significant differences in Ca absorption (Smith et 

al, 1985). 

Certain foods such as beet greens, rhubarb, spinach and peanuts contain subtances 

which c m  impair Ca absorption (Weaver et al, 1991). They al1 contain high amounts o f  

oxalic acid which c m  form insoluble complsxes with Ca and may remain unübsorbcd in 

the small intestine. Cereal grains contain phytic acid which san also form insoluble 

complexes with Ca. High fiber meals may also impair Ca absorption. A study on 

premenopausal women given the sarne amounts of Ca showed that Ca in milk was bctter 

absorbed than a similar quantity of Ca in the presence of oxalate (Heaney et al. 1990). 

Ca absorption from whole wheat cereal was less than a sirnilar Ca load from milk, but 

leavenrd bread made from the same whole wheat had a higher Ca absorption than milk 

in humans (Weaver et al, 199 1 ). During the leavening process, the phytate content of the 



bread is destroyed (Reinhold et al, 1976). 

When 10 g cellulose (insoluble fiber) was added to a low fiber diet consurned by men 

for 20 days and 16 g cellulose was added to the diet of women for 30 days, negative Ca 

balance resulted (Ismael-Beigi et al, 1977; Slavin and Marlett, 1980). However, 36 g 

pectin (soluble fiber) added to a diet consumed for 6 weeks did not affect the Ca bzlance 

of 5 men (Cummings et al, 1979). In another study 15 g of pectin added to the diet (3- 

day study) did not impair the apparent mineral absorption from the small intestine except 

for iron (Sandberg et al, 1983). Al1 of the above studirs showed that Ca absorption is 

affected by dietary factors such as oxalate. phytates and fibers. 

2.1.2. Calcium Absorption 

2.1.2.1. Physiology of Calcium Absorption 

A large proportion of Ca in foods exists in the bound or complexed foms and thus 

digestion is required to liberate Ca p i o r  to absorption (Nordin, 1976). Ca released from 

the cornplex should be soluble and in an ionized form for absorption to takç place 

(Schachter et al, 1960; Miller and Berner, 1989; Smith and McAllan. 1966). This 

conversion is affccted by endogenous factors such as hydrochloric acid in the gastric 

secretion and pH, and by dietary constituents such as fibers, phytates, carbonates and 

phosphates (Champagne, 1988). While digestion is necessary for the release of Ca from 

food complexes and its conversion io the soluble and ionized form in which it is absorbed, 

the limiting factor influencing the amount of Ca absorbed is the Ca solubility in the 

intestinal cells (Nordin, 1976). 



Ca, along with other products of digestion, enters the luminal tluid from thc chyme 

as a result of mechanical and enzymatic action. tt then crosses the intestinal membranes 

and ce11 junctions and enters the lymph and blood (Bronner, 1987: Figure 2.1). The 

transepithelial Ca movement in the small intestine occurs by two independent processes: 

(a) saturable. transcellular transport which takes place in the proximal intestine, i.e. 

duodenum and the upper jejunum (Pansu et al. 1983). This process is subject to 

physiological and nutritional regulation via Vitamin D. (b) A non-saturable, paracellular 

route i.e. movement between the mucosal cells. This process is essentially independent 

of nutritional and physiological regulation and is conçentration-dependent which occurs 

al1 along the small intestine (Zomitzer and Bronner. 197 1 ; Pansu et al, 1983; Behar and 

Kerstein, 1976). 

The transct.llular movement involves three steps: ( i ) entry across the bmsh border 

membrane of the enterocyte; (2) intracellular movernent; and (3) extrusion across the 

basolateral membrane. Ca entry into the ce11 is down an electrochemical gradient 

(Bronner, 1991) and is described as the sum of saturable and non-saturable steps 

bascd on uptake mcasuremrnts that use right side-out brush border membrane vesicles 

(Rasmussen et al, 1979: Miller and Bronner. 198 1 ; Schedl arnd Wilson. 1985; Takito et 

al, 1990). The saturable step may represent the established and significant binding of Ca 

on to the inner brush border membrane vesicle (Miller and Bronner, 198 1; Miller et al, 

1982) and a carrier-mediated transport step (Schedl and Wilson, 1985; Wilson et al, 

1989). 

Ca moves through the cytoplasm inside the cell. The rate of difhsion of Ca is too 
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Figure 2.1. The potential pathways and mechanism for Ca 

transport across the small intestine epithelium 

Taken from Wasserman, 1992 and NeIlans, 

1988. 



slow to allow Ca transfer to occur in an enterocyte such as the ileal ce11 (Bronner et al, 

1986). Thus, a cytosolic Ca-binding protein, calbindin-9K (Wasserman et al, 1978). 

occurs in duodenal cells at high concentration (Bronner et al, 1986) to assure a rate of 

intracellular flux sufficient to satisS, the established transcellular transport rate. 

Extrusion is against an electrochernical gradient (Bronner, 1992). However. the 

overall transport from the intestinal lumen to the fluid bathing the serosal pole of the 

intestinal ce11 is usually downhill, at least from a concentration viewpoint. The luminal 

Ca concentration is usually higher than the body fluid concentration of approximately 1 

mmoi ~ a - ' I L .  

Paracellular Ca movement is down a chernical gradient and consists of three 

sequential stretches: the tight junction, the intermediate junction, and a much wider 

basolateral spacr (Trier, 1968). The rate of Ca movement through the region of the tight 

junction is far slower than would be expected on the basis of simple diffusion (Bronner 

et al, 1986). Hence the structure of the junction, with its compressed protein-lipid space, 

must hinder fluid and Ca movement appreciably. H yperosrnolar solut ions. regardless of 

their chernical nature, c m  cause the rate of passive Ca transport to double or triple (Pansu 

et al, 1976). This occurs because water moving into the hyperosmolar space causes the 

tissue to expand and the junctions to widen and this in tum modifies the cytoskeleton of 

the ce11 walls lining the junctions. Some arnino acids are responsible for the contraction 

of cytoskeleton of the cells lining the junction causing an increase in Ca flow 

(Pappenheimer, 1987; Pappenheimer and Reiss. 1987; Madara and Pappenheimer, 1987). 



It has been shown that the active transport of Ca is most highly developed in the 

duodenum in rats, rabbits, guinea pigs and mice (Schachter and Rosen, 1959: Schachter 

et al. 1960; Kimber et al, 196 1; Schachter. 1963; Wasserman and Taylor, 1969). To 

support the above studies. Ca absorption was assessed at the different sites of the intestine 

by in vivo perfusion studies which allow an assessment of total Ca absorption in relation 

to various concentrations of Ca in the gastrointestinal lumen (Wilkenson. 197 1 ). At any 

given concentration of Ca, the duodenum has a greater ability to absorb Ca per unit length 

than the jejunum or ileum as concluded from the evertcd gut sacs technique (Wilkcnsen. 

197 1 ; Wensel et al. 1969). However, the site at which the major part of the dietary Ca 

is absorbed in vivo depends not only on the efficiency of absorption but also on the length 

of the intestinal segment and concentration of Ca in the lumen (Nordin. 1976). 

Cramer and Copp ( 1960) deduced that in the rat, strontium (which is equated as a 

measure of Ca) was absorbed primarily in the ileum (65%), followed by jejunum ( 17%), 

colon (8%)' duodenum (7%) and stomach (2%). Marcus and Lengeman (1962) observed 

that the rat ileum was the major site of absorption of alkaline earth metals. Moreover. 

Cramer ( 1965) estimated that the arnount of dietary Ca absorbed was five times more in 

the dog's ileum than in the jejunum, but the Ca absorption in the jejunum was four timrs 

greater than that in the duodenum. 

Although several studies have examined Ca transport in the small intestine. there are 

few studies which have investigated Ca transport in the colon. Using evcrted loops of rat 

colon incubated in vitro in bicarbonate solution, Ca transport has been observed tiom 

mucosal to serosal compartments against an electrochemical potential producing a 



concentration ratio Ca serosaVCa mucosal (CsKm) considerably greater than 1 .O (Harrison 

and Harrison, 1969). Vitarnin D is required for measurable transport of Ca in the colon 

since it has been shown to increase, in vitro, the permeability of colonic mucosa to Ca. 

This may depend on the Vitarnin D required to increase the rate of penetration of Ca 

across the luminal surface of the mucosal ce11 which will increase the concentration of 

intracellular Ca to the level required for maximal active transport by the energy-linked 

system. A similar in vitro study in the descending colon of the rat also showed an 

enhancing effect of Vitarnin D on Ca absorption (Favus et al, 198 1).  Ca absorption in 

the descending colon is by a carrier-mediated, active transport mechanism whcreas Ca 

secretion occurs by a non-saturable process via the paracellular pathway. Karbach and 

Rummel ( 1986) studied whether short (6h) and long time (4 days) pretreatments with 

1,25-dihydroxy vitamin D act differently on the transcellular and the paracellular Ca 

transport across the descending colon mucosa of the rat using a modified Ussing charnber 

(Karbach et al, 1986). Tissue just 1.5 cm proximal to the lymph node found regularly at 

the distal end of the colon was used. Results showed that after a short time exposure to 

1 .Sdihydroxy vitamin D. only the transepithel ial potential ( PD)-independent transcellular 

mucosal to serosal Ca transport was activated while after a long time induction. both the 

PD-dependent paracellular and transcellular mucosal to serosal Ca transport are activated. 

Ca absorption was roughly 100 mg /day when the colons of healthy human subjects 

were perfused with 5 m M  Ca-containing solution in response to administration of 

endogenous Vitarnin D (Grinstead et al, 1984). However, a Iinear correlation was not 

observed between the change in Ca transport and the increase in Vitarnin D levels. There 



was no Ca absorption in the colon before treatment with Vitarnin D. Net movernent 

indicatrd that Ca was secreted into the lumen although the secretion rate was not 

statistically significantly different from zero. Whether Vitamin D induces the Ca-binding 

soluble protein responsible for Ca to be absorbed in the small intestine is still a question. 

However, studies have shown that the concentration of Ca binding protein dong the 

length of the entire intestine of rats decreased in the distal segment of the small intestine 

where active transport is negligible (Arnbrecht and Wasserman, 1976; Ambrccht. 1987). 

Therefore it is possible that Ca transport may occur by a paracellular route or non- 

saturable diffusion process in the colon. 

Ca transport in the rat distal colon in the presence of short chain fatty acids (SCFA) 

such as Ac and Bu was speculated to be by a Ca/H exchange similar to the sodium 

(Na)/H exchange that exists in the rat proximal colon ( Lutz and Scharrer. 1 99 1 ). In the 

above study, Ca was perfused through the distal and proximal colon of rats and the 

luminal disappearance of Ca was determined. Absorption rates were deterrnined following 

a 30 min equilibration period. 

Based on the above studies, Ca transport in the colon may be both saturable and non- 

saturable in the presence of 1,X-dihydroxy vitamin D. However, the effect of other 

substrates present in the colon such as SCFA, on Ca absorption is not clear. The 

transport mechanism of Ca in the presence of SCFA in the human colon nreds further 

investigation. 



2.1.2.2. ~Methods for Measuring Calcium Absorption 

Several methods have been developed to determine Ca absorption in the small 

intestine: the chemical balance technique which includes chemical analysis of food ctaten 

and feces from normal individuals or ileal effluent of ileostomate volunteers, radioisotope 

and stable isotope methods. and in vitro methods simulating conditions that prevail in the 

stornach and srnall intestine. 

2.1.2.2.1. Chernical Balance Techniques 

The absorption of Ca in the gastrointestinal tract in man is usually assessed by the 

metabolic balance technique (Harrison et al, 1973; Marshall and Nordin, 198 1 ; Nordin et 

al. 1979: Reeve et al, 1980). The apparent Ca absorption is the difference between 

dietary Ca intake and fecal Ca. It can be expressed as eithrr: ( 1 )  an absolute amount. 

B, = i,, - f,, whrre B,, rrpresents the net Ca absorbed, i,,, the Ca intake and f,,, the 

fecal Ca; or (2) a percent of the dietary Ca intake, Bc,= (i,, - f,,)/i, .u 100 (Nordin. 

1976). At intakes below 3 mg/kg/day, the net Ca absorbed is negative. meaning that sorne 

of the digestive juice Ca secreted into the intestinal lumen is not bring rrabsorbed and is 

appearing in the feces with the unabsorbed dietary Ca. In this situation, the fecal Ca is 

greater than the dietary Ca. At a Ca intakc of 3 mg/kg/day. the total Ca absorbed is 

equivalent to the digestive juice Ca content and the net Ca absorbed is zero. At higher 

intakes. Ca absorbed is greater than the Ca of the digestive juice and net Ca absorbed 

becomes positive. As dietary Ca intake increases, net Ca absorbed increases and, over the 

dietary range studied, never reaches a maximum. The relative inaccuracy of the balance 



procedure may be due to biological variation including age. vitarnin D status and season. 

It may also arise from the process of adaptation because many studies are carried out 

acutely utilizing dietary intake which is different from the subjects' habitua1 diets (Nordin, 

1976). 

2.1.2.2.2. Radioisotope and Stable Isotope Techniques 

True absorption has been rneasured using a chernical balance approach and correcting 

for endogenous fecal secretion by the use of an intravcnous Ca ( ' " ~ a )  label (Blau et al. 

1957; Marshall and Nordin. 198 1; Phang et al, 1969). Other techniques uscd for 

determining true Ca absorption are the use of a single oral tracer ( 4 S ~ a )  (Barltrap et al, 

1977; Ehrenkranz et al. 1985; Harrison et al. 1973; Miller et al. 1989) or a single tracer 

twice. once orally and a second time intravenously (Lutwak. 1969; Marshall and Nordin, 

198 1 ). Appreciable variability is associated with any of the chrmical balance or fecal 

recovery methods while the use of a single label twice is limited by the assumption of 

constancy in the subject between the two separate studirs. 

Over the last 20 years, methods for detrrmining true Ca fractional absorption were 

developed employing two isotopic radioactive labels simultancously. one onlly ( " ~ a )  and 

the second. intravenously ( " ~ a ) .  Thcse dual isotope methods used a variety of 

experimental schemes for label administration and sarnple collection. The method was 

first proposed by Bronner ( 1962) and developed in the current forrn by de Gracia et al 

( 1965). Bronner's ( 1962) approach involved determining the ratio of isotopes rxcreted 

in complete urine collection which is one of the oldest approaches devrloped for 



measurement of fractional Ca absorption. De Gracia (1965) originated the approach 

which considen a delay between the administration of the oral and intravenous labels. 

The approach was used subsequently by a number of other investigators (Harrison et al, 

1973; Szyrnendra et al, 1972). Ratios of isotope were measured in sarnples of semm or 

urine collected at predetermined tirnes afier administration (Harrison et al, 1 973; Miller 

et al, 1989; Price et al, 1990) or urine obtained from complete collections over a period 

of tirne. 

The last decade has seen the emergence of the use of stable Ca isotopes ( ' " ~ a  and 

44 Ca) as labels in absorption rneasurements. This has been used in studies of Ca 

absorption in segments of the general population inappropriate for study using radioactive 

labels, i.e. prcgnant women, infants and children (Abram et al, 1993, 1992; Mauras et 

al, 1994). Yrrgey et al ( 1994) compared four dual isotopic label methods for determining 

true fractional absorption of dietary Ca in 13 subjects. They measured (a) a,,. which is 

the fractional absorption of Ca obtained from the ratio of oral ( u ~ a )  to intravenous ( 4 - ' ~ a )  

label in urine from 0-21 hours; (b) cu,,,,. which is the ratio of fraction of oral to 

intravenous label in a single urine specimen; (c) a,,,, which is the ratio of the dose 

corrected enrichment of the oral label in serum 4 hours after administration to the dose 

corrected enrichment of the intravenous label 2 hours after administration. This approach 

is physiologically equivalent to a two hour delay between administration of the oral and 

intravenous label; and (d) a,, which is calculated from the deconvolution of the observed 

responses to the oral and intravenous labels. It was observed that the value of fractional 

absorption of dietary Ca are method dependent (Yergey et al , 1994). However, the mean 



values for the four above methods were not significantly different. Both and a, 

gave results that are better approximations of the correct value for fractional absorption 

of dietary Ca because of their relative freedom from physiological assumptions. a,, and 

qpi are accepted for use in studies of changes of response within similar groups (Yergey 

et al, 1994). 

Measurernents of Ca absorption using radioisotopes and stable isotopes have been well 

established. However. most studies have made assumptions that Ca is absorbed in the 

small intestine. A study on the time course of Ca absorption in humans using radiolabled 

Ca (oral/intravenous) in semm and urine showed that Ca absorption was 80.9% complete 

at 3 hours and 95.8% complete at 7 houn; 4.2% of Ca was assumed to be  absorbed in the 

colon (Barger-Lux et al 1989; Heaney et al. 1989). Nevertheless. it is difticult to 

determine the exact time Ca reaches the colon. 

2.1.2.2.3. In Vitro Methods 

Several investigators have developed in vitro methods of tstirnating the availability 

of iron (Miller et al. 198 1;  Hurrell et al, 1988). These were based on the release of 

dialyzable iron from foods subjected to treatment with pepsin-HCI at pH 2.0 followed by 

adjustment to pH 7.5 and the addition of pancreatin-bile mixture. simulating conditions 

that prevail in the stomach and small intestine, respectively. A correlation was found 

between the above in vitro method and in vivo measurements (Miller et al, 198 1; Hurrell 

et al, 1988). Dietary factors such as ascorbic acid (Cook and Monsen, 1977; Conrad and 

Schade, 1968), coffee (Rossander et al, 1979), wheat bread (Bjom-Rasmussen. 1974; 



Callender and Wanier, 1968), tea (Disler et al, 1975), eggs (Cook and Monsen, 1974; 

Monsen and Cook, 1979) and dietary fiber (Trinidad, 1990) that may enhance or inhibit 

iron absorption were shown to have the samr effect on iron absorption in vitro as they 

have in vivo (Miller et al, 198 1 ; Hurrell et al, 1988; Trinidad, 1990; Thornpson et al, 

199 1). 

Dialysable Ca as a measure of Ca availability was determined in our laboratory 

(Thompson et al, 199 1 : Trinidad. 1990) based on the method for iron of Hurrell et al 

(1988). The conditions used to simulate the stomach and small intestine in the 

determination of dialyzable Ca were sirnilar except that the length of time of incubation 

was 15 hours instead of 3 hours. Percent dialyzable Ca had significant correlation with 

Ca absorption in ileostomate subjects (R' = 0.9; Trinidad, 1990). Ca availability 

determined by in vitro method is useful because it is faster. less expensive and offers a 

bettrr control of experimental variables than by in vivo method. The in vitro method c m  

be used to estimate Ca availability. 

2.1.2.2.4. Colon 

Although several studies have been done on absorption of Ca in the small intestine. 

studies on colonic absorption are sparse. 

Ca absorption has been studied in rat colon using ''sr as a qualitative indicator 

(Cramer and Copp, 1960). The method involved tying the gut loop to be studied at above 

and below any two of the following points: pyloms, duodenum-jejunal ligament. 

midpoint between the ligament and caecum, ileo-caecal junctions and anal spincter and 



then injecting slowly 15 microcuries of n9Sr into the lumen of each loop to avoid 

distention of the gut. The passage of 8 9 ~ r  was measured along the intestinal tract and tail 

using a shielded Geiger counting tube, ratemeter and recording milliameter. An 8% 

strontium absorption was observed in the colon. While this investigation may indicate 

colonic absorption of Ca, it does not give the proportion of Ca that is absorbed in a 

food/meaI. 

Net absorption of Ca and Zn in the colon have been studied in pigs. Ileostomy 

contents were re-cntered into the colon by re-entrant cannulas in the terminal ileum, 0.3 

rneter anterior to the ileocecal junction (Partridge, 1978). A simplified digesta-return 

system consisting of a polyethylene funnel connected by a poiyvinyl chloride tube to the 

distal annula was used. A 24-hour collection of ileal digesta was made at 6-hour 

intervals and analyzed for Ca, P, Mg, Na and Zn. Absorption of up to 3 1% of the intake 

of Ca and 50% of the intake of Zn was obtained from ileal digesta which were infused 

into the colon. 

As the above method cannot be used in humans, Sandstrom et al ( 1986) adapted a 

radionuclide technique to study the quantitative uptake of Ca and Zn from the human 

colon during colonoscopy. The bowel of each subject was prepared by laxative and 

enemas. An oral saline purge was given the moming brfore the start of the experirnent. 

The fiber optic colonoscope was inserted and the caecum was reached in nine patients and 

the hepatic tlexure in four patients. The radionuclide solution was administercd via the 

biopsy channel at maximal distant position and the colonoscope was slowly withdrawn 

during inspection of the mucosa. A whole body counter was used to measure absorption 



of Ca and Zn from the colon. Thry found a 4.1 % Zn and 14.1 % Ca absorption after 

infusion of 39 umol of Zn and 6.4 mm01 of Ca which was labelled with Zn-65 and Ca-47, 

respectively. However, this may be an underestimation of the actual absorption that takes 

place in the colon since absorption measurements were done in the colon that had 

previously been cleaned. The SCFA produced upon fermentation of undigested residue 

from the small intestine are present in a normally tùnctioning colon. The Ca release and 

the effect of products of fiber fermentation such as SCFA may contribute to a greater 

degree of Ca absorption from a normal colon than from a cleaned colon. 

2.1 -3. Dietary Factors Affecting Calcium Absorption 

2.1.3.1. Protein 

Increased protein intake was associated with increased Ca excretion in the urine in 19 

separate human studies consisting of 150 adult subjects (Allen et al, 1979; Chu et al, 

1975; Draper et al, 199 1 ; Hegsted et al, 198 1 ; Hegsted and Linkswiler. 198 1; Johnson et 

al. 1970; Kim and Linkswiler, 1979; Lutz and Linkswiler, 1982; Lutz, 1984; Margen et 

al, 1974; Schuette et al, 1980; Spence et al, 1978, 1983; Trilok and Draper 1989; WaIker 

and Linkswiler, 1974;). Protein sources consisted of wheat gluten. beef, milk. egg. soy. 

lactalbumin or casein in the form of purifird proteins or mixed foods and the study period 

ranged frorn 12 to 60 days. Although a wide variety of experimcntal protocols were used 

in al1 of the above studies, the relationship between dietary protein and urinary Ca 

excretion was linear ( ~ 0 . 7 0 )  with protein intakes below 175 g/day, and for each 50 g 

increment of protein consurned, there is an extra 60 mg of urinary Ca lost (Kerstetter and 



Allen, 1994). At protein intakes of 25-74 g/day, Ca balance was close to equilibrium 

when Ca intake was between 500 and 1400 mg/day. When protein intake was higher than 

75 g/day and Ca intake less than 600 mg/day, a negative Ca balance occurred (Kerstetter 

and A 

et al, 

Ien, 1994). 

Differences in the source of protein gave different effects on Ca absorption (Hegsted 

98 1 ; Kitts et al. 1992; Schuette et al, 1982). Meats and dairy foods are high in 

protein and did not affect urinary Ca excretion; however both foods also contained 

phosphorous. Investigators have shown repeatedl y that addition of dietary meathed mrat 

or dairy products failed to affect urinary Ca because of their high phosphorous content 

(Hunt et al, 1995; Spencer et al, 1978. 1985, 1988). Phosphorous intake greater than 

1500 mg/day reduced calciuria in cornparison to phosphorous intakrs between 1 O00 and 

1500 mgiday and 150 mg/day (Krrstetter and Allen, 1994). Isolated purified protein 

intake increased urinary Ca excretion (Hegsted et al, 198 1; National Research Council, 

1989; Schuette et al. 1980. 1982). 

Paracellular Ca absorption in the distal segment ofthe small intestine was studied in 

rats fed with different sources of protein, i .e. casein and soybean-protein isolates 

(Kitts et al. 1992). I t  was found that the absorption of Ca from casein was 

significantly greater than that from the soybean-protein isolates. The ability of 

casein to enliance the absorption of Ca was partly explained by the presence of bioactive 

peptides i.e. caseinophosphopeptides (CPP), which inhibit the precipitat ion of calcium 

phosphate , thus, resulting in increased Ca solubility (Kitts et al. 1992). The presence cf 

phytate in the soybean-protein isolates was an addi tional factor responsib le for the reduced 



Ca absorption. Thus, it appears that the type of protein plays an important rolr in 

paracellular Ca absorption. 

2.1.3.2. Fat 

Varying amounts of dietary fat ( 1 to 32% of the diet) did not show any effect on Ca 

balance in healthy adults (Steggerda and Mitchell. 195 1 ). Fat prolongs gastrointestinal 

transit time allowing for a longer interval for Ca absorption; however, fat rnay form 

insoluble complexes with Ca making it less available (Levenson and Bockman, 1994). 

Interest in the possible connection between fat intake and Ca absorption was focused on 

the massive losses of Ca in patients with fat malabsorption or steatorrhea (Agnew et al, 

197 1) .  This is generally thought to be due to the reaction of Ca with fatty acids forming 

insoluble soaps in the intestinal lumen. The availability of Ca from these soaps decreaîed 

with increasing chah length and decreasing degree of unsaturation of the fatty acids . Ca 

absorption in the rat intestine was found to be less !han 10% from C 120 to C 18:O fatty 

acids but more than 50% from C6:O and C8:O. Only 2% of the Ca from Cl 8:O soaps was 

absorbed cornparcd to 20% of that from C l 8 2  (Kies, 1988: Gacs and Barltrop. 1977). 

Fat in the form of triglycerides did not affect Ca absorption implying that soap formation 

and Ca malabsorption rnay only occur when free fatty acids are present in the intestine. 

Ca soap formation occurs during the hydrolysis of emulsified fat droplets by pancreatic 

lipase in the presence of colipase and bile salts micelles. Addition of lipases caused the 

rapid formation of a liquid, crystailine Ca shell around the droplets of the oil which 

contained triglycerides and Ca and probably Ca soaps. The soap formation is 



proportional to the amount of ionized fatty acids. Formation of ionized fatty acids 

decreased as the concentration of Ca increased and a lower amount of soap formation 

occurred. Monoglycerides also reduced the formation of Ca soaps. Formation of soaps 

is an integral part of lipid digestion and it is not known whether any Ca is absorbed with 

micelles (Patton and Carey. 1979). Medium chain triglycerides were found to enhance 

Ca absorption in infants (Tanti bhedhyangkul and Hashim. 1978). Moreover, it was found 

that Ca absorption was improved by increasing the total level of dietary fat (Kiès, 1985). 

Diets containing varying levels of Ca and nearly fat-free or  contained fat supplied 

primarily by butterfat, sesamr oil. peanut oil. coconut oil or mustard oil was studied in 

young men (Kies. 1988; Basu and Nath, 1946). Fceding of al1 test fats except coconut 

oil resulted in a slight decrease in fecal Ca, thus an assumed increase in Ca bioavailability. 

However, feeding of coconut oiI (a highly saturated fat) resulted in increased tècal and 

urinary losses of Ca. 

2.1.3.3. Carbohydrates 

2.1 A3. l .  Monosaccharide 

Glucose. has been shown to enhance Ca absorption in both humans and anirnals 

(Norman et al, 1980; Zheng et al, 1985; Younoszai and Nathan, 1985: Vaughan and Filer, 

1960; Monnier et al, 1978). Monnier et al ( 1978) found that 40 g of orally administered 

glucose/m2 body surface increased the rate of Ca absorption in 10 diabetic patients by 

2 1 %. Another study showed that 65- 100 mM glucose increased jejunal Ca absorption by 

twofold when given to 9 normal subjects using triple lumen perfusion technique (Norman 



et al, 1980). The primary site responsible for the enhanced Ca absorption following an 

oral dose of glucose is not known. Studies in rats have shown that glucosc can increase 

Ca absorption in the duodenum (Behar and Kerstein, 1976), jejunum (Younoszai and 

Nathan, 1985) and ileum (Vaughan and Filer, 1960). The positive effect of glucose on 

Ca absorption in rats is consistent with the study of Zheng et al (1985) following the 

coadministration of an oral dose of Ca and glucose. However, some studies have shown 

no enhancement of glucose on Ca absorption (Urban and Pena, 1977; Wasserman and 

Cornar, 1959). A 10 g oral dose of glucose did not increase fractional Ca absorption in 

postmenopausal womrn (Francis et ai, 1986) but Wood et al ( 1987) have found that 50 

g glucose can increase fractional Ca absorption in humans. The differences in the effect 

of glucose on Ca absorption from the above results may be related to dose or to 

diffcrences in the responsiveness to glucose stimulation of Ca absorption in 

postmenopausal wornen. Moreover, Zheng et al ( 1985) have shown in rats that the effect 

of orally administered glucose on Ca absorption is dose dependent. 

2.1 A3.2. Disaccharide 

Lactose, the principal carbohydrate in milk, has been reported to enhance the 

bioavailability of dietary Ca (Ambrecht, 1987; Buchowski and Miller, 199 1 ; Cochet et al, 

1983; Lavenson and Bockman, 1994; Miller, 1989; Pansu and Chapuy, 1970; Shaafsma 

and Visser, 1980; Ziegler and Fomon, 1983). Lactose facilitates the paracellular transport 

of Ca in both proximal and distal small intestinal segments (Ambrecht, 1987; Ambrecht 

and Wasserman, 1976 ). The effect of lactose on Ca absorption is greatest in the ileum 



where active transport is negligible and the efiect is significant only at higher inkaluminal 

Ca concentrations (Lengemann et al. 1959; Pansu et al, 1976). A study on the effect of 

lactose on Ca absorption in infants under 8 months of age showed a Ca absorption of 60% 

from the infant torrnula 36% from the lactose-free formula and 72% from the lactase- 

treated formula (Kabayashi et al, 1975). This suggests that glucose and galactose released 

by lactose hydrolysis were even more effective in improving Ca absorption than lactose 

(Griessem et al. 1986). This was confirmed by Wood et al (1987). The serum absorption 

curve of " ~ a  given in milk and lactose-free milk was signifiçantly greater from milk with 

lactose in healthy adults (Kocian et al, 1973). When both miiks were fed to lactose 

tolerant and lactose intolerant subjects. Ca absorption did not differ signi ticantiy. In the 

presence of lactose, Ca absorption decreased in the lactose intolerant subjects as indicated 

by reduced postprandial appearance of " ~ a  in the serum. However, this assumption rnay 

be incorrect since '"Ca fecal excretion was not increased. Absorption may have occured 

in the colon at a later time. A similar study gave the same results where the lactose- 

tolerant and lactose-intolerant subjects absorbed Ca from lactose containing milk as 

efficiently as from milk with glucose as a substitute for lactose (Griessen et al. 1989). 

The lactose-intolerant subjects absorbed Ca from the lactose containing milk better than 

the lactose-tolerant subjects. The increase in Ca absorption may therefore br due to the 

lactose itself. The lactose not hydrolysed in the small intestine may be hydrolyscd in the 

colon and increase Ca absorption. The above result suggests that lactose-intolerance has 

a negligible effect on Ca absorption but needs to be confimed. In this case, lactose- 

intolerant individuals may only be Ca deficient when their Ca intake is low rather than 



because of poor Ca absorption. When part of the lactose is hydrolyzed to glucose and 

galactose in the srnaIl intestine (Dahlqvist and Thomson. 1964; Kim et al. 1978) these 

monosaccharides are readily absorbed and the remaining lactose reaches the large intestine 

(Dahlqvist and Thomson, 1964; Kim et al, 1978) and is metabolized (Kim et al. 1978) to 

SCFA (Ac. Pr and Bu), thereby decreasing the pH of the fluid within the çccum and 

colon (Pansu et al, 1978). 

Several hypo theses ha t  explain the stimulatory e ffect of dietary lactose on intestinal 

Ca absorption have been proposed. First, the glucose and galactose produced from lactose 

in the small intestine enhance intestinal Ca transport as a consequence of an increased 

water absorption ( Birlouez- Aragon, 1 988; Schuette et al. 1 989). Second. the 

unhydrolyzed lactose promotes Ca absorption in the jejunum and ileum because the 

increased volume of fluid required to maintain isotonici ty in these segments incrcases the 

permeability of the intercellular junctions between enterocytes (Bronner, 1 987). Third. 

the drcrease in pH from hydrolysis of lactose in the large intestine increasrs the 

concentration of soluble Ca available for uptake by vitamin D-dependent Ca transport 

systems present in the cecum (Favus and Angrid-Backman, 1985. Nrllans and Goldsmith. 

198 1 ) and colon (Karbach and Rummel, 1986; Lee et al, 1980). One other possible 

mechanism whiçh has not been fully investigated involves tlic products of lactose 

metabolism in the colon, i.e. SCFA. The SCFA may be also responsible for an inçrease 

in Ca absorption in the colon. 



2.1.3.3.3. OIigosaccharides 

Lactulox, a disaccharide of fnictose and galactose, is resistant to metabolism in the 

small intestine and is metabolized in the colon. A study with rats showed that lactulose 

and other sugars that are poorly absorbed in the small intestine such as xylitol, 

lactobionate, arabinose, raffinose, pyroglutamate, sorbitol, gluconate, and raftilose 

stimulate Ca absorption (Brommage et al, 1993). Thus, it was concluded from the above 

study that sugars resistant to metabolism and absorption in the small intestine and 

metabolized in the large intestine stimulate Ca absorption in the srnall intestine. This 

suggests that Ca does not bind with lactulose and with other resistant sugars in the srna11 

intestine. However, the Ca that escapes absorption in the small intestine reaches the colon 

where its absorption rnay be influenced by the products of fermentation of these sugars 

such as the SCFA. 

Ftuctooligosaccharides are synthesized by many plants and are found in the huma. 

diet in onions, garlic, antichokes and chicory (Roberfroid et al, 1993). They are partly 

hydrolyzed by gastric acid (Nilsson et al, 1988) but in general are thought to escape 

digestion in the human upper intestine completely (Roberfroid et al. 1993: Roberfroid, 

1993; Oku et al, 1984) and then fermented by the colonic rnicroflora (Rumessen et al. 

1990). I t  has also been shown that fructooligosaccharides are a good source of SCFA in 

rats and humans (Tokunaga et al, 1989). Feeding fnictoligosaccharide to rats has been 

shown to increase Ca absorption (Ohta et al, 1995). About half of the increased Ca 

absorption took place in the colon and rectum. It was speculated that at least part of the 

stimulating effect of fnictoligosaccharide on Ca absorption may be attributed to the SCFA 



produced from its fermentation. Moreover, SCFA such as Ac and Bu have been shown 

to enhance Ca absorption in the distal colon of rats (Lutz and Scharrer, 1991 ). 

2.1.3.3.4. S tarches 

Starches are the major storage polysaccharides of most highcr plants. They are a- 

glucans and consist of two major types of molecules: arnylopectin which is usually 70- 

80% of the total starch and amylose which usually comprises 70-30%. Amylopectin 

consists of large molecules made up of > 10,000 glucose residues held together by cx- 1,4 

and a-1,6 linkages in a branched tree-like structure. Amylose is a smaller linear 

molecule with only a- 1.4 linkages (Cummings and Englyst. 1995). They are normally 

digested and absorbed in the srna11 intestine but some escapes digestion and reach the 

coIon. The latter are refered to as resistant starch (RS). 

The effect of different types of starch on Ca absorption was studied in rats (Schultz 

et al, 1993): cooked and cooled normal starch (low RS diet): uncooked high amylose 

starch, (high RS) ;  cooked and cooled high amylose starch (high RS!). The presence of 

RS? in the diet significantly increased apparent absorption of Ca while with the RS? diet. 

Ca absorption was similar to that in rats fed with low RS. Both RS? and RS, wrrr poorly 

digested in the distal half of the small intestine as indicated by the high content of 

polymerized glucose. RS, has almost twice as much polymerized glucose as RS, found 

in the ileum. However, both have been shown to be fermentable by marnmalian intestinal 

bacteria, in vitro (Englyst and MacFarlane, 1986; Wyatt and Hom, 1988) and in vivo 

(Andrieux and Sacquet, 1986; Demigne et ai, 1989; Faulks et al, 1989; Gee et al, 199 1; 



Livesey et al, 1990; Mallett et al, 1988; Tomlin and Read, 1990). Fecal analysis for 

polyrnerized glucose was greater in rats fed the RS, diet in comparison to the RS2 and RS 

diets suggesting that RS, is more fermentable than RS,. According to the authon (Schulz 

et al. 19931, the stimulating effect of RS2 on Ca absorption may be due to the lowered 

ileal pH which in tum raised the concentration of soluble Ca in the ileum and cecal 

contents. This study did not look at the effect of the products of fermentation of starch. 

A study done on the cffect of amylomaize starch (70% amylose) on minera1 absorption 

in adult rats showed that increased cecal voIume, pH aciditication and Iower transit time 

rnay have contributed to the increased absorption of minerals. The increascd absorption 

of minerals rnay also be partly attributed to SCFA in conventional rats (Andrieux and 

Sacquet, 1986). 

It  c m  be deduced from the above studies that different RS have different effects on 

Ca absorption. This depends on the extent of fermentation. bacterial products of 

fermentation and water holding capacity of fermentation residues (Wyatt and Hom. 1 985).  

The nature and origin of starch should be taken into account in assessing possible 

physiological effects of resistant starch with behaviour similar to dietary fiber (Bjorck et 

al, 1986). 

2.1.3.3.5. Dietary Fiber 

Fibers include the principal components of the plant ceIl wall such as cellulose. 

hemicellulose, pectins, lignins and a number of chemically related substances including 

storage polysaccharides (inulin. guar), seed mucilages ( ispaghula), and plant gums and 



exudates (MacFarlane and Cummings. 199 1 ). Fibers not digested in the small intestine 

reach the colon where they are rnetabolized. Dietary fibers have widely different physical 

and chernical characteristics (Anderson and Chen, 1979; Kelsay, 1978; Eastwood and Kay, 

1979). They have been classified as water soluble (pectin, some hemicelluloses. 

mucilages, algal polysaccharides and storage polysaccharides) or water insoluble 

(cellulose, some hemicellulose and lignin). Most food fiber sources contain mixtures of 

fiber substances which make their charcteristics complex. 

There are some disagreements, between and even within studies, on the degree and 

direction of a physiological response of humans to feeding specitic test fiber sources. For 

example, wheat bran has been the fiber source most commonly used to study the effects 

of dietary fiber on Ca absorption but wheat bran contains not only fiber, but aiso phytate. 

Phytate impairs Ca absorption in a dose-related fashion (Heaney et al. 1992). Ca 

absorption from soybean of low phytate content was significantly better than absorption 

from high phytate containing soybean (41 % and 3 1 %, respectively; Heaney et al. 199 1 ). 

Several studies have differentiated the effect of phytate and tibrr in brans (McCance and 

Widdowson, 1942; Reinhold et al, 1973 ab). Ca bioavailability improved with 

dephytinization of whole wheat in bread, however it rernaincd inferior to that in white 

flour bread (McCance and Widdowson, 1942). Feeding purified phytate had little effect 

on Ca absorption while phytatc-rich whole wheat bread had a pronounced negative effect 

(Reinhold, 1973a). This suggests that the fiber in whole wheat bread decreases Ca 

bioavailability. On the other hand, Anderson et al (1983) found no differrnce in Ca 

balance for six adults when they consumed diets containing 16, 24, or 32 g r a m  of dietary 



fiberlday from wheat bran for 24 days with phytic acid held constant at 2.0 gramsiday. 

Soluble and insoluble fiber may have different effects on Ca bioavailability. 

Cellulose, an insoluble fiber has been shown to decrease Ca bioavailability in humans 

(Slavin and Marlett. 1980; Ismail-Beigi et al, 1977) although other studies revealed no 

effect on Ca balance (Drews et al, 1979; Behallet al, 1987). Pure celluIose has no cation- 

binding capacity in vitro (James et al, 1978). Variability in results on the effect of 

cellulose on Ca absorption may be due to differences in subjects. diet and conditions used 

in the study. 

Some soluble fibers contain uronic acid which has been shown to be a major factor 

in the binding of Ca to fiber (James et al, 1978). Ca-binding capacity was significantly 

correlated to the uronic acid content ( ~ 0 . 7 7 )  with every mm01 of uronic acid at pH 7.4 

binding 0.31 mm01 of Ca. However, over 80% dietary uronic acids are fermentcd in the 

human large intestine (James et al, 1978). Thhrrefore. the Ca bound to uronic acid may 

eventually be released and become available for absorption in the colon. Pectin. a soluble 

fiber, contains a substantial amount of uronic acid; howevcr, Cummings et al (1979) 

found no effect on Ca balance when 36 grarns pectinlday were fed to young men for six 

weeks. This is probably because 80% of the uronic acids in pectin are methylated and 

wouId not bind Ca. In addition pectin is completely metabolized in the lower intestine 

so that Ca would be released for absorption (Cummings et al, 1979). 

A series of human studies (285 human adults) were conducted for five to seven days 

on each experimental period (Kies. 1985). Each subjcct was given at least one fibrr 

source to provide 20 g ram fiberjday with ordinary food as the control diet. Results 



showed that wheat bran, psyllium and cellulose decreased Ca balance in cornparison to 

the low fiber control while pectin, red wheat bran and corn bran did not differ 

significantly from the control diet. Other studies have aiso shown that pectin and other 

fermentable fibers such as guar have no effect on Ca availability (Munoz and Harland, 

1993). 

Al1 of the above studies did not relate the fermentabilities of dietary tiber sources to 

Ca absorption. Pectin and guar gum have been shown to be more fermentable thm 

cellulose and psyllium (McBumey and Thornpson, 1987; Demigne et al, 1980). The 

products of fermentation of these fibers such as the SCFA may have influenced the 

release of Ca in the colon for potential absorption. 

2.1.3.4. Vitamins 

Vitamin D is the most significant factor controlling Ca absorption. The inactive 

precursor, vitamin D,, is modified by two sequential hydroxylation reactions, fint in the 

liver and second in the kidney to produce the active form 1.75-dihydroxyvitamin D, 

(Wasserman and Fullmer. 1995). The rate of rend 1 -75-dihydroxyvitamin Dl synthesis 

is directly responsive to plasma parathyroid hormone (PTH) level and modulated by other 

feedback controlling factors (Holic k, 1 989; Reichel et al. 1 989). 

Vitarnin D increases Ca absorption from the small intestine by 3 mechanisms: ( 1  ) an 

effect on gene expression and protein synthesis (genome response) which is exemplified 

by the synthesis of calbindins (Wasserman, 1992); and (2) a more rapid effect not 

dependent on gene activation (nongenomic). This process is dependent on the rapid 



increases in intracellular Ca" concentration, cGMP levels and altered phospholipid 

synthesis (Baran and Sorensen, 1994; DeBoland and Nemere, 1992). The Vitamin D 

receptor associated with the genomic effect has been characterized (Minghetti and 

Norman, 1988; Pike, 199 1) while the nature of the receptor associated with the rapid 

nongenomic effect is still under investigation (Dorrnanen et al. 1994; Nemere et al, 1994). 

The active form of vitarnin D affects each step in the trmscellular transport of Ca 

(saturable active process) which includes entry of luminal Ca into the enterocyte, the 

movement of Ca in the ce11 interior and the transport of Ca from the enterocyte into the 

underlying lamina propia (Bronner et al, 1986). The vitamin D-dependençy of the 

paracellular transport of Ca (nonsaturablr diffbsion process) is the subject of some debate. 

Some investigators ( Wasserman and Kallfelz, 1962: Dostal and Tovenid. 1 984) have 

shown that both saturable and nonsaturablr processes are enhanced by vitarnin D but other 

investigators disagree (Nellans. 1 990; Pansu, et al, 1 98 1 ). 

The effect of vitarnin C on Ca absorption is unclear. It  was reported earlier 

(Leichsenring et al, 1957) that ascorbic acid slightly improved Ca absorption but also 

increased urinary Ca excretion when ascorbic acid or orange juice was added to a low-Ca 

diet. However, hurnan studies have shown that long term large intake of ascorbic acid 

did not affect urinary Ca excretion (Fituri et al, 1983; Hanck, 1972 and 1974; Schmidt 

et al, 198 1; Tsao et al, 1982). Similar results were obtained in another study in which 

82W460 and 91*46 mg/day/person of Ca and ascorbic acid, respectively, were fed for 5 

days on 22 hurnan subjects (Tsao et al, 1986). On the other hand, when 805*492 and 

64k37 mg/day/person of Ca and ascorbic acid, respectively. were fed, and urine collected 



for 8 hours, the urinary Ca level of the initially low excretors was significantly elevated 

while that of the initially high excreton was not significantly affected. The rffect of 

ascorbic acid on Ca absorption should be further investigated. 

2.1.3.5. O Cher Minerals 

Ca interacts with other rninerals such as Fe, Zn and Mg. Cook et al ( 199 1 ) have 

shown that Ca supplements such as Ca carbonate, Ca citrate and Ca phosphate given with 

ferrous sulfate on humans did not inhibit iron absorption alone. but did so when taken 

with a meal. Sirnilar results were obtained by Hallberg et al ( 199 1 ). Orange juice with 

Ca had minimal inhibition on iron absorption (Mehansho et al, 1989). Thus, citric acid 

and ascorbic acid in orange juice alleviate the inhibition of iron absorption caused by Ca. 

The effect of Ca on zinc absorption was studied in relation to the phytate content of 

food. It was shown that [Ca][phytate]/[Zn] rnolar ratios greater than 0.5 mol/kg may 

reduce the bioavailability of Zn (Davies and Warrington, 1986). In anothcr study (Hunt 

et al, 1995), 0.8 g proteidkg body weight that meets protein requirement of older women 

increased zinc retention without compromising Ca status. 

Several investigators (Clarkson et al. 1967; Norman et al, 198 1 )  have rcported that 

increasing Ca in the diet of humans significantly reduced magnesium (Mg) absorption 

while increasing Mg in the diets has been reported to significantly decrease fecal Ca in 

humans (Clark, 1969; Hardwick et al, L 99 1 ; Heaton and Parson, 196 1 ; Leichsenring et al. 

195 1). Mg concentration from 1.25 to 10 mmoVL had no effect on Ca absorption in the 

colon of rats (Karbach and Ewe. 1987). It was also observed in humans using a perfusion 



method, that increasing Mg concentration in the lumen decreased Ca absorption in the 

jejunum (Brannan et al, 1976). However, direct intestinal perfùsion with various 

concentrations of soluble Mg or Ca in an isoiated segment may not reflect what is actually 

occuring in vivo. Differences in methodology between studies make it difiïcuit to 

compare many of the human studies and to conclude whether there is any interaction 

between Ca and Mg in the intestine. 

The mechanism by which Ca and Mg interact has not been well defïned but several 

possible mechanisms has been proposed as follows: ( 1 ) cornpetition for a common carrier 

system (Alcock and MacIntrye ( 1962); (2) a Ca-induced change in membrane permeability 

to Mg (Leichsenring et al, 1951); and (3) modulation of a specitk Mg carrier by Ca 

(Walser, 1967). Hendrix et al ( 1963), found that Ca and Mg are taken up preferentially 

in different portions of the intestine. Specifically, Ca inhibited Mg transport in the ileum 

but not in the duodenum, whereas Mg inhibited Ca transport primarily in the duodenum. 

In short term uptake studies in rat duodenal mucosa, Mg significantly inhibited t h e -  

dependent uptake of Ca, but Ca did not significantly reduce Mg uptake (O'Donnel and 

Smith, 1973). 

2.1.3.6. Antinutrients 

Phytic acid, the storage fom of phosphorus in seeds, has been impiicated in the 

reduction of mineral absorption from cereals and legumes because of its ability to form 

a phytatcmineral-complex (Champagne, 1988; Heaney et al, 1992: Levenson and 

Brockman, 1994). The effect of phytate on Ca absorption depends on how phytate is 



present in or added to a meal. When sodium phytate is added to a meal, Ca balance was 

reduced (Reinhold et al, 1973 a,b). Similarly foods rich in phytates added to a diet 

decreased the overall Ca balance (Reinhold et al, 1973 a,b: McCance and Widdowson, 

1942) suggesting an effect of phytate on Ca absorption. However. when high and low 

phytate soybean intrinsically labelled with "Ca were fed to human subjects, no signiticant 

differences in Ca absorption were found between the high and low phytate and the control 

food (milk) in the same subjects (Heaney et al, 1991). Other sources of phytate such as 

wheat bran taken with Ca carbonate reduced the absorption of Ca (Weaver et al, 1992). 

In addition. in a crossover design, intrinsically labeled beans have substantially lower Ca 

absorption than milk presumably because of their high phytate content (Heaney and 

Weaver, 1992). 

Foods containing oxalic acid reduced Ca absorption due to the formation of Ca 

oxalate. Ca in spinach is poorly absorbed presumably duc: to its oxalate content (Heaney 

et al, 1988; Weaver et al, 1987; Wien and Schwartz. 1983; Poneros-Schneir and Erdman, 

1989) while low-oxalate vegetable such as kale exhibit excellent Ca absorption (Heaney 

and Weaver, 1990). 

2.2. The Hurnan Colon 

The human colon consists of three parts: the ascending, transverse and descending 

colon (Figure 1.2; Christensen, 1991). The ascending colon is the part of the colon 

between the ileocecal junction and the hepatic flexure which is the bend of the colon at 

the caudal surface of the liver. Ventrally, this part of the colon contacts loops of the 



Figure 2.2. The Human Colon. The figure was 

taken from Christensen. 199 1. 



ileum and the ventral abdominal wall. The transverse colon is the part of the coton 

between the liver and the spleen. At the spleen, the colon usually fonns an acute tlexure. 

the splenic flexure where the colon is in contact with the caudal tip of the spleen and the 

tail of the pancreas. The descending colon is the part of the colon that descends from the 

splenic flexure toward the pelvis. This part of the colon lacks a mesentry, the investing 

peritoneum lying against the ventrolateral surface of the left kidney and abdominal 

muscles. At the upper aperture of the pelvis, the colon foms  a Ioop, the sigrnoid colon 

that normally lies within the pelvis. It is separated from the bladder by loops of the 

ileum. It  joins the rectum at the rectosigrnoid junction. The rectum is the part of the 

large intestine between the sacral vetebra and the anal canal. This segment is about I2 

cm long. 

The human colon has been reported to be 1 1 O cm long (Blakebhorn et al, 1955) with 

the distal segment comprising approximately 1/3 of the total length of the colon (Schiller 

et al. 1988). The diameter of the rectum and distal colon is about 4 cm (Williams and 

Warwick, 1985). Therefore the total volume of thc rectum and the distai colon are 

approximately 150 and 460 mL, respectively. 

The human colon usually contains about 220 g of wet contents (range 58-904), 35 g 

of which is the dry matter (Cummings et al, 1990). Estimates of the microbial component 

of colonic contents Vary depending on the analytical technique used. Values between 30 

to 40% are observed with a direct rnicroscopic counting method (Van Houte arnd 

Gibbons. 1966; Moore and Holdeman, 1974). Gravimetric procedures demonstrated that 

bacteria comprised approximately 55% of the solids in feces of people on Western diets 



(Stephen and Cummings, 1980) and if applied to total colonic contents this would give 

about 18 g bacterial dry matter equivalent to a total bacterial mass in the colon of 90 g 

( MacFarlane and Cummings, 1 99 1 ), 

2.2.1. Fermentation 

Bacterial fermentation of carbohydrates, protein and other substances in the large 

intestine is a series of energy-yielding catabolic reactions that does not involve respiratory 

chains using molecular oxygen or nitrate as terminal electron acceptors. Fermentations 

are usually classified on the ba i s  of their major end products, for example, lactate. 

alcohol. Pr. Ac and Bu (MacFarlane and Cummings, 1991). Other more sprcialized 

fermentations also occur in the large bowel such as sulfide and methane fermentations 

carried out by sulfate-reducing and methanogenic bacteria. 

The rnajority of carbohydrate fermentations in the colon produce the SCFA such as 

Ac, Pr, Bu and the gases carbon dioxide and hydrogen as principal end products. The 

bacteria obtain energy from this process for growth and maintenance of cellular funçtion. 

Lactate and succinate are formed as intermediates during çatabolism of carbohydrate and 

further fermented to SCFA, i.e. succinate is convcrted to Pr by some species of the 

bacteroides fraglitis group (Macy and Probst, 1979). 

Lactate is a major fermentation product of bifidobacteria, streptococci and Iactobacili 

(Holdeman et al, 1977). It is also a common product in many other bacterial 

fermentations and is probably an important intermediate in the large intestinal 

ecosystem and particularly in the right (ascending) colon where carbohydrate availability 



is greatest and fermentation rates are high. 

In vitro experiments have shown that the type of SCFA forrned by gut bacteria depends 

on the chemical composition of the polysaccharide substrate (Gottschalk, 1986). For 

example, starch fermentation is characterized by high Ievels of Bu production whereas 

with a more oxidized substrate such as pectin, more Ac is produced. This is partly 

explained by the fact that differcnt bacteria are involved in fermenting different substrates. 

The above information shows that products of fermentation are determined by the 

arnount and type of substrate, the rate and extent to which it is broken down, the type of 

flora involved and host factors such as transit time (MacFarlane and Cumrnings, 199 1 ). 

2.2.2. The Colonic Flora 

Studies on the composition of the colonic microflora corne from fecal data. 

However, the fecal material may not reflect the type of bacteria present in the colon. 

Moore et al ( 1978) suggested that fecal bacteria are representative of those oçcuring at the 

different regions of the large bowel with respect to generic distribution of sprçics and 

their relative proportions. 

It has been shown that diet, age and the country in which a person lives are 

insigniticant determinants of the composition of the colonic microflora (Gorbach et al, 

1967; Finegold et al, 1974; Tannock, 1983) and that an individual's fecal flora appears 

to be cornparatively stable over long periods (Holdeman et al, 1976; Simon and Gorbach, 

1984). However, another study which followed anaerobic bacterial populations in 10 

healthy volunteers over a period of 1 year found intraindividual recoveries of some 



species which varied up to as much as 1,000 fold (MacFarlane and Cummings, 199 1). 

Diet has been shown to influence gut bacterial population in mice (Dubois and 

Schaedler, 1962). rats (Chung et al, 1977), and ruminants (Latham et al, 1972) but studies 

in humans are less convincing (Drasar and Jenkins, 1976; Drasar et al. 1976; Cummings 

et al, 1978; Moore and Holdeman. 1975; Hentges, 1978. Cummings, 1983). 

The major polysaccharide-degrading bacteria in the colon and their fermentation 

products are as follows: bacteroides - Ac, Pr, succinate; ruminococcus - Ac, lactate, 

succinate; eubacterium - Ac, Bu, lactate; Iactobacihs - lactate, Ac: bi tldobûcterium - Ac, 

lactate; and clostridium - Ac, Pr, Bu, lactate (MacFarlane and Cummings, 199 1 ). Pectin 

is degraded b y bacteroides, eu bacteria and bi fidobacteria and cellulose by bacteroides: 

starch in cereals and some vegetables is degraded by many bacterial species (MacFarlane 

and Curnmings, 1 99 1 ). 

2.3. Sources and Production of Short Chain Fatty Acid 

2.3.1. Starch 

It is evident fiom brcath hydrogen studies ihat starch is incompletely digested in the 

small intestine (Anderson et al, 198 1; Calloway, 1966; Flourie et al, 1988; Levitt et al. 

1987), direct intubation of the ileum (Flourie et al, 1958; Stephen et al. 1983 ) and study 

of ileostomates (Chapman et al, 1985; Englyst and Cummings, 1985. 1986, 1987; 

Sandberg et al, 198 1, 1983; Wolever et al. 1986) 

Appearance of hydrogen in breath has been used as an index of starch breakdown. 

The amount of hydrogen in breath is compared to that released during fermentation of a 



known arnount of carbohydmte such as lactulose and from this ratio, quantitative data for 

starch fermentation in the colon are derived. In a series of studies using breath hydrogen 

as a marker of carbohydrate malabsorption, it was found that I O  to 10% of the 100 g of 

carbohydrate in a meal of white bread, 8% in oat bread ,6% in corn bread, 13% in potato 

and 18% in navy beans was not absorbed (Levine and Levitt, 198 1 ). A comparison of 

starch malabsorption estimated by breath hydrogen or ileostomy study showed sirnilar 

results as follows: breath hydrogen - white bread, I I % .  wholemeal bread, 8%, lentils. 

1 SOh, while from the ileostorny study - white bread, IO%, wholemea1 bread, 8% and red 

lentils. 22% (Wolever et al, 1986). However, other studies found that the breath hydrogen 

technique gave higher values for starch malabsorption in comparison to the data from 

ileostomy studies and direct intubation (MacFarlane and Curnmings, 199 1). Despite the 

problems in interpretation. it is clear that significant quantities of starch arrive in the 

colon. Also, starch produces high amounts of Bu (MacFarlane and Cummings. 199 1). 

2.3.2. Dietary Fiber (Non-starch Polysaccharides) 

Purified fibersupplernents such as pectin, tragacanth gum, psyllium gum, guar gurn. 

soy fiber and cellulose were fermented in vitro using human fecal microbiota (McBumcy 

and Thompson. 1989). Pectin produced relatively more Ac and cellulose the least. 

Tragacanth and guar gums produced more Pr while guar gum tended to produce more Bu. 

Pectin was the most rapidly fermented followed by psyllium gum, tragacanth gum, guar 

gum. soy fiber and finally cellulose. 



2.3.3. Sugars and Oligosaccharides 

Lactose, lactulose and the monosaccharides which make up the dietary fiben c m  

influence SCFA production in the colon (Mortensen et al, 1988). In an in vitro fecal 

intubation system, SCFA are formed from al1 mono- and disaccharides tested such as D- 

glucose, D-galactose, D-fructose, D-mannose. L-rharnnose, D-sorbitol, D-arabinose, D- 

xylose, D-ribose, D-galacturonate, D-glucuronate, lactose and lactulose except L-glucose. 

Al1 of the above saccharides increased Ac formation. Pr was increased from rharnnose, 

arabinose, xylose. ribose, galacturonic and glucoronic acid while Bu was increased from 

assays with sorbitol, galaturonic and glucuronic ac id. Other oligosacc harides probab 1 y 

escape digestion in humans but only few studies have been donc: to test this. The most 

common substrates tested are the fructo-oligosaccharides found in vegctables such as 

artichokes, onions and somç root crops. They are rapidly fermented by the flora (Hidaka 

et al, 1986; Hosoya et al, 1988). 

2.4. Absorption of Short Chain Fatty Acids in the Colon 

About 959h of SCFA produced fiom rnicrobial fermentation are absorbed in the large 

intestine and colon of marnmals (Cummings, 198 1 : Engelhardt and Rechkemmer, 1983). 

In vivo and in vitro perfusion techniques showed that SCFA transport into the cell is a 

linear, concentration-dependent process whereby the flux rate is in direct proportion to the 

SCFA concentration in the perfusate (Bugaut, 1987; Rimmer et al, 1987). It has been 

suggested that SCFA absorption occurs by nonionic diffusion; SCFA are protonated from 

either the luminal hydration of carbon dioxide into bicarbonate and hydrogen ions or from 



the intracellular secretion of hydrogen as a result of a sodiurn/hydrogen exchange in the 

proximal colon and by a potassium/hydrogen exchange in the distal colon (Figure 1.3; 

Engelhardt, 1995; Engelhardt and Rechkrmmer, 1992). SCFA are weak acids with pKa 

values ranging from 4.75 to 4.81. As calculated from the Henderson-Hasselbach 

relationship, 95% or more of SCFA in the colonic lumen are present in the dissociated 

form at the physiological pH (pH 6-7) of the intestine (Titus and Aheann, 1992). 

Because of the dependence of SCFA uptake on the availability of protons, a proportional 

increase in SCFA transport would be expected with a corresponding decrease in pH. 

However, absorption of SCFA has been found to be independent of luminai bulk pH in 

giiinea pig (pH range 5.0-9.0), goat. rabbit and hurnan (Argenzio et al. 1975; Gasaway, 

1976; Murer et al, 1984; Miller et al, 1979; Rechkemmer, 1979). To account for this, it 

was proposed that there exists an acidic microclimate at the epithrlial surface whereby the 

ionized form of SCFA becornes protonated and therefore more soluble in the membrane. 

In such a constant pH microenvironment there would be a steady concentration of 

hydrogen available for association with the luminal SCFA anions. It was proposed that 

anionic diffusion may contribute to the overal SCFA permeability (Rechkemmer et al. 

1988). Once the SCFA enters the cell. it is transported across the basolateral membrane 

to the blood by diffusion in the ionic or nonionic form. Altematively it can be 

rnetabolized intracellularly. resulting in the production of carbon dioxide which diffuses 

back into the lumen, thus perpetuating the process that results in the diffuson of SCFA 

across the luminal membrane into the ceIl (Titus and Ahearn, 1992). The diffusive uptake 

of protonated SCFA is proportional to the increase in chain length of the acid. Ac < Pr 



Figure 2.3. Mode1 for cellular mechanism involved in absorption 

of SCFA in the proximal and distal colon of guinea 

pig. SCFAH. the non-ionic form; SCFG the ionic 

fom.  This figure is taken from Engrihardt, 1995. 



< Bu (Watford et al, 1979). 

SCFA transport by a carrier mediated process was studied by Ruppin et al ( 1980) 

using in vivo perfusions of the hurnan colon. ionized SCFA enter the enterocyte by anion 

exchange with intracellular bicarbonate. This mode1 was based on indirect evidence 

involving bicarbonate appearance in the colonic lumen (near-neutral pH) in proportion to 

SCFA disappearance from the luminal bulk. This result was similar to the results obtained 

from in vivo intestinal perfusion of rats (Urnesaki et al, 1979: Watson et al, 1990), pig 

(Argenzio et al, 1974) and goat (Argenzio et al, 1975). It was noted that the carrier- 

mediated characteristics indicate the presence of a saturable step in lumen-to-blood 

substrate transport. The rate-limiting step that results in saturation was cited as the fin ite 

suppiy of luminal hydrogen ion available for protonation; hence it follows that 

cornpetitive inhibition results from two or more anionic species of SCFA competing for 

the same source of protons (Titus and Ahearn, 1992). However. the above studies were 

not able to state conclusively that carrier-mediated transport does occur. The techniques 

used cannot eliminate physiological interferences such as unstable pH, acid microclimate. 

unstirred water layers and cellular metabolism. 

2.5. Effect of Short Chain Fatty Acid on Calcium Absorption 

Fermentation of carbohydrates such as bran, pectin and guar gum in the colon of rats 

have been suggested to shift the absorption of minerais such as Ca and Mg from the small 

intestine into the large intestine (Demigne et al, 1989). However, this study did not 

determine for the proportion of Ca and Mg absorbed in the small intestine and the amount 



of Ca and Mg released after bacterial fermentation. In vitro fermentation (McBumey and 

Thompson, 1987) and dialysis of the residue from the in vitro enzyrnatic digestion and 

dialysis showed that the insoluble mineral-fiber complex formed can release the mineral 

and produce SCFA (Trinidad, 1990; Thompson et al, 199 1 ). However this study did not 

investigate whether Ca is absorbed in the colon and whether the presence of SCFA 

intluence Ca absorption. 

Considering that fructooligosaccharides are indigestible, readily fermentable in the 

colon and a good source of SCFA in rats (Tokunaga et al, 1989), at least a part of the 

stirnulative rffect of fructooligosaccharides on Ca and Mg absorption might be attributed 

to SCFA produced from kmentation of fmctooligosaccharides. About half of the 

increased Ca and Mg absorption in the presence of fi-uctooligosaccharides has been shown 

to take place in the colon and rectum of rats (Ohta et al, 1995). 

The effect of SCFA such as Ac and Bu on Ca absorption was studied in rats (Lutz 

and Scharrer. 199 1). Ac and Bu stimulate Ca absorption in the distal colon without 

influencing sodium and water absorption. In the proximal colon, sodium and water 

absorption but not Ca absorption were enhanced by Bu (Lutz and Scharrer, 199 1; Lutz 

et al, 199 1 )  through a Na-H exchanger located in the apical membrane of the colon 

(Argcnzio et al, 1975: Lutz ct al, 199 1 ). Sodium absorption was not stimulated by SCFA 

in the distal colon suggesting that a Na-H exchange was not a main mechanism operating 

under the above experimental conditions. Since Ca absorption was found to be absorbed 

and stimulated by the presence of Ac and Bu in the distal colon. by analogy with the Na- 

H exchanger that exists in the proximal colon. a Ca-H exchanger located in the apical 



membrane of the epithelium might be involved (Lutz and Scharrer. 199 1). Ac was as 

effective as Bu at higher concentration (60 mmoVL) in enhancing Ca absorption while 

at lower concentration (30 mmol/L) only Bu stimulated Ca absorption significantly. 

2.6. Summary and Experimental Goals 

Ca absorption has been studied in animals and humans using radioisotopes and stable 

isotopes of Ca . Most of these studies did not account for a colonic component of Ca 

absorption. The presence of fermentable fiber such as wheat bran, pectin and guar gum 

bas bsen shown to shift the absorption of Ca from the rat small intestine to the large 

intestine, but the arnount of Ca absorbed in the colon was not determined (Demigne et al, 

1989). Pectin has been found to have no effect on Ca balance when eaten by humans, 

but the investigators did not relate its fermentability to Ca absorption (Cummings et al, 

1979; Kies. 1985; Munoz and Harland, 1993). SCFA. the products of fermentation of 

pectin, may have influenced the release of Ca in the colon for potential absorption. 

Fructooligosaccharides have been shown to stimulate Ca absorption in the rat colon 

suggesting that the absorption of Ca may be attributed to the SCFA produced from the 

fermentation (Tokunaga et al. 1989; Ohta et al, 1995). In peri-menopüusal women Ca 

absorption appears to take place after initial entry into the colon based on a latc rise in 

semm or urinary Ca (Barger-Lux et al, 1989). Moreover, a study in humans during 

colonoscopy demonstrated that Ca can be absorbed in the human colon (Sandstrom al, 

1986) although in this case the conditions are not entirely physiological because of the 

absence of fecal bacteria ancilor components which may have a significant role on  Ca 



absorption. Studies in rats on the the effect of SCFA such as Ac and Bu on Ca 

absorption suggest a Cam exchanger mechanism located in the apicaI membrane of the 

epithelium (Lutz and Scharrer, 199 1 ). 

Much information c m  be gathered from the above studies. However, most of the 

human studies did not account for the effect of SCFA from fiber fermentation. 

Extrapolation of the results of animal studies to humans is difficult and must be done with 

caution. Also, there is evidence that SCFA absorption differs in different species 

indicating that the effect of SCFA on Ca absorption may be different in humans. Thus. 

the overall hypothesis and objective and specific objectives of this study are given below. 

2.6.1. OVERALL HY POTHESIS 

Fermentable fibers do not reduce the total absorption of Ca. The Ca that is bound by 

fermentable fibers is released in the colon upon fermentation. The released Ca is 

absorbed in the distal colon of humans and this process is enhanced by the presence of 

the SCFA from tlber fermentation. 

2.6.2. OVERALL OBJECTIVE 

To deterrnine the amount of Ca that reaches the colon and whcther this Ca is absorbed 

particularly in the presence of SCFA in the distal colon of humans. 

2.6.3. SPECIFIC OBJECTIVES 

a. Using an in vitro method, to detemine the effect of various available and 



unavailable carbohydrates on the release of Ca potentially absorbable in the small intestine 

and colon. 

b. Using rectal infusion: 

i. to deterrnine the influence of a mixture of Ac and Pr on serum Ca response. 

as an index of Ca absorption. 

ii. to determine the differential effect of Ac and/or Pr on Ca disappearance in 

the rectum and distal colon of humans. 

iii. to determine the effect of Ca on Ac and Pr absorption in the rectum and 

distal colon of humans. 

iv. to determine the kinetics of Ca absorption by examining the relationship 

between Ca concentration and the rate of Ca absorption from the human 

rectum and distal colon as affected by Ac and Pr. 

c. Using a feeding study with stable isotopes of Ca, to determine the rffect of 

pectin on Ca absorption from dairy products in the srnall intestine and colon of humans. 



CHAPTER 3 

STUDY DESIGN AND GENERAL METHODS 



3. STUDY DESIGN AND GENERAL METHODS 

3.1 Study Design 

Ca absorption with and without SCFA was studied using in vitro and in vivo 

methods. 

To detemine the degree of Ca release from the diet or single dairy food with and 

without the presence of various available and unavailable carbohydrates, an in vitro 

method simulating conditions in the small intestine and colon was developed. The method 

involved enzymatic digestion of the test foods, followed by fermentation using human 

fecal microbiota and dialysis of the digesta. 

The in vivo methods used in the study were the rectal infùsion technique and an oral 

fccding study using two stable isotopes of Ca. 

To investigate whether Ca released in the colon can be absorbed in the distal colon 

of human subjects, a study was conducted whereby healthy male subjects were given 

rectal infiisions of isotonic solution of saline with and without addition of Ca and a 

mixture of Ac and Pr in 3 : 1 molar ratio. Semm Ca and Ac were then measured over time 

as an indication of absorption. Since this study provides only a .  indirect mcasure of Ca 

absorption and since the SCFA used was a mixture of Ac and Pr. the actual absorption 

of Ca and the differential effects of Ac and Pr on Ca absorption in the distal colon of man 

were investigated in the next study. Hurnan subjects were given rectal infusions 

containing Ca alone (50 mM), Ca plus Ac ( 18.7 m M  or 56.3 mM), Ca plus Pr ( 18.7 m M  

or 56.3 mM) or Ca plus Ac and Pr together (lAc:3Pr or 3Ac:lPr ratios) using 

polyethylene glycol (PEG) as an unabsorbable marker. Sarnples of rectal fluid were 



collected at various times after which colonic contents were collected and analyzed for 

Ca, Ac, Pr and PEG disappearance as an indicator of their absorption. 

To sçtudy the kinetics involved in Ca absorption alone, as well as in the presence of 

Ac or Pr, the relationship between Ca concentration and rate of absorption from the 

human colon as affected by Ac or Pr was then determined. Healthy male subjects were 

given rectal intlsions containing various concentrations of Ca with either 56.3 m M  Ac, 

56.3 m M  Pr or sodium chloride (NaCI) using PEG as an unabsorbable marker followed 

by measurement of Ca, Ac, Pr and PEG. 

To determine Ca absorption in the small intestine and colon under physiologie 

conditions, an oral feeding study was conducted in human subjects. They were given an 

intravenous injection of a solution of " ~ a ,  and immediately after, fed a test rneal 

containing instant skimmed milk labelled with U ~ a  with and without pectin. Fractional 

Ca absorption was calculated over time. 

3.2. General Methods 

3.2.1 Rectal Infusion Technique for Measuring Calcium Absorption 

AI1 rectal infusions were done using a 1 rn length of plastic tubing (insidcoutside 

diameter, 2.4:4.0 mm; Tygon Flexible Plastic Tubing, Norton Tubing and Molded 

Products, Akron, OG) with one end of the tubing (5 cm) inserted into the rectum and the 

other end çonnected via a 3-way tap to a 60-mL dispensing syringe. Prior to the infusion 

of the test solution, the colon was cleared by infusing 500 mL of double distilled water 

followed by ernptying. 



The volume of the test sdutions infused was either 600 mL or 300 mL. In the first 

study, 600 mL test solution was infused at a rate of 30 mL/min. The process was done 

by the subjects under close supervision by the investigators. Blood samples were taken 

fasting and at 30, 60, 90, and 120 min afier the start of the infusion. Subjccts ernptied 

their bladders into plastic bottles before the start of the rectal infusion and immrdiately 

after the last blood sample to determine if there were differences bctween urinary Ca from 

badine and after infusion of the treatment solutions. 

In the studies where Ca disappearance f?om the distai colon was determined, 300 mL 

test solutions were infused at a rate of 60 mL/min. In some studies, the subjects left the 

tubing in the rectum after the infusion and, after mixing (withdrawing and reinfusing 10 

mL fluid 3 times in 2 min), samples of fluid (5 mL) were collected at O (imrnediately 

after the infusion was complete), 10. 20 and 30 min. After the 30 min sarnple was 

collected, the subjects withdrew the tubing and emptied thcir colon into a plastic bag 

suspendrd under the toilet in a plastic frarne. In the first few subjects. it was difficult 

to obtain rectal tluid samples at 20 and 30 min despite repositioning the tube, becausr the 

rectal mucosa blocked the opening of the tube. When this occurrcd. 10 mL of double 

distilled water was infused into the rectum, mixed and withdrawn. In Iater subjects, we 

found that cutting 2 or 3 'v' shaped holes in the tube at 5 cm from the end facilitated 

sarnple recovery. In some studies, the subjects collected sarnples at O time and after 30 

minutes emptied their colon. Samples were analyzed for C a  Ac, Pr and PEG. 

The Ca absorption described in the above studies represents that in the rectum, 

sigmoid colon and descending colon. The average total length of the rectum is 12 cm 



while the colon has been reported to be 1 I O  cm (Blackebhom et al, 1955) with the distal 

segment cornprising approximately 113 of the total length (Schiller et al, 1988). The 

diarneter of the rectum and distal colon is about 4 cm (Williams and Warwick, 1985). 

Therefore, the total volume of the rectum and distal colon are approximately 150 and 460 

mL, respectively. Since the total volume of solution inhsed for rach subject was either 

300 or 600 mL. a significant amount of the above solutions should have reached the distal 

colon. 

3.2.2 Calcium Analysis 

For analysis of food sarnples and digesta, duplicate O. 1 g freezr-dried samples were 

digested with 1 mL conccntrated sulfuric acid (AR, Sigma Chemicals Co.. St Louis. 

Missouri, USA) and 3 mL of 30% hydrogen peroxide (AR, Sigma Chemicals Co.) in a 

flask for 15 min in a rnicroKjeldah1 digester (Kivisto et al, 1986). If the digest was not 

clear, another 3 rnL of hydrogen peroxide was added to the flask and digested for another 

10 min. The resulting digest was diluted with 50 mL of 10 mM of lanthanum chloride 

(AR, Sigma ChemicaIs Co.). 

For serum and urine, a 0.25 mL sarnple was diluted to 10 (serum) or 25 (urine) mL 

with a solution of 10 mM of lanthanum chloride. Colonic samples were centrifuged at 

450 x g for 10 min at 25°C and the supernatant was diluted with 15 mL of lanthanum 

chloride. Lanthanum chloride is a releasing agent that rliminates the chrmical 

interferences in the air-acetylene flame that may depress Ca absorbante. 

Al l digested sarnples were read in the atomic absorption spectrophotometer ( AAS; 

Varian Mode1 1275, Varian Canada Inc, Ontario, Canada). Prior to reading the samples, 



the AAS was calibrated with different concentrations of Ca (1.0, 2.5, 4.0 ug/rnL Ca, 

Certified Ca Reference for AAS, Fisher Scientific, New Jersey, USA). The coefficient 

of variation (day to day variation) of standards and samples for Ca analysis was 5.0% 

between 1- 3 ug/mL Ca. 

3.2.3 Acetate and Propionate Analysis 

3.2.3.1. Colonic Samples 

Ac and Pr were measured using high performance liquid chromatography (HPLC: 

Shimadzu SPD M6A. Tokyo, Japan). One-mL aliquots of colonic fluid were filtered 

through a 0.22 Millipore filter to remove any bacterial and fibrous matter. Thirty uL of 

filtrate were injected directly into a BioRad organic acid colurnn HPX-87H kept at 37°C 

and absorbance measured with diode array detector at 214 nm. The eluent was 0.005N 

sulfuric acid at a tlow rate of 0.6 mL/min. Samples were read against a mixture of SCFA 

standard solutions (Matreya Inc Lipids and Biochernicals, Pa, USA) . 

3.2.3.2. Serum Samples 

Senirn Ac was analyzed using HPLC (Walter Division of Mil 

USA) with Bu as an intemal standard after sampte preparation by 

(Guerrant et al, 1982; Wolever et al, 1989). 

lipore, Milford. MA. 

vacuum distillation 

One mL semm was filtered through an anisotropic hydrophilic YMT ultrafiltration 

membrane using a micropartition system with a 30,000 Dalton rnolecular weight cut off 

(MPS- 1, Arnicon Canada Ltd., Oakville, Ontario, Canada) to separate the protein-bound 



microsolute. The unit containing the serum was placed in an ultrafiltration superspred 

centrifuge (Sorvall RC-SB, refrigerated, DuPont Instruments, Delaware, USA) at 450 x 

g for 70 min at 4%. 

The vacuum distillation apparatus consisted of a Duo-seal vacuum pump (Welch 

Manufacturing Co., Chicago, Illinois, USA) with a Labconco vacuum gauge (Labconco 

Corporation, Missouri, USA). The vacuum pump was attached to a Y-shaped g l a s  pirce 

with a vacuum tubing. To each arm of the Y-piece, a pyrex culture tube was attached via 

neopyrene tubing. One tube served as the source and the other as the collecting tube for 

SCFAs. A high vacuum stopcock was attached to the top of the Y-piece. 

A 100 uL aliquot of protein-frer serum was placed in a pyrex culture tube and 50 uL 

of standard solution containing 2 mM Bu (Matreya Inc Lipids and Biochemicals, Pa.. 

USA) was added. The sarnple was mixed and was frozen along its length using liquid 

nitrogen. The source tube was submerged into the container of liquid nitrogen with the 

stopcock open until the vacuum pressure reached 5 microns. The stopcock was then 

closed and the liquid nitrogen bath was removed from the source tube and transferred to 

the collecting tube. The source tube was then immersed in a water bath (22°C) to aid in 

the distillation process. The water bath facilitated the sublimation and evacuation of the 

sample to the collecting tube. The distillation process took approximately 5-7 min 

represented by the disappearance of the sarnple from the source tube. Once the 

distillation was complete. the liquid nitrogen bath was removed and the sarnple in the 

collecting tube was thawed. The thawed sample was transferred to a 250 uL g l a s  via1 

for HPLC injection into the column. 



The coefficient of variation (replicates for each subject) for Ac and Pr measurements 

was 8.0%. 

3.2.4. Polyethylene Glycol Analysis 

PEG analysis of colonic samples was based on the method used by Malawer et al 

( 1978). Ten mL double distilled water, 1 mL of 10% barium chloride (anhydrous, Fisher 

Scientific, Nepean, Ontario, Canada) and 2 mL 0.3N barium hydroxide (anhydrous, Fisher 

Scientific) were added to 1 mL of the colonic sample (supernatant afier centrifugation) 

and mixed. Two mL 5% zinc sulfate (ZnS0,.7H,O, AR, Sigma Chemical Co., St. Louis. 

Missouri, USA) was added to the resulting solution and shaken vigorously. The solution 

was filtered through a Whatman Filter Paper #42. Three mL of 1% Acacia (Gum Arabic, 

Fisher Scientific. Ontario, Canada) was added to 1 mL aliquot of the tiltrate and gently 

mixed. Four mL trichloroacetic acid (Fisher Scientific) was added and the solution was 

lefi to stand for 90 min. The sarnple was then read against a standard solution of PEG 

4000 (0.1.0.3 and 0.5 mg/mL; Mallinckrodt Canada Inc., Pointe-Claire, Quebec. Canada) 

in a spectrophotometer (LKB U ltrospec II, LKB Biochrom LTD, Cambridge, England) 

at a wavelength of 650 nm and a slit width of 0.4 mm. 

3.2.5. Statistical Analysis 

The area under the curve calculations were conducted by the trapezoidal rule. Results 

were expressed as meansiSEM. Differences between treatments and tirne were 

determined by one-way or two-way repeated measures analysis of variance and Duncan's 



or Tukey's studentized range test using the Statistical Analysis System Program (SAS 

lnstitute Inc., Gary, NC. USA). Analysis of variance using Neuman-Kuels procedure to 

adjust for multiple cornparisons was also used (Snedecor and Cochran. 1980). Linear 

regression analysis was used to determine the relationships between Ca absorption and 

concentration using SAS program. 

Al1 human studies were approved by the Human Subjects Review Cornmittee at the 

University of Toronto. 



CHAPTER 4 

AVAILABILITY O F  CALCIUM FOR ABSORPTION IN THE SMALL 

INTESTINE AND COLON FROM DIETS OR DAIRY FOODS 

CONTAINING AVAILABLE AND UNAVAILABLE 

CARBOHYDRATES: AN IN VITRO ASSESSMENT 



4. AVAILABILITY OF CALCIUM FOR ABSORPTION IN THE SMALL 

iNTESTINE AND COLON FROM DIETS OR DAIRY FOODS 

CONTAINING AVAILABLE AND UNAVAILABLE CARBOHYDRATES: 

AN IN VITRO ASSESSMENT 

4.1 Introduction 

Unabsorbable carbohydrates may differ in the degree in which they bind Ca in the 

small intestine and the degree in which they are fermented in the colon and release the 

bound Ca. However, the arnount of the released Ca absorbed in the small intestine and 

colon cannot rasily be deterrnined in vivo. Therefore an in vitro mode1 was used to 

estimate the efkcts of various carbohydrates on the release of Ca for potential absorption 

in the small intestine and in the colon. This study tested the eftéct of an absorbable 

starch; a fiber (pectin) which binds mineral in the small intestine and is fermentrd in the 

colon; an unabsorbable sugar (lactulose) which does not bind with minrrals in the srna11 

intestine and is fermented in the colon; and a fiber (psyllium and/or cellulose) which binds 

mineral in the small intestine but is not easily fermented in the colon from ( 1 )  test meals 

containing dairy products; and (2) from single dairy foods. 

4.2 Materials and Methods 

4.2.1. Study 1. Test meals containing dairy products. 

Eight different meals were studied. The meals consisted of375 g skimmed milk, 75 

g cheddar cheese and 125 g apple juice (basal diet, BD) without and with 100 g white 



bread (BD+WB). The foods were mixed, homogenized and freeze-dried. When there 

was no addition, 20 g BD or BD plus white bread were tested as the controls. In the test 

situations, 16 g BD or BD plus white bread was mixed with 4 g of pectin (POMOSIN, 

Pectin Type LM12-3CG, Foodpro National Inc., La Chine, Quebec, Canada) or 4 g 

lactulose (pure lactulose crystals, Inalco, Milano, Italy) or 4 g psyllium (85%, #9507, 

Kelloggs, Michigan, USA) were the test meals. The available carbohydratr, dietary tïber 

and Ca content of BD were 35.0 g/ 100g, 1.1 g/lOOg and 170 mg/lOOg, respectively, while 

those of BD plus white bread were 53.5 g/100g. 5.6 gilOO g and 160 rng/100g, 

respectively. The total Ca content of pectin, lactulose and psyllium were 3 1 1. 330 and 

338 udg, respectively. 

4.2.2. Study 2. Single dairy foods. 

Three dairy foods; skirnmed milk, skimmed rnilk cheese and yoguri with and without 

lactulose, pectin, psyllium and cellulose (alpha-crllulose. non-nutritive tiber, ICN 

Biomedicals, Canada, Mississauga, Ontario, Canada) were similarly tested for Ca 

availability. Food sarnples were freeze-dried and analyzed in duplicate using 30 g with 

no addition, or 16 g of food samples plus 4 g of the test carbohydrates. The Ca content 

of skimmed milk, skimmed milk cheese and yogun were 12.1. 11.5 and 10.8 mgig, 

respectively and cellulose, 96.6 ug/g. 

4.2.3. In vitro method (stage 1). 

Duplicate 20 g freeze-dried samples were homogenized with 80 g double distilled 

water. The pH of the homogenized solution was adjusted to 2.0 using 6N HCI and 

enzymatically digested using 3.2 mL of pepsin-HCl solution [8 g pepsin in 50 mL of 



O. 1 M HCl] for 3 hours. Aliquots (20 g) of the digested solution were placed in a dialysis 

bag (Spectrapor 1, width 23 mm, 6000-8000 MW cut off) containing 5 mL of pancreatin- 

bile solution [ I  g pancreatin (porcine pancreas Grade VI, Sigma Chemical Company, St 

Louis, Missouri, USA) plus 6.25 g bile extract (porcine, Sigma Chemical Company) in 

250 mL of O. 1M sodium bicarbonate (Analytical Reagent, Mallinckrodt, NY, USA) and 

dialyzed in sodium bicarbonate solution (pH 7.5) for 12 hours to determine Ca potentially 

available for absorption in the srnall intestine (stage 1 ) (Thompson et al. 199 1 ; Hurrell et 

al, 1988). Afier dialysis, the residue was freeze dried and samples (0.5 g) were fermented 

in vitro using human fecal innoculum (McBumey and Thompson. 1987). Ca availability 

in the small intestine detemined by the above in vitro mrthod hüs been shown to relate 

well to the in vivo Ca absorption in an ileostomate mode1 ( R' = 0.9 ; Trinidad, 1990; 

Thompson et al, 199 1 ). 

4.2.4. In vitro fermentation (stage 2). 

A 0.5 g sarnple of freeze-dried residue frorn the in vitro digestion was weighrd in 

duplicate serurn bottles and to it was added 30 rnL media containing 30 mL sodium 

bicarbonate buffer solution (0.4 M, pH 8.04), 20 mL macrornineral solution (0.04 M 

NaH,PO,.H,O and 0.5 M KHIPO,), 0.1 mL of 0.1% resanirin solution and 2 mL of 

reducing solution (mixture of 1.25 g cysteine-HCI, 50 pellets of KOH. BDH Chemical 

Analar and 1 .X g Na,S in 100 mL deionizçd water). The mixture was flushed with CO? 

until co[ourless. This was done 12-24 hours prior to the start of incubation to ensure 

hydration of samples. The bottles were sealed with butyl mbber stopper and crimped 

metal seals and stored at 4°C. The bottles were placed in a 37°C water bath 1-2 hour 



prior to inoculation under constant flow of CO2. A IO-rnL sample of fecal inoculum 

prepared from 1: 15 dilution of fresh feces from a human volunteer was injected into each 

bonle. The bottles were incubated for 24 hours at 37°C. The donor was a healthy krnale 

who had been eating an unspecified Western diet and had not taken antibiotics for a year 

or more. The bottles were then opened and 1 mL merthiolate solution (0.6 g/100 mL) 

was added. The fermentation digesta were transferred into 19 cm segments of dialysis 

tubing previously soaked in deionized water for 30 min. The mixture was dialyzsd for 

6 hours with dialysates rrplaced with 100 mL double distilled water every 3 hours to 

determine how much bound Ca was released under conditions simulating colonic 

fermentation (stage 2). 

The dialysates in stage 1 and 2 were read in the atomic absorption spectrometer for 

Ca content (refer to general methods). Percent Ca release was determined by dividing 

the total arnount of Ca in the dialysates by the total Ca in the sarnple multiplied by 100. 

4.3 Results 

4.3.1. Study 1 

AAer in vitro digestion (stage l), Ca released fiom BD with and without lactulose was 

significantly higher than that from BD with pectin or psyllium (Table 4.1; P<0.05). After 

in vitro fermentation (stage 2), BD with pectin had the highest Ca released while BD with 

psyllium had the lowest (Table 4.1; P<0.05). The total Ca released from BD with and 

without lactulose was significantly higher than those with pectin and psyllium (Table 4.1; 

PcO.05). 



Table 4.1. Percent calcium released from basal diet (BD) with and without 
available and unavailable carbohydrates. 

Stage 1 * Stage 2** Total*** 
Test Meals 

percent 

BD 
+ Pectin' 
+ ~actulose' 
+ ~syllium' 

BD + White ~read?  
+ Pectin 
+ Lactulose 
+ Psyllium 

The data represents mean*SEM. 
Different letters denote significant differences bdween meals in a column by 
one-way analysis of variance and Duncan's multiple range test at P<0.05. 
* Under conditions sirnulating human stomach and small intestinal digestion. 
* *Under conditions simulating human colonic fermentation. 
***Total Ca release = Ca release tiorn stage 1 + Ca release from stage 2. 
1 Unavailable carbohydrates 
' Available carbohydrate 



Similarly. Ca released after in vitro digestion from BD plus white bread with and 

without lactulose was significantly higher than that of meals containing pectin and 

psylliurn (Table 4.1 ; Pe0.05). Afier fermentation, BD plus white bread containing pectin 

released significantly more Ca than the other test meals (Table 4.1; Pc0.05). The total 

Ca released frorn BD plus white bread did not differ signiticantly from the meal 

containing lactulose and pectin but was greater than the Ca released from the mcal 

containing psylliurn (Table 4.1 ; Pc0.05). 

Table 4.2 shows the acetate (Ac), propionate (Pr) and butyrate (Bu) content of the 

fermented residues from BD with and without available and unavailable carbohydrates. 

The total SCFA (Ac+Pr+Bu) produced from BD with and without the unabsorbable 

carbohydrates was significantly different from each other in the following order: pectin 

and lactulose > psyllium and no addition (Table 4.2; Pc0.05). Similar results were found 

for Ac alone. BD was significantly lower than al1 of the test mmeal for Pr alone 

while for Bu alone, none of the test meals differed significantIy (Table 4.2; P<0.05). 

The total SCFA produced liom BD plus white bread with and without unabsorbable 

carbohydrates gave a different trend (Table 4.2). The meal with pectin was significantly 

greater than no addition and Iactulose > psyllium (P<0.05). Results observed for Ac and 

Pr alone were as follows: for Ac, pectin > lactulose > psyllium and no addition and for 

Pr, lactulose was significantly lower than the rest of the rneal (P<0.05). For Bu alone, 

pectin and no addition > psyllium and lactulose (P~0.05) .  The total SCFA produced from 

BD and BD plus white bread were significantly different from each other as well as for 

Ac or Pr or Bu alone (Table 4.2; P<0.05). 



Table 4.1. Short chain fatty acids content of fermented residues from basal 
diet (BD) with and without available and unavailable carbohydrates. 

Test Meals Acetate Propionate Butyrate Total* 

mmol/g residue 

BD 1.73k0.09' 0.58*0.04~ 0.7510.08~ 3.06+0.2OC 
+ Pectin 3.0210.02~' 0.3210.05' 1.04*0.04' 4.92*0.02~ 
+ Lactulose 2.84*0.17' 1.03+0.08" 1 .06*0.08h 4.94*0.20d 
+ Psyllium 1.98k0.19' 0.84*0.0 1' 0.72*0.06' 3.56*0.2OC 

BD + WB** 3 S2i0.06' 1.75*0.09" 1 -46k0.06" 6.74ft0.02~ 
+ Pectin 4.42*0.07" 1 .76*0. 02" 1 .58*O.2Oa 7.76k0.20" 
+ Lactulose 3.94k0.1 8b 1 .3&0.20b 1.04i0.30~ 6.3&0.0tjk 
+ Psyllium 3.25k0.09Cd 1.6 1*0.06" 1.02*0.06~ 5.88i0.20' 

The data represents mean*S EiM. 
Different letters denote significant differences between meals in a column by one-way 
analysis of variance and Duncans's multiple range test at P<0.05. 
*Total = Acetate+Propionate+Butyrate. 
**White Bread 



The average ratio of Ac to Pr produced was 3 : 1 for BD and BD plus pectin and 

lactulose and 2: 1 for BD with white bread and with psyllium (Table 4.2). 

4.3.2. Study 2. 

The Ca release &er in vitro digestion from skimrned milk was significantly reduced 

(P<0.05) by pectin, psyllium and cellulose but not by lactulosr (Table 4.3). The Ca 

released from skimmed milk cheese was reduced by the undigested carbohydrates in the 

following order: pectin > pysllium > cellulose and lactulose while for yogurt. pectin > 

cellulose and psyllium (Table 4.3; P<0.05). 

ARer in vitro fermentation, Ca released from skimmed milk with and without the 

fiber was as follows: pectin > lactulose and no addition > psylliurn and celIulose (Table 

4.3; P<0.05). Similar results were observed for skimmed milk cheese and yogurt. 

The total Ca release from al1 of the test foods was as follows: for skimmed milk, no 

addition. lactulose and pectin > cellulose and psyllium; for skimmed milk cheese. no 

addition > lactulose and pectin > cellulose > psyllium; and for yogurt, no addition and 

lactulose > pectin > cellulose and psyllium (Table 4.3; P<O.OS). The total Ca releüse from 

al1 of the test foods with and without unabsorbable carbohydrates ranged from I6.6iO.1 

to 37.8k0.7. The total Ca rclease tiom skirnmed milk, skimmed milk cheese and yogurt 

with no addition ranged from 23.4k0.2 to 37.8k 1 .O and is comparable to in vivo studies 

done on meals containing dairy products such as milk. cheese and yogurt (Allen. 1987; 

Heaney et al, 1988; Lewis et al, 1989). The Ac, Pr and Bu contents of fermented 

residues from al1 of the test foods with and without unabsorbable carbohydrates are shown 

in Table 4.4. The total SCFA (Ac+Pr+Bu) produced from skimmed milk 



Table 4.3. Percent calcium released from dairy foods with and without 
unavai lab le carbohydrates. 

Food Stage 1* Stage 2** Total*** 

percent 

skimmed milk 

no addition 18.2k0.2" 
+lactuIose 1 6.8i0.4~' 
tpectin 14.&0.4' 
+psyllium 14.9i0.2' 
+cellulose 15.210.8~ 

skimmed milk cheese 

no addition 2 1.3k0.7" 
+Iactulose 17.8k0.2~ 
+pectin 1 1.8k0.6~ 
+psylliurn 13.5k0.2' 
+cellulose 16.610.0~ 

no addition 15.6î0.2" 
+lactuIose 15.7*0.2" 
+pect in 1 O.& 1.2' 
+psylliurn 13.1*0.0~ 
+ce1 Iulose 12.8k0.l 

The data represents mean*SEM. 
Diftèrent letters denote significant differences between treatments in a column 
per test food by one-way anova and Duncan's range test at P<0.05. 
* Under conditions simulating human stomach and small intestinal digestion. 
**Under conditions simulating human colonic fermentation. 
*** Total Ca release = Ca release from stage 1 + Ca release from stage 2. 



Table 4.4 Short chah fatty acids content of fermented residues 
from dairy foods with and without unabsorbable 
carbo hydrates. 

Food Acetate Propionate Butyrate Total* 

rnrnol/g residue 

skimmed milk 

no addition 5 . 4 5 ~ 7 0 '  
+Iactdose 8.631.17" 
+pectin 7.021.33' 
+psyllium 4.9 1 k 3 5 '  
+cellulose -. 7 7 9 ~ 2 9 ~  

skimmed milk cheese 

no addition 5.04k.2 1 
+lactuIose 6.87*.88" 
+pect in 5.78k93ab 
+psyllium 3.86-t.20' 
+cellulose 2.831.02~ 

no addition 1 .72*.40h 
+lactuiose 3.161.3 1" 
+pectin 2.67k 1 0" 
+psylliurn 2.34*.2sab 
+cellulose 1.66k.2 1 

The data represents mean*SEM. 
Different letters denote significant differences between treatments in a column 
per test food by one-way analysis of variance and Duncan's multiple range test 
at P<0.05. 
*Total=Acetate+Propionate+Butyrate. 



with and without unabsorbable carbohydrates were as follows: lactulose > pectin > no 

addition and psyllium > cellulose; for skimmed milk cheese, lactulose > pectin> no 

addition > psyllium > cellulose; and for yogurt, lactulose and pectin > psyllium > no 

addition and cellulose. 

In stage 1. the percent of total Ca release From single foods and meals with and 

without unabsorbable carbohydrates was lower in skimmed milk (37-56%) and skimmed 

milk cheese (3547%) than yogurt (50-79%) and the 2 meals (BD, 60433%; BD plus 

white bread, 56-83%) while in stage 2, it was higher in skimmed milk (44-63%) and 

skimmed milk cheese (43-65%) than yogurt ( 1140%) and the 2 meals (BD. 17-40%: BD 

plus white bread, 17-44%). The percent of total Ca release in the presence of pectin in 

skimmed milk and skimmed milk cheese was greater in stage 2 (average of 64%) than in 

stage 1 (average of 36%) while for the 2 basal diets it was the reverse (stage 1. BD=6O% 

and BD plus white bread =56%; stage 2, BD=40%; BD plus white bread=44%). Yogurt 

has a 5050 ratio of the percent of total Ca release in stage 1 and 2. The total Ca release 

from single dairy foods was greater in skimmed milk and skimmed milk cheese than in 

yogurt similar to the results obsewed by Wong and La Croix ( 1980) in rats. However. the 

total Ca release from the two basal diets were greater than that from single foods for al1 

treatments except for that with psyllium. The total Ca release from al1 sarnples with 

psyllium were almost the same except for yogun. 

4.4 Discussion 

The study showed that Ca release differs between single foods and meals and that 



different available and unavailable carbohydrates varied in their ability to bind Ca during 

in vitro pepsin-pancreatin- bile digestion simulat ing conditions in the small intestine (stage 

1)  and that the arnount of Ca released dunng in vitro fermentation depended upon the 

fermentability of the carbohydrate (stage 2). The al1 in vitro method used in this study 

was sirnilx to the rnethod used from a previous study on different meals containing white 

bread, pumpernickel bread, barley and red lentils and was comparable to in vivo 

methods using ileostomate subjects (Trinidad, 1990; Thompson et al, 199 1  ). The total Ca 

availability from the test diets and single foods with and without unabsorbable 

carbohydrates ranged from 16.6 to 42.2 % and is comparable to in vivo studies done on 

meals containing dairy products such as milk and cheese (Allen, 1982; Heaney et al. 

1989; Kies, 1985: Lewis et al, 1989; Recker et al, 1988). 

The results suggest that polysaccharides entrap Ca in stage 1 which may be due to 

viscosity or chernical binding or both. Pectin had a greater ability to bind Ca than 

psyllium and cellulose in stage 1  (Table 4.1 and 4.3). This may be attributed to its 

viscosity and the presence of carboxylic acid groups in the pectin molecule which may 

have chemically bound Ca. The effect of pectin on Ca release in stage 1 was more 

pronounced in skimmed milk and skimmed milk cheese in cornparison to yogun and the 

two meals. Psyllium was found to have a greater viscosity than pectin in the enzymatic 

digest in stage 1. I t  rnay have reduced the rate of diffusion of Ca out of the dialysis bag 

resulting in a lower Ca release. A similar result was observed with cellulose. Lactulose 

did not bind with Ca in stage 1 resulting in a similar Ca release as that of BD and BD 

plus white bread. 



AAer in vitro fermentation, the Ca release fiom the mral containing both white bread 

and pectin was significantly greater than al1 of the test rneals. Similar results were 

observed from the difièrent dairy foods containing pectin. This suggested that any 

insoluble complex of Ca formed with pectin was broken down into SCFA with release of 

the bound Ca. The starch in white bread may have an additional effect in releasing more 

Ca in the presence of pectin in stage 2. It has been shown that 545% of the starch in 

normal foods escape digestion in the small intestine and enter the colon (Wolever et al. 

1986). The starch that enters the colon may in tum serve as a substrate (in addition to 

pectin) for colonic bacterial fermentation and subsequentl y produce SCFA ( MacFarlane 

and Englyst. 1986: Cummings. 1995). This is supponed by the SCFA produced afier 

fermentation from BD containing both white bread and pectin which was significantly 

greater than BD with pectin and the rest of the test meals (Table 4.7: Pc0.05). Similady. 

the total SCFA produced from BD plus white bread was significantly greater than that of 

BD (Table 4.2: Pc0.05). The total Ca release from BD with white bread and pectin did 

not differ significantly from BD with and without white bread suggesting that in the 

presence of white bread, pectin did not atkct  total Ca availability (Table 4.1; P<0.05). 

However, psyllium continued to bind with Ca in stage 2 showing a significantly lower 

release of Ca in comparison to the other mealdtest foods (Table 4.1 and 4.3: W0.05). 

The presence of starch in the meal with psyllium did not help increase the release of Ca 

in stage 3 although a significant increasc of total SCFA was observed in the meal with 

both white bread and psyllium in comparison to the meal with psyllium alone (Table 4.2: 

Pc0.05). Like psyllium, cellulose showed a significantly lower Ca release from al1 of the 



dairy foods in cornparison to those with pectin. The total SCFA produced from BD plus 

psyllium with and without white bread and the dairy foods containing psyllium or 

cellulose was significantly lower than that from BD plus pectin with and without white 

bread and the dairy foods with pectin, respectively, suggesting that psyllium ancilor 

cellulose was less fermentable. Chemical balance studies (Ink, 1988) have shown that 

cellulose has a negative effect on Ca balance. 

The 3: 1 ratio of Ac to Pr observed in this study in meals containing pectin and 

lactulose was sirnilar to the ones that exist in human colonic contents (McBumey and 

Thompson, 1987). Other in vitro fermentation experiments done on ileai effluents of an 

ileostomate on different mixed diets also gave a ratio of Ac to Pr between 7.7: 1 and 3.2: 1 

(Cummings et al, 1987). 

In a balance study of 285 human adults in which the primary source of Ca was milk, 

Ca absorption was reduced by the addition of 20 g/day of psyllium but not with the 

addition of pectin (Kies. 1985). Other studies have also shown that pectin and other 

fermentable fibers such as guar have no effect on Ca availability (Cummings et al. 1979: 

Munoz and Harland, 1993). Howevrr, the above studies did not explain why pectin and 

psyllium have such an effect on Ca absorption. This study has demonstrated in vitro that 

a femrntablr fibre such as pectin binds Ca in the small intestine but c m  be fermented 

producing SCFA and releasing in the colon Ca for potential absorption. 

The differences between the total Ca release fiom single foods may be related to the 

nature of the Ca complex and products that contain colloidal phosphate (milk) and Ca 

paracaseinate (cheese) which are better sources of Ca than those that contain ionic Ca 



(yogurt) (Wong and La Croix, 1980). However, other studies did not show any 

significant differences of Ca avaiiability between different dairy products and Ca 

carbonate (Recker et al, 1988). The basal diets have higher Ca release than the single 

foods probably because of the presence of other food components in the diet such as apple 

juice. Apple juice contains citric acid which rnay have solubilized Ca and increased Ca 

release. In addition, the presence of boih milk and cheese in the basal diets rnay have 

contributed to a higher Ca release as both are good sources of Ca. 

Estimates showed that depending on the type of unabsorbable carbohydrates present, 

3543% of the total Ca release rnay be available for absorption in the small intestine while 

1765% rnay be available for absorption in the colon. The level of Ca released after in 

vitro fermentation is high and may be considered significant. The fermentation of 

carbohydrates to SCFA rnay have enhanced Ca release in stage 2. This will suggest that 

the release of Ca for potential absorption in the colon may deprnd on the complexing 

agent to which Ca is bound. The more fermentable and less viscous the substrate. the 

greater tendency that Ca will be released. The presence of unabsorbable carbohydrates 

such as lactuIose and pectin in a meal therefore has little or no effect on total Ca 

availability. Pectin tends to shi fi Ca release potentially absorbable in the small intestine 

to the colon. 

The ail in vitro method used in this study rnay be used as an alternative method to 

estimate total Ca availability. However, a similar study should be designed in humans to 

further validate the above results. 
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5. INTERACTIVE EFFECTS OF CALCIUM AND SHORT CHAIN FATTY 

ACIDS O N  ABSORPTION IN THE DISTAL COLON OF MAN 

5.1 Introduction 

The previous in vitro studies (Chapter 4) showed that Ca is released after fermentation 

of the insoluble Ca-fiber complex formed from the interaction between Ca and dietary 

fiber in the small intestine. The question is whether the Ca released can be absorbed in 

the colon and whether the Ca absorption is affected by the presence of the products of 

fiber fermentation. short chain fatty acids (SCFA). The SCFA. mainly acetic (Ac). 

propionic (Pr), and butyric (Bu) acids have been suggested to enhance the absorption of 

calcium (Ca) and Mg in the rat colon (Demigne et al. 1989; Lutz et al, 1991; Lutz and 

Scharrer, 199 1). However, the mechanism by which SCFA increase cation absorption is 

obscure and there is no evidence that this occurs in humans. Therefore a rectal infusion 

technique (Wolever et al, 1989) was adapted to test if SCFA would increase the semm 

Ca response as an index of increased Ca absorption, after the rectal infusion of calcium. 

5.2 Materials and Methods 

Six healthy male subjects (2713 years of age; 1 O&2% ideal body weight) were 

studied on six separate occasions in the moming afier an ovemight fast. A 600mL 

solution of each treatment was infused into the rectum at the rate of 30 mlimin. The 

different treatments per 600 mL used in the study were as follows: 45 mmoies sodium 

chloride (NaCI, AR, British Dmg House, Darmstadt, West Gemany); 30 mmoles calcium 



(CaClJH,O, AR, Fisher Scientific. Ontario, Canada) + 45 mmolrs NaCl: 30 mmoles Ca 

+ 22.5 mmoles SCFA (Na acetate, anhydrous, Sigma S-8750, St Louis, Missouri USA and 

Na propionate, food grade, Van Waters and Roger Ltd); 30 mmoles Ca + 45 mmoles 

SCFA; LO mmoles Ca + 45 rnmoles SCFA; and 45 mmoles SCFA. SCFA was a mixture 

of Ac and Pr in a 3:l ratio; this ratio is simiIar to that present in the human colon 

(Cummings et al, 1957) and in the range produced by in vitro fermentation of available 

carbohydrates and fiber (McBurney et al, 1988; Weaver et al, 1989). The 45 mmoles 

dose of SCFA corresponds to the arnount estimated to be produced in the colon in 4-6 

hours from the amount and type of carbohydrates and fiber in the diet (McBurney et al. 

1988). The amount of Ca (10 and 30 mmoles) was based on the observation that the 

dietary Ca intake usually ranges from 200-2000 mg/day (5-50 mmoles Ca) (Spencer and 

Kramer. 1985) and the amount of Ca absorbed in the small intestine is about 30-40% 

(Allen. 1982: Thompson et al, 199 1 ). with approximately 3-32 mmoles of Ca reaching the 

colon for potcntial absorption. 

The rectal infusion solutions were given in random order. The subjects administered 

their own rectal infusions using two 60-rnL syringes as described in the gcneral methods 

(Chapter 3). Blood samples ( 15 mL) were taken from fasting subjects at 30. 60. 90 and 

120 min after the start of the rectal infusion. Subjects emptied their bladders into plastic 

bottles before the start of the rectal infusion, and immediately after the last blood sample. 

Serum Ca and Ac and urinary Ca were measured. The pH of the blood and urine 

samples and the rectal infusion solutions was determined using a pH meter (Horiba pH 

meter F-8DP, Tokyo, Japan). 



Semm Ca and Ac increments were calculated by subtracting rach fasting value from 

the values at 30, 60, 90 and 120 min. The incremental area under the serum Ac and Ca 

curves were calculated geometricaIly (Wolever et al, 1989). 

5.3 Results 

Al1 subjects retained the rectal infùsion for al1 treatments for the full 2-hour 

experimental period with no difficulty. 

Adding graded doses of SCFA to 30 mm01 Ca resulted in a significant increase in 

serum Ca (Table 5.1 and Figure 5.1 ). Serum Ca did not change aftcr 30 mm01 Ca alone 

but increased significantly after 30 mmoles Ca + 45 mmoles SCFA (P<0.000 1 ). Although 

the mean 30- 120 min increment was not increased after adding 22.5 mmoles SCFA to 30 

mrnoles Ca (Table 5.1 ), at 120 min a significant increase in serum Ca was observed 

(P<0.05; Figure 5.1). After 10 mrnoles Ca + 45 mmoles SCFA, the srrum Ca increment 

did not differ significantly from 30 mm01 Ca + 22.5 mmoles SCFA but significantly 

diftèred from the saline control solution (P<0.05). 

A decrease in serurn Ac was observed with graded doses of Ca (Table 5.2. Figure 

5.2). The mean serum Ac increments did not differ significantly between 45 mmoles 

SCFA alone and with 10 mmoles Ca. Howevcr, Ac decreased significantly with 30 

mmoles Ca (P<0.000 1 ). Although there was a gradua1 increase in serurn Ac with a peak 

at 90 min afier 30 mmoles Ca + 45 mmoies SCFA, the mean serurn Ac increments did 

not differ significantly from the control (Figure 5.2). This is due to variability 

in the semm Ac response of the subjects. 



Table 5.1. Semm Ca fasting values, 30-120 min increments and area under 
the curve for ail treatrnents. 

Fasting 30- 120 min Incremental area 
Treatment Values increments under the curve 

(mmoVL) (mmoVmidL) (mmol/min/L) 

45 mmoles NaCl 2.17k.03 0.021.03~ 2.02* 1 .67h 

30 mmoles Ca 2.2W.02 0.02j=.04~ 5. 76*2.96h 

30 rnmoles Ca + 2.2 1k.03 0.05k.05~ 6.5 1 G . 1  l b  
22.5 mmoIes SCFA 

30 mmoIes Ca + 2.151.02 0.27k.02" 29.8W2.29" 
45 mmoles SCFA 

1 O mmoles Ca + 2.2 11.04 0.071.04~ 8.1 613 -40" 
45 mmoles SCFA 

45 rnmoles SCFA 2.27~02 0.02.04~ 5.19k3.71" 

MranISEM with different letters in a column are significantiy different at 
P<O.OOO 1. 
SCFA=3 mol Ac+l mol Pr. 



Saline 

Time (min)  

- - - - 

Fimire C 5TL. bïeaniS E%IPseKm calcium -hcrernents of six healthy 

men afier rectal infüsion of solutions containing 

sodium chloride or 30 mmoles CaCI2.ZH2O with and 

without short chah fatty acids (SCFA). 



Table 5.2. Semm acetate fasting values, 30-120 min increments 
and area under the curve for al1 treatments 

Fasting 30- 120 min Incremental area 
Treatment Values increments under the curve 

(~rnoVL) (pnoVmin/L) (pmollmidL) 

45 mmoles NaCl 1051 8 -I* 4b 537* 276' 

30 mmoles Ca 89k13 -7k 3b 144k 136' 

30 mmoles Ca + 1 15*15 26k20a 346 1 k 1 860"~ 
22.5 mmoles SCFA 

30 rnmoles Ca + 9% 1 O 6& 9b 1526k 68Zh 
45 mmoIes SCFA 

10 mmoles Ca + IO7k13 36st24" 3862*227sab 
45 mmoles SCFA 

45 mmoles SCFA 1 19* 15 

Mean~S  EM with different letters are significantly different at P<0.000 1 
for the mean increments and P<0.0025 for the incremental area under 
the curve. 
SCFA=3 mol Ac + 1 mol Pr. 



Time (min) 

Figure 5.2. Mean+SEM senim acetate increments of six healthy 

men after rectal infusion of solutions containing 

sodium chloride or 45 mmoles short chain fatty 

acids (SCFA) with and without calcium. 



No significant differences were found between Ca content of urine collected before 

and afier rectal infusion for al1 treatments (Table 5.3). The pH of the blood did not 

differ significantly with time for each subject and treatment and were al1 in the normal 

range. Sirnilar pH were obtained from urine collected before and after rectal infusion. 

5.4 Discussion 

The resuIts showed that SCFA increased s e m  Ca and Ca decreased semm Ac. The 

increase in serurn Ca after SCFA couid be due to increased Ca absorption or reduced Ca 

excretion or utilization. When sodium or potassium Ac was added to total parenteral 

solutions, it increased blood pH and resulted in reduced urinary Ca excretion 

(Berkelhammer et al, 1988). Thus, it is possible that the sodium salt of SCFA may have 

reduced Ca excretion due to increased blood pH; leading to an increased semm Ca. 

However, if this were the case, SCFA alone would have been expected to increase semm 

Ca Ievels, an effect which was not obsewed in the study. In addition there were no 

significant differences in urinary Ca between the different treatments nor any differences 

in blood pH (Table 5.3). Therefore, the rise in serurn Ca after 45 mmoles SCFA + 30 

mmoles Ca cannot be explained by reduced Ca excretion or utilization and is most likely 

due to enhanced absorption. 

It has been shown in rats that SCFA enhance Ca and Mg absorption fiom the distal 

colon (Lutz et al, 199 1 ; Lutz and Scharrer, 199 1 ). It was suggested that this effect was 

due to a W H  and Mg/H exchange similar to the Na/H exchange or WH exchange 

proposed to exist in the proximal colon (Lutz and Scharrer, 1991) and distal colon (Lutz 



Table 5.3. Urinary Ca and pH afier infusion for al1 treatrnents. 

Urinary Ca Volume 
Treatment Post treatrnent of Urine 

(mmol) ( m u  [nfùsion Urine Blood 
Solution 

30 mmoles Ca + O.Q*.O6V2 1 . 8 * 3 4 . 6 ~ . 7 2 * . 0 4 ~  5.74I.38" 7.2W.02" 
22.5 mmoles SCFA 

30 mmoles Ca + 0.361.06" 148.01t4I .8" 6 . 7 2 ~ 0 9 ~  5.55*. 15"- 1 B.02" 
45 mmoles SCFA 

10 mmoles Ca + OA&. 12" 22 1 Sk72.5" 7.03k.03' 6.8w.38' 7. I2k.02" 
45 mmoles SCFA 

45 mmoles SCFA 0.39k.07" 7 9 . 7 ~ 6 0 . 6 V . O  lk.08' 6.13~.32" 7.22*.02" 

Different letters in a column denotes significant differences between treatments 
at P<0.05. Values are rnean*SEM. 



et al, 1991), respectively. This would suggest that Ca would have no effect on Ac 

absorption. However, it was observed that graded amounts of SCFA increased the serum 

Ca response while graded amounts of Ca decreased the serum Ac response. This suggests 

that SCFA stimulated Ca absorption is not mediated solely by Ca/H exchange. Another 

potential mechanism which may be consistent with the current result is the formation of 

a [CaAc]' complex. Nancollas (1956) showed that Ac in the presence of bivalent metal 

chlorides such as Ca c m  form a complex, [Ca&]*. The thermodynamic association 

constants between Ac and various metal ions was greatest for Ca in comparison to the 

other alkaline-earth metals such as Mg, Sr and Ba. The complex formation occurs in two 

stages: (a) formation of an ion pair, c~''(~H,o)Ac* and (b) formation of a  more covalent 

complex, CaAc-(H20),-, or simply written as [CaAcJ- (Nancollas, 1956). This complex 

is stable and less highly charged than the cal- ion (Nancollas, 1956). Because ceIl 

membranes have low permeability to highly charged ions, it is likely that the [CaAc]' 

complex. which is less charged than ~ a "  passes more readily in the ce11 membranes than 

~ a "  (Marshall. 1 976). 

After administering 30 mmoles Ca + 45 mmoles SCFA. a rise in semm Ac was 

observed at 90 min, after I O  mmoles Ca + 45 mmoles SCFA. the Ac peak was at 60 min 

and afier 45 mmoles SCFA the Ac peak was at 30 min (Figure 2). The peak in serum 

Ca was also observed at 90 min afier 30 mmoles Ca + 45 mmoles SCFA (Figure 2), and 

this is consistent with the possible formation and absorption of a [CaAcI* complex. 

However, it does not fully explain the lower serum Ac levels in the presence of Ca. 

Although this requires hrther investigation, two explanations may be hypothesized. It 



could be due to an increased rate of Ac uptake by the tissues in the presence of high Ca 

levels and/or it could be related to the differential effect of Ac and propionate (Pr) on Ca 

absorption. Pr was also present in the infusion solution but was not detected in the serurn 

probably because it is taken up readily by the liver (Cummings et al, 1987). It c m  also 

complex with Ca but less stable than Ac (Cannan and Kibrich. 1938). A possibility exists 

that, at high Ca and SCFA (Le. Ac and Pr) concentrations, Pr may become more involved 

than Ac in the increase in Ca absorption perhaps by way of the Ca/H exchange. Pr is 

more lipid soluble than Ac and thus has been shown to pass faster through the ce11 

membrane (Dawson et al. 1964; Saunders, 199 1). 

Analytical error cannot account for the reductions in serum Ac response after rectal 

Ca because the addition of Ca to standard Ac solutions alone or added to semm did not 

reduce Ac recovery. The osrnolality of al1 the test solutions was not the sarne because 

their Na concentrations were controlled. However, the differences in osmolality cannot 

account for the effects we observed of SCFA on serum Ca responses. The semm Ca lcvei 

of the subjects intùsed with 45 mrnoles NaCI and 30 mmoles Ca + 45 mmoles NaCI did 

not differ significantly (Figure 5.1). Moreover. the serurn Ca level of 30 mmoles Ca + 

45 mmoles NaCl and 30 mmo1es Ca + 45 mmoles SCFA, two solutions with the s m e  

osrnolaiity, differed significantly (P<0.0001), showing the enhancing effect of SCFA on 

senirn Ca levei (Figure 5.1 ). 

The area under the semm Ca response curve afier 30 mmoles Ca + 45 mmoles SCFA 

represents 2.4&0.24% of the infused dose of Ca. This probably underestimated the true 

Ca absorption from the colon as affected by SCFA since the shape of the plasma Ca 



response curve following Ca administration depends upon the rate of absorption from the 

gastrointestinal tract into the plasma and the rate of removal fiom the plasma (Marshall, 

1976). This removal will be into sofi tissues and bone within a few hours with only 1% 

of an oral Ca dose appearing in the urine within four hours. The results are consistent 

with this since there was no significant increase in urinary Ca after 30 mmoles Ca + 45 

mmoles SCFA compared to the saline control (Table 5.3). 

In conclusion, SCFA enhance Ca absorption and Ca reduces the serum Ac response 

in the distal colon of human subjects. The inhibiting effect of Ca on serum Ac response 

needs fùrther investigation. 
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6. THE EFFECT OF ACETATE AND PROPIONATE ON CALCIUM 

ABSORPTION IN THE RECTUM AND DISTAL COLON OF HUMANS 

6.1 Introduction 

In Chapter 5 it was found that rectai infusion of an isotonic solution containing Ca 

plus SCFA resulted in a significantly greater increase in serum Ca than did an infusion 

of Ca alone. This suggests that Ca absorption from the colon is enhanced by SCFA. 

Unexpectedly, Ca also reduced the rise of blood Ac after rectal infusion of Ac and Pr, 

suggesting that Ca reduced Ac absorption from the distal colon. This result suggested that 

Ca may affect Ac absorption. 

However, serum Ca and Ac is an indirect measure of Ca or SCFA absorption, 

respectively. Moreover, the SCFA solution used in this study was a mixture of Ac and 

Pr in a 3: 1 ratio. Therefore two studies were performed to investigate the direct effects 

of Ac and Pr, alone and combined, on the disappearance of Ca from the rectum and distal 

colon of human subjects. In the first study, Ac and Pr were given at normal physiologic 

concentrations and molar ratios (i.e. Ac:Pr = 3:l). In the second study, the molar ratios 

were revened (Ac:Pr = 1 :3). In the first study, the effect of Ca on SCFA absorption was 

also determined. 

6.2 Materials and Methods 

Two studies were conducted on subjects in the moming after an overnight fast. The 

night before the study, subjects were provided with a standard, low fiber dinner to reduce 



colonic residue. In the first study, six healthy subjects (2 males and 4 fernales; 33*5 

years of age; lOW2% ideal body weight) were given rectal infusions on eight separate 

occasions while in the second study, six healthy fernale subjects (29I4 years of age: 

100I2% ideal body weight) were given rectal infusions on six separate occasions. The 

details of the different treatrnent solutions are summarized in Table 6.1. 

The average Ca intake from a usual western diet is around 5-50 mmoles/day (Allen, 

1982; Spencer and Kramer, 1985) and about 30-40% is absorbed in the small intestine 

(Allen, 1982). Therefore, approxirnately 3-32 mmoles of Ca reaches the colon for 

potential absorption. The N a  concentration of al1 treatment solutions in both studies was 

adjusted to 75 mmoles/L with sodium chloride. In addition, each solution contained 0.625 

mmoles/L of polyethylene glycol (PEG) which was used as an unabsorbable marker. 

Each subject served as his own control and comparisons were done by study group. The 

length of the washout period between infusions was 3-7 days depending upon the 

availability of the subjects. 

The volume of each solution infused in each of the two studies was 300 mL and the 

treatrnents were given in random order. The subjects administered their own rectal 

infusions using a plastic Tygon tubing connected to a 60-mL syringe as described in the 

general methods (Chapter 3). Samples were collected at 0, 10, 20 and 30 min. After the 

30 min sarnple, the tubing was removed and the total colonic sarnple was collected. 

Samples were centrifbged and the supernatant analyzed for Ca, Ac, Pr and PEG. The 

pH was measured using a pH meter (Beckman 50) for the following treatments: 

Ca+NaCl, Ca+3Ac and Ca+3Pr. 



Tabie 6.1. Composition of the rectal infusion solutions. 

Ca' AC' Pr' NaCl" 
Treatrnent 

mmol/L 

Study 1 

Study 2 
NaCI 
Ca+ 1 Ac 
Ca+ 1 Pr 
Ca+3Ac 
Ca+3Pr 
Ca+ 1 Ac+3Pr 

The volume of each solution infiised was 300 mL. 
I Calcium c hloride (CaC12.2H20), Fisher Scienctific, Nepean, Ontario, Canada. 

Sodium acetate, NaAc, anhydrous, Sigma S-8750, St. Louis, Missouri. USA. 
Sodium propionate. NaPr, Food Grade, Van Waters and Roger Ltd. Toronto, 
Ontario, Canada. 

' Sodium chloride, NaCI, Analytical Reagent, British Dmg House, Darmstadt. 
West Germany. 



To correct for incomplete collection and fluid absorption or secretion by the colon, 

the Ca, Ac and Pr concentrations were expressed relative to that of PEG (i.e. CdPEG 

ratio). Ca, Ac or Pr absorption was expressed as disappearance, i.e. change in the 

CaiPEG concentration ratio from baseiine. Estimates of Ca absorbed in mmoles were 

calculated by multiplying the percent disappearance by mrnoles of Ca in the infused 

solution. Ca Ac and Pr disappearance from the samples of rectal fluid withdrawn at 

10 min intervals for 30 min represents rectal absorption while that from the sarnple of 

fluid obtained when the subjects emptied their colons at the end of each study represents 

rectal plus distal colonic absorption. 

6.3 Results 

Al1 solutions were retained for 30 min without difficulty. The presence of fluid in 

the rectum and distal colon produced littie if any sensation or distention or fullness. The 

mean total volume of infused solutions recovered was 159 mL (53% of the volume 

infused) and there were no significant differences between treatments. The disappearance 

of Ca in the distal colon increased with time (0-30 min; study 1, r=0.94, P<0.000 1 ; study 

2, r=0.77, P<0.002) for a11 treatments in both studies (Figure 6.1 ; Table 6.2). 

In study 1. Ac and/or Pr significantly increased Ca disappearance (decrease in 

CdPEG ratio) at 30 min compared to the control (Table 6.2; P<0.05). However, there 

was no significant interaction between time and treatment. Despite the fact that Ac 

was 3 times the concentration of Pr, both SCFA were equally effective in enhancing Ca 

absorption (Table 6.2). For each treatment, Ca absorption from the rectum plus distal 



r o l  

Figure 6.1. Caiciurn disappearance from the rectum over timr 

for the control (Ca-NaCl) or calcium with acetate, 

propionate or both. Mean for al1 treatments was 

pooled since treatments did not differ significantly 

from each other (S tudy 1 ). 



Table 6.2. The effect of acetate and/or propionate on calcium disappearance 
in the rectum and distal colon of human subjects. 

Ca disappearance (CalPEG) 

Time (min) O 1 O 20 30 Total 

Treatment 

Study 1 

Ca+NaCI Oax - 1 .%O. 1 '" -2.3I0.8" -4.m 1 .od' -5Sk 1.4'" 
Ca+3Ac Oas - 3 . 1  0 "  -8.6f2.7CY - 18.3*~.5~' -22.6f2.8"' 
Ca+ 1 Pr O"" - 2 . ~ 0 . 7 ~ ' ~  -5.8k1 .SCY - 13.4*3.ldY -23.a3.2" 
Ca+3Ac+lPr O"" - 6 . ~ 3 . 5 ' ~  -9.613.5~' - 10.2&4.7~' - 19.7k4.6"" 

Study 2 

Ca+ 1 Ac O" -2.4* 1.1 '"6.6* 1.7'' - 1 1.1 * 1 . 2 ~  - 14.410.4" 
Ca+ 1 Pr O" -4.9* 1.1 by -7.B i .4by - I 0.8f I .3cz - 15.7f 1 -4'' 
Ca+3Ac Oax - 1.210.3~" -3.B0.6'" -4.3k0.6'" -11.2*3.6dx 
Ca+3Pr Oa " - 6 . 1  5 -8.2;t 1 ShY - 10.91 1 -20.3*2.3'y 
Ca+ 1 Ac+3 Pr O"" -2.110.6~' -5.B 1 .Vy -7.OI2.0"' - 1 3 . ~  1. id" 

abcde represents signi ficant di fferences between time points for trratments wi thin 
a study across a row at P<0.05. xyz represents significant differences between 
treatments within a study down a column at P<O.OS. 
Ca disappearance is the change in W P E G  concentration ratio from the baseline. 



colon (total collection) was 1.2-2.0 times greater than that from the rectum at 30 min 

(Table 6.2; P<0.05). The difference in Ca absorption between males and females was not 

significant so either sex could be used in future experiments. 

The disappearance of Ac and Pr from the rectum is shown in Figures 6.2 and 6.3, 

respectively. There was no significant difference between treatments (P<O.OS) but there 

was significant difference between times (P<0.05). When al1 treatments were combined 

(Figure 6.4), the absorption of Ac and Pr from the rectum was approximately linear over 

the 30 min study period. 

The disappearance of Ac from the rectum by 30 min was significantly less than that 

from the rectum plus distal colon for the Ac+Pr and Ac+Ca treatments (Figure 6.5). As 

well, Pr was also absorbed less in the rectum than in the rectum plus distal colon 

(P<0.0 1). but there was no significant difference for any of the individual treatments 

(Figure 6.6). 

Ac disappearance (decrease in AclPEG ratio) from the rectum plus distal colon was 

signiticantly enhanced by adding Pr from -4.1k4.2 to -40.2*1 1.9 (P<O.O5; Figure 6.5). 

The addition of Ca to Ac also inçreased Ac disappearance significantly to -34.W8.9 

(P<0.05). However, adding Ca to a mixture of Ac+Pr reduced Ac disappearance to 

-13.2k4.6 (P<O.OS compared to Ac plus Ca and P<0.05 compared to Ac plus Pr). Ac 

disappearance from the AcIPrlCa mixture was not significantly different from that afier 

Ac atone. 

Pr disappearance (decrease in PrPEG ratio) from the rectum plus distal colon when 

Pr alone was infûsed was -15.7k3.3, and this was not affected significantly when Ac, 



Tme (min) 

Figure 6.2. Change in AcetatdPEG concentration ratio in fluid 

frorn the rectum after infusion of the four treatment 

solutions (study 1 ). 



Tirne (min) 

Figure 6.3. Change in propionate/PEG concentration ratio in 

fluid sarnples fiom the rectum afier infusion of 

four treatment solutions (study I ). 
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Figure 6 . 4  Mean changes in acetateff EG and propionate/PEG 

concentration ratios in samples of fluid taken 

from the rectum of human subjects. Treatrnents 

were pooled for either acetate or propionate 

treatments. 
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Figure 6.5. Change in acetate/PEG concentration ratios in 

fluid sarnples from the rectum and distal colon 

30 min afier infusion of the four treatrnent 

solutions (study 1 ). 
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Figure 6.6. Change in propionateiPEG concentration ratios in 

fluid samples from the rectum and distai colon 30 

min afier infusion of the four treatment solutions 

(study 1). Pr is propionate, Ac is acetate. and Ca 

is calcium. 



Ca or Ac plus Ca were added (Figure 6.6). 

In study 3, two of the treatments (Ca+3Ac and Ca+ 1 Pr) from the first study were 

repeated to determine the effect of the different concentrations of Ac or Pr on Ca 

absorption on the sarne subject. In addition, a control without Ca (NaCl group) was used 

to determine if Ca is actually secreted in the colon. Results showed that this was not the 

case as no increase in Ca absorption was observed for NaCl. Ca absorption afier Ca+ i Ac 

(- l4.4*O.4) was not different from Ca+ 1 Pr (- 1 5.7* 1 -4) or Ca+3Ac (- 1 1 2 3 . 6 ;  Table 

6.2). However, with a higher concentration of Pr (3Pr; 56.3 mrnoles/L), Ca absorption 

(-20.3*2.3) was significantly greater than with 18.7 mmoles/L Pr (IPr) and 56.3 

mmoles/L Ac (3Ac; W0.05; Table 6.2 ). The 56.3 mmoles/L Pr alone caused greater Ca 

absorption than the treatment with both Ac and Pr (Ca+ 1 Ac+3 Pr = - 1 3.m 1.1 ) although 

not significant. There was a significant interaction (P<0.007) between time and treatment 

observed in this study. 

The pH of the infused solution containing Ca+NaCl was significantly lower than that 

with Ca+3Ac or Ca+3Pr (Table 6.3; P<O.OS). Compared to the pH of the infused 

solution, pH increased significantly at time O and continued to increase at time 30 

for Ca+NaCI. For Ca+3Ac, the pH of the infùsed solution increased significantly at time 

O and leveled off at time 30 while for Ca+3Pr, no significant difference between the pH 

of the infused solution, at time O and at time 30 was observed (Table 6.3; P>0.05). There 

was no significant difference in pH between Ca+3Ac and Ca+3Pr at any time. 



Table 6.3. pH of the inhsed solution and recovered infusate 

Treaimen t Time (min) 

Infùsed Solution O 30 

Ca+NaCI 4-91-02" 6.&.20aY 7.B.06" 

Ca+3Ac 7.W.05~" 8 . a . 0 8 ~ '  7%. 1 OaY 

Ca+3Pr 7 . 1 ~ 0 3 ~ '  7.6*. 1 oh' 7 . k  1 O"" 

abc indicates significant differences between treatments in a column 
at P<0.05. 
xyz indicates significant differences between time in a row at P<0.05. 



6.4 Discussion 

Results showed that Ca is absorbed from the rectum and distal colon of man and that 

this process is enhanced by the presence of SCFA. This is consistent with the results 

obtained from the previous study (Chapter 5) and in the study on Ca and Mg absorption 

in the distal colon of rats ( Lutz et al, 1991; Lutz and Scharrer 199 1). Pr was more 

effective than Ac in enhancing Ca absorption. At the lower concentration of Pr, the 

enhancing effect on Ca absorption was similar to the effect of Ac at its higher 

concentration. Because of the above result, we Iooked at the effect of different 

concentrations of Ac and Pr on Ca absorption. It was observed that at higher 

concentrations, Pr was more effective than Ac in enhancing Ca absorption. 

It has been speculated that the enhancing effect of SCFA on Ca absorption may 

be dur to a Ca/H exchanger which exists in the distal colon but not in the proximal 

colon of rats (Lutz and Scharrer. 199 1 ). The proposed mechanism by which SCFA 

enhanced Ca absorption is that protonated SCFA are absorbed by direct diffusion across 

the apical membrane (Fleming et al, 199 1 ; Rechkemmer and Engrlhardt. 1988). Once the 

protonated SCFA molecule diffuses into the ce11 it dissociates. since the pKa values of 

SCFA (approximately 4.8) are lower than that of the pH of the ceIl (betwern 6 and 7). 

The resulting intracellular hydrogen ion (H') available in the lumen is secreted from the 

ceIl in exchange for a cation which, in the distal colon is Ca-' (Lutz and Scharrer, 1991). 

Once outside the cell, the H* becomes available to protonate a SCFA to diffuse into the 

cell. Our results are consistent with this hypothesis. 

The pH of the infused solutions increased immediately after infusion (time 0) and 



remained stable over the 30 min retention period. The increase in pH indicates the 

presence of bicarbonate in the colonic lumen. There is evidence that bicarbonate 

appearance in the colonic lumen is enhanced by the presence of SCFA (Titus and 

Ahearn, 1992). Bicarbonate appearance in the colonic lumen rnay indicate the presence 

of hydrogen ion needed to exchange with Ca for absorption. This rnay be the reason for 

increased Ca absorption in the presence of SCFA. However, difference in pH cannot 

account for difierences in Ca absorption because Ca absorption from the trratment with 

Pr was significantly greater than that from the treatment with Ac despite no difference in 

PH. 

The greater enhancing effect of Pr than Ac on Ca absorption rnay be due to its being 

more lipid soluble than Ac and thus more rapidly absorbed by direct diffusion. It was 

observed in this study that Pr absorption is significantly greater than that of Ac. In a 

study in guinea pig distal colon (Engelhardt and Rechkemmer, 1 992), SCFA showcd a net 

absorption rate that corresponds to the chain length of SCFA where Bu > Pr> Ac. The 

chain length dependence of unidirectional SCFA fluxes in the distal colon rnay indicate 

the importance of lipid solubility for non-ionic diffusion in the distal colon. Thus, Pr rnay 

have diffùsed into the ce11 faster than Ac and supplied intracellular hydrogen ions to 

exchange for Ca. 

The exact mechanism by which SCFA are absorbed is not clear, but it rnay be species 

dependent (Engelhardt and Rechkemmer, 1992: Hatch, 1987: Sellin and DeSoignie, 1 99O), 

and different mechanisms exist in different parts of the intestine (Engelhardt and 

Rechkemmer, 1992; Rechkemmer and Engelhardt, 1988). There is rnuch evidence that 



an anion exchange mechanism operates whereby the SCFA anion is exchanged for 

bicarbonate (Binder and Mehta, 1989; Fleming et al, 199 1; Ruppin et al, 1980; Titus and 

Aheam, 1992). If this were the only mechanism for SCFA absorption, it would imply 

competition for the exchanger between different SCFA such that the absorption of the 

individual SCFA would be inhibited in the presence of others. In favor of this possibility 

are studies showing that SCFA containing 2 to 5 carbon atoms decreased Pr (Harig et al, 

199 1)  and Bu (Harig et al, I W O )  uptake rates by vesicles from human ileal bmsh border 

membranes and coionic apicai membranes, respectivel y. However, competition between 

SCFA for a single anion exchanger is not consistent with the present results since Pr 

significantly enhanced Ac absorption. This suggests that there may be another 

mechanism, in addition to the anion exchanger, by which Ac or Pr or both are absorbed. 

The absorption of Ac from the rectum and distal colon was increased in the presence 

of Pr alone or Ca alonc. but the presence of both Pr and Ca had no effect on Ac 

absorption. In the previous study (Chapter 3, it was found that adding Ca to a rectally 

infûsed solution of Ac+Pr reduced the rise in serum Ac seen after Ac+Pr without Ca. The 

present results are consistent with this because, when Ca was added to a rectally infused 

solution of Ac+Pr, there was a significant reduction in Ac absorption. This is difficult to 

explain. One possibility is that the diftèrence in chloride concentrations may have 

influenced the results since chloride may be a substrate for the anion exchanger involved 

in SCFA absorption (Binder and Mehta, 1989). However, the difference in chloride 

cannot explain the above results since adding NaCl to Ac and Pr did not affect Ac or Pr 

absorption. In addition, the chloride concentration in the Ac+Pr+Ca treatment ( 100 



mrnoVL) was greater than in Ac+Pr (75 mmoVL) and less than that in Ca+Ac ( 1 19 mmol) 

and thus did not relate to Ac absorption which was lowest for Ac+Pr+Ca. The reduction 

in Ac absorption by Ca could be due to Ca increasing the affinity of the anion exchanger 

for Pr such that Ac absorption is reduced due to competition between Pr and Ac for 

transport sites. There may be competition between Ac and Pr anions for the proton 

required for non-ionic absorption. Perhaps the most likely expianation is that Ac 

absorption is enhanced by a [CaAc]' cornplex and that Pr interferes with this complex. 

In support of this, is the fact that 18.7 m m o K  Pr had the sarne effect in stimulating Ca 

absorption frorn the rectum and distal colon as 3 times the concentration of Ac, suggesting 

that Pr interacts with Ca more avidly than Ac. 

This study was done as a continuation of the previous study on the effect of a mixture 

of Ac and Pr on serurn Ca response (Chapter 5). Since Bu is imrnediately utilized in the 

colon and is difficult to measure in the serum, it was not included in the previous study 

and thus also in this study. The design of this study does not only address the primary 

question about the effect of Ac and Pr on Ca absorption or the effect of Ca on Ac and 

Pr absorption, but it also gives preliminary information about the tirne course of Ca and 

SCFA absorption from the rectum, and whether there was any evidence of regional 

differences in absorption between rectum and distal colon. For these reasons, samples of 

fluid were taken fiom the rectum at 10 min intervals before the subjects emptied their 

colons and the contents were collected. This provided interesting data suggesting 

that regional differences in the absorption of Ca, Ac and Pr exist between rectum and 

distal colon. However, the drawback was that each sampling would alter the CaIPEG 



and SCFNPEG ratio expected in the final sample. In addition, the distribution of fluid 

between the rectum and distal colon is unknown. Thus, the actual arnount of Ca and 

SCFA absorbed could not be calculated accurately. The Ca disappearance from the total 

colonic sarnple which represents Ca absorption from the rectum plus distal colon in this 

study may be estimated from the CaPEG ratios. Ca absorbed (rnrnoles Cd30 min) are 

as follows: study 1, Ca+NaCl, l.NO.2; Ca+3Ac, 4.5*0.5; Ca+IPr, 4.5k0.6; and 

Ca+3Ac+ 1 Pr, 4.W0.9; in study 2, Ca+ 1 Ac, 2.7i0.3; Ca+ 1 Pr, 3.0I0.2; Ca+3Ac, 2.W0.6; 

Ca+3Pr, 3.9*0.5; and Ca+ lAc+3Pr, 2.5A0.2. These values represent approximately 6-30% 

Ca absorption. An estimate of absorption obtained by expressing the change in 

SCFNPEG ratios at 30 min as a percent of those at baseline showed that Ac absorption 

from the rectum plus distal colon was about 10% for Ac alone, and increased to 40-45% 

by adding Ca or Pr. Pr absorption was about 40-45% for al1 treatments. 

in conclusion, Ca is absorbed in the distai colon of man and both Ac and Pr enhanced 

Ca absorption. However, Pr has been shown to be more effective than Ac in enhancing 

Ca absorption. The absorption of Ac in the rectum and distal colon of humans may be 

influenced by the presence of Ca and Pr. The mechanism behind the absorption of Ca 

and the enhancing effect of Ac and Pr on Ca absorption as well as the influencing effect 

of Ca on Ac and Pr absorption in the human distal colon needs fùrther investigation. 
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7. CALCIUM ABSORPTION IN THE DISTAL COLON OF HUMANS: EFFECTS 

OF CALCIUM CONCENTRATION, ACETATE AND PROPIONATE 

7.1 Introduction 

The previous study (Chapter 6) has shown that Ca provided at 50 mmoVL 

concentration with and without acetate (Ac) or propionate (Pr) is absorbed from the distal 

colon of humans. At lower concentration of Ca, Ac and Pr were as effective in enhancing 

Ca absorption while at higher concentration, Pr was more effective. These results suggest 

that Ac and Pr rnay have a different transport mechanism in enhancing Ca absorption. 

To investigate the kinetics involved in Ca absorption, the objective of this study was to 

determine the relationship between Ca concentration and Ca absorption from the human 

distal colon in the presence and absence of Ac or Pr. 

7.2 Materials and Methods 

Six healthy subjects ( 1 male and 5 females; 2%4 years of age; 10&2% ideal weight) 

were studied. Rectal infusions containing various concentrations of Ca as CaC12.ZH20 (4, 

1 1, 24, 46 mmol/L) with 56.3 mmol/L Ac or Pr or sodium chloride (NaCl) were given 

to each subject on 13 occasions. In addition, a solution of 56.3 m M  NaCl alone was used 

as a control. Polyethylene glycol (PEG, 0.625 mM) was added to each solution as an 

unabsorbable marker. Ca, Ac, Pr, NaCl and PEG were dissolved in double distilled water. 

A 300 rnL test solution was infused to each subject with a maximum osmolality of 300 

mosm similar to the previous study (Chapter 6) and was described in the general methods 



(Chapter 3). Table 7.1 shows the composition of the test solutions in mmoVL. The 13 

different treatments were given in random order. Samples were centrifuged and the 

supernatant analyzed for Ca, Ac Pr and PEG as earlier described (Chapter 3). 

Ca. Ac and Pr disappearance Frorn the distal colon was used as an index of 

absorption. PEG was used as an unabsorbable marker to correct for incomplete collection 

and tluid absorption or secretion by the colon. The percent Ca. Ac or Pr disappearance 

was expressed as the difference between the ratio Ca/PEG, Ac/PEG or PdPEG in the 

baseline sarnple (O min) and the total colonic sample collected at 30 min. The percent 

Ca, Ac or Pr disappearance was then converted to rnrnoles by multiplying the percent 

disappearance by the amount of Ca, Ac or Pr present in the distal colon at baseline (O 

time) in rnrnoles. 

7.3 Resuits 

Al1 solutions were retained by the subjects for 30 min without difficulty. The mean 

total volume of infiised solution recovered was 159 mL (53% of the total volume intùsed) 

and there were no signiticant differences among treatments or among subjects. Ca 

absorption was affected significantly by Ca concentration and the presence of Ac and Pr 

(Figure 7.1 ). For the contro l (Ca+NaCl) treatrnent, Ca absorption increased linearly as 

the concentration of Ca increased (r=0.995, P<O.OOS). The slope of the line was 67 

umoles/30min/mM Ca (Figure 7.1 ; Table 7.2). When Ac was added, Ca absorption was 

significantly greater than the control at al1 concentrations of Ca. Ca absorption with Ac 

increased linearly with Ca concentration (~0 .999;  P<0.0003; Figure 7.1) and the siope 



Table 7.1. Composition o f  the different treatments. 

Treatment Ca' AC' ~ r '  NaClJ 

1 Calcium chloride (CaC1,.2H,O), Fisher Scienti fic, Nepean, Ontario. Canada. 
-' Sodium acetate, NaAc, anhydrous, Sigma S-8750, St Louis, Missouri, USA. 

Sodium propionate, NaPr, Food Grade, Van Eaters and Roger Ltd, Toronto, 
Ontario, Canada. 

4 Sodium Chloride, NaCl, AR, British Drug House, Darmstadt, West Germany. 
Al1 treatments contain 0.625 m M  polyethylene glycol (PEG 4000). Mallinckrodt 
OR, Pointe-Claire, Quebec, Canada. 



Figure 7.1. 

Ca-Ac 

Relationship between calcium absorption and calcium 

concentration in the human distal colon in the presence 

of sodium chloride, 56 mmol/L acetate and 56 mrnol/L 

propionate. Values are meansstSEM. 



Table 7.2. Ca absorption at different concentrations of Ca. 

Treatment 
Ca+NaCI Ca+Ac Ca+Pr 

Ca* 
mmoV30 min 

*Actual Ca concentration infused in rnmol/L. 
abc represents significant differences between treatments in a row at P<0.05. 
wxyz represents significant differences between Ca concentrations in a column 
at P<0.05. 



of the regression line was 123 umoIes/30 midmM Ca. Ca absorption with Pr was greater 

than that with Ac but the difference only reached significance at 46 m M  Ca (Table 7.2; 

Pc0.05). With Pr, Ca absorption also increased linearly with Ca concentration (r=0.993; 

P<0.007) and the slope of the regression line was 179 umoles/30min/mM Ca. The 

di fference with Ac only approached significance (Pc0.06). 

Ac absorbed at different concentrations of Ca was almost constant from 7 to 24 mM 

Ca and increased significantly at 46 mM Ca (P~0.05) while Pr absorption increased 

significantly from 4 to 24 mM Ca (P<0.05) and reached a plateau at 46 mM Ca (Figure 

7.2; Table 7.3). Pr absorption was significantly greater than that of Ac from I I  to 46 

mM Ca (Table 7.3). 

The pH of each treatment was not controlled. For Ca+NaCI and at 4-24 m M  Ca, the 

pH of the infùsed solution significantly increased at time O and levelled off at 30 min 

(Table 7.4; Pc0.05). Similar results were obtained for Ca+Pr at 4-14 mM Ca md for 

Ca+Ac at 4, 1 1  and 46 mM Ca. At 24 mM Ca, the pH of the infused solution for Ca+Ac 

and at 46 mM Ca for Ca+NaCl significantly increased at al1 times while at 46 mM Ca for 

Ca+Pr. no significant change in pH was obsewed at any time. 

7.4 Discussion 

This study showed that Ca absorption in the human distal colon is directly related to 

concentration of C a  either aione or in the presence of Ac or Pr suggesting that a non- 

saturable diffusion process is involved. Ca may be absorbed via a paracellular pathway 

in the distal colon because the concentration of the Ca binding protein which is 



Figure 7.2. Acetate and propionate absorption from the human 

distal colon after infusion of calcium plus acetate and 

calcium plus propionate at different concentrations of 

calcium. Values are meaneSEM. 



Table 7.3. Ac and Pr absorption at different concentrations of Ca. 

Treatment 
Ca+Ac Ca+Pr 

Ca* 
mmoV30 min 

*Actual Ca concentration infused in mrnol/L. 
ab represents significant differences between treatments in a row at P<0.05. 
xyz represents signiticant differences behveen Ca concentrations in a 
column at P<O.O5. 



Table 7.4. pH of the infused solution and recovered infusate 

Treatrnent Time Ca concentration (mmoVL) 

(min) 4 I l  24 46 

Ca+NaCl soln infused 5.3k.O la' 5.W. 10"' 4.9*.04" 4.9-+.02"y 
O 8. I I .  1 ob" 7.w. 1 ob" 7 . 7 1 . 2 0 ~ ~ ~ 0 1 . 2 0 ~ ~  
30 8.2*. 1 Ob" 8.&. 1 obX 8.0k.30~' 7.2~t.06'~ 

Ca+Ac soln infused 7.&.02"" 7.Ck.03"" 6.9k.O i "" 7.01.05"" 
O 8.51.1 obX 7.9f .02~" 7.9k.0 1 b V 8 . 2 k . 0 8 h '  

30 8.3k I ob' 8.m.0 1 hxy 8.Sk.07'" 7.8*. 10'' 

Ca+Pr soin inîùsed 7.45.03" 7.3*.02"" 7.2*.08""' 7. 1*.03"y 
O 8.1k.08~" 8.1*.02~" 8.25.20~' 7.6k 10"' 

30 8. I k.09~" 8.2k.07~' 8 . 2 1 . 0 8 ~ ~ S k . 3 0 " ~  

abc indicates significant differences between time in a colurnn per treatment 
at Pc0.05. 
xyz indicates significant differences between concentrations in a row at P40.05. 



responsible for the active transport (transcellular pathway) of Ca in the small intestine 

decreases towards the lower gut (Ambretch, 1987). It  was speculated from the previous 

study (Chapter 6) that Ca is absorbed by a Ca/H exchange process in the distal colon. 

The colonic mucosa contains carbonic anhydrase which catalyzes the formation of 

hydrogen and bicarbonate ions fiom carbon dioxide and water (Figure 7.3a). These 

substrates are derived by difhsion of carbon dioxide from the blood (Rechkemrner, 1994). 

In this way intracellular hydrogen c m  be generated for a Ca/H exchange. However, the 

activity of carbonic anhydrase declines toward the distal part of the colonic mucosa 

(Carter and Parsons, 1970 and 1972; Charney et al, 1986; Lonnerholm, 1977). The 

present results showed that Ca is absorbed in the distal colon and that the rate of 

absorption is significantly greater in the presence of Ac or Pr. The presence of Ac or Pr 

may have enhanced the production of hydrogen needed by Ca to be absorbed (Figure 

7.3b). 

Intestinal SCFA transport is a linear, concentration dependent process whereby the 

flux rate is in direct proportion to the SCFA concentration (Bugaut, 1987; Fleming et al, 

199 1 ; Rechkemmer and Engelhardt, 1988; Rimmer and Wiebe, 1987). Non-ionic 

difhsion oçcurs when SCFA is protonated from either the luminal hydration of carbon 

dioxide (CO,) to f o m  bicarbonate (HCO,') and hydrogen ion (H'). or from secretion of 

H- produced intracellularly from the hydration of CO, to form HCO1' into the lumen 

(Cummings, 198 1 ; Engelhardt and Rechkemmer, 1983; Fleming et al, 199 1 ; Rechkemmer 

and Engelhardt, 1988). The intracellular H' subsequently facilitates the continued 

diffusion of SCFA (Stevens, 1986). Since the pKa values of Ac and Pr are approximately 
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Figure 7.3. Proposed models for calcium absorption in the human distal colon. 
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4.75 and 4.87. respectively, and the physiological pH of the ce11 is around 6.5-7 (Titus 

and Ahearn, 1992), the SCFA that diffùses into the ce11 dissociates and liberates H* which 

is secreted out of the cell. This H- rnay then be available for exchange with any cation 

such as Ca or may again protonate another SCFA. Another mechanism whereby SCFA 

is absorbed is by a carrier-mediated saturable anionic exchange mechanism in which 

SCFA anion is exchanged for bicarbonate (HCOJ (Binder and Mehta. 1989; Fleming et 

al, 199 1;  Harig et al, 1987; Mascalo et al, 1990; Ruppin et al. 1980; Titus and Ahearn. 

1992). The presence of HCO,' in the colonic lumen in the present study was indicated 

by the immediate increase of pH of the different treatment solutions after infusion into 

the rectum of subjects (Table 7.4). There is evidence that HCO; appearance in the 

colonic lumen is enhanced by the presence of SCFA which contribute to the regulation 

of the luminal pH (Rechkemmer, 1994). 

The present study showed that at lower concentrations of Ca (4-24 rnrnol/L). Ac 

absorption was almost constant while Pr absorption increased with Ca concentration 

(Figure 7.2). At higher concentrations of Ca (24-46 mrnoVL), Ac absorption increased 

while Pr absorption reached a point of saturation (Figure 7.1). This result suggests that 

Ca stimulated Ac and Pr absorption by two different transport mechanisms, a saturable 

process which involves a carrier-mediated anion exhange and a non-saturable non-ionic 

diffüsion process similar to the ones previously proposed. However. whether Ca 

stimulated Ac or Pr absorption by a saturable or a non-saturable process, the linear 

relationship between Ca absorbed and Ca concentration in the presence of Ac or Pr was 

not affected (Figure 7.1 ). This is probably due to the fact that bicarbonate production in 



the mucosal ce11 builds up protons (H-) which are associated with the Ca/H exchange 

process (Figure 7.3 a and b). 

Several investigators (Argenzio et al, 1975; Gasaway, 1976; Miller and Wolin, 1979; 

Murer et al, 1984; Rechkemmer et al, 1988) have shown that SCFA absorption is 

independent of the overall pH of the colonic lumen due to a constant pH microclimate at 

the surface of the colonic epithelium. This condition is responsible for a steady 

concentration of H' ions available for association with the tuminal SCFA anions which 

may then be absorbed into the cell. This study showed that the pH of the infused 

solution did not account for the increase in Ca absorption. The treatment containing 

Ca+NaCl had the lowest pH and had also the lowest Ca absorbed. However, the pH of 

the treatments containing Ca+Ac and Ca+Pr did not differ, and Ca+Pr resulted in a 

significantly greater Ca absorption than Ca+Ac at the highest concentration of Ca 

(P<0.05). Although a steady state condition or chemical interaction that would precipitate 

Ca in the distal colon was not specifically investigated in this study, the constant pH 

microclimate rnay account for the possibility of Ca to remain in solution. Therefore, Ca 

disappearance can be a measure of Ca absorption in the colon. 

This study showed that at higher concentrations of Ca, Ca absorption from the 

treatment with Pr is significantly greater than that with Ac (P<0.05). This is consistent 

with the results from the previous study (Chapter 6), and is probably due to the fact that 

Pr is more iipid soluble than Ac (Engelhardt. 1995). Thus, Pr is expected to diffùse 

faster across the colonocyte membrane. The slope of the regression line was significantly 

greater in the treatments with Ac or Pr in cornparison to the treatment with Ca alone 



(P<0.05). The difference between the slopes of the regression lines for the Ac and Pr 

treatrnents approached significance (P<0.06) indicating that there is a tendency for Ca to 

be absorbed faster in the presence of Pr than Ac (Figure 7.1 ). 

The formation of a stable [CaAc] - or [CaPr] ' complex (Nancollas, 1 976) may also be 

an important rnechanism of Ca absorption in the distal colon (Figure 7 . 3 ~ ) .  Ce11 

membranes have low permeability to highly charged ions [Cah-] and, therefore, it is likely 

that the less charged complex ion passes more readily through the cell membrane 

(Marshall, 1976). However. the affinity of the complex over the protonated Ac (HAc) 

or Pr (HPr) in passing through the colonocyte membrane is unknown. This study does 

not have enough evidence to support this rnechanism. 

In conclusion, Ca absorption from the human rectum and distal colon was linearly 

related to Ca concentration in the presence and absence of Ac and Pr indicating that it 

involves a non-saturable diffusion process at least over the range of concentrations 

studied. Ac and Pr are also absorbed by transport mechanisms influenced by Ca. This 

study is the first to show the kinetics of the interactive effects of Ca and Ac or Pr. 
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8. THE EFFECT OF UNABSORBABLE CARBOHYDRATE ON CALCIUM 

ABSORPTION FROM DAIRY PRODUCT IN HUMANS 

8.1 Introduction 

In Chapter 4? the in vitro study showed that fermentable fiber such as pectin reduced 

the release of Ca under the small intestinal conditions but released a significant arnount 

of Ca after fermentation while there was little or no effect on total Ca availability. In 

chapters 5 to 7, a series of rectal infusion studies demonstrated that Ca is absorbed in the 

rectum and distal colon and that SCFA stimulate Ca absorption. To support al1 of the 

above studies, this study determined, in humans, the influence of pectin on Ca absorption 

from milk under physiological conditions using two different stable isotopes of Ca: an 

intravenously administered isotope ( " ~ a )  to allow determination of the disappearance of 

Ca from the plasma cornpartment and an orally administered Ca isotope ( " ~ a )  to allow 

determination of Ca absorption. I t  is assumed that the early rise in Ca absorption denotes 

small intestinal absorption while a later rise in Ca absorption denotcs colonic absorption. 

8.2 Materials and Methods 

8.2.1. Subjects 

Five healthy fernale subjects (3Ok3.0 y; 55.w2.6 kg) who could tolerate the test meal 

( less stable isotope) and were not lactose intolerant were studied. Lactose intolerance was 

determined using the breath hydrogen test. Alveolar breath samples were collected at O. 

30, 60, 90, 120, 180 and 240 min afier the test food (66.1 g skimmed milk powder in 250 



mL of double distilled water containing 800 mg Ca) by having the subjects exhale down 

a 1 m long rubber tube attached to a 20-mL syringe. Breath hydrogen was analyzed using 

a Quintron Microlyzer (Mode1 DP, Quintron Instruments Co., Inc., Milwaukee, WI) and 

values rising over 20 ppm afier the test food was taken indicated carbohydrate 

malabsorption, i.e. lactose intolerance. 

8.2.2. Study Design 

The subjects were given a standard low fiber meal (spaghetti and sauce) the night 

before the study. After an overnight fast (12 h; no solid foods and no liquids allowed), 

subjects were then given an intravenous injection of '?a (0.1 mg/kg body weight). 

Immediately after, a test meal containing 50 g instant skimmed milk powder dissolved in 

150 mL of double distilled water labelled with (0.3 mgkg body weight) with or 

without 20 g pactin and 60 g of white bread was provided. *Ca was added to milk and 

allowed to rquilibrate for at least 12 hours at 4°C prior to administration. Double distilled 

water, Le. water without rninerals (250 mL) was providrd with the meal. The total Ca 

content of the meal was 654k0.4 mg for milk alone and 661.8k0.6 mg for milk plus 

pectin. Seven mL blood sarnples were taken at 0, 0.75, 1 S. 2.25, 3, 5 ,  8, 10, 12, 34. 34 

and 48 hours after the meal. Lunch consisting of turkey, salmon, or strawbeny jam 

sandwich. apple juice, and cookies was given after the 5th hour. Afier the 12th hour, a 

low fiber dinner consisting of spaghetti and sauce was given. Subjects were fasted 

ovemight for the 24th and 48th hour blood collection. The subjects ate their usual meals 

after the 24th hour but were asked to record their food intakes up to the 48th hour blood 



collection. The total amount of blood collected from each subjçct was 168 mL which is 

about 1/3 that of the normal volume when donating blood. Urine was collected and 

pooled by the subjects as follows: 0-3, 3-5, 5-8, 8-12 hours. After the 12-hour 

collection, urine samples were taken separately and labelled with the time of collection- 

8.2.3. Isotope Preparation and Analytical Techniques. 

Stable isotopes of Ca, "Ca and u ~ a ,  were obtained from the Trace Sciences 

International Corporation (Richmond Hill, Ontario, Canada). as the carbonates. '?a was 

obtained at 93% and * ~ a  at 97% enrichment. 

Sterile sarnples were prepared at - 3 rng/mL " ~ a  or 6 mg/mL ' ~ a  at the St. Michaels 

Hospital, Pharmacy Department, Toronto, Ontario, Canada. The carbonate salts were 

dissolved in 1 2N hydrochloric acid (HCl; Baker Analyzed, J.T. Baker Chemical Company. 

Phillipsbury, NJ, USA) and 10 mL of 0.45% NaCI (isotonie saline for injection) for "Ca 

or 1 mL of 0.90% NaCl for '?a was added and mixed well. Benzyl alcohol (1%; 

J.T.Baker Chernical Company) was added as a preservative. The pH of the solution was 

detennined and adjusted to pH 5.5 using IN  sodium hydroxide (NaOH; Fisher Scientific 

Inc., Springfield, NJ, USA). The solution was made to final volume gravimetrically 

(density=Ig/mL) with 0.45% ( U ~ a )  or 0.9% ( ' ' ~ a )  saline solution. The resulting solution 

was filtered using a sterile BD 60 cc syringe with a Millex GV sterile non-pyrogenic filter 

(Millipore Products Division, Bedford, MA, USA). Five mL aliquots of the solution were 

placed in a pre-sterilized 5-mL clear siliconized vials obtained from the National Institute 

of Health (NIH), Bethesda, Maryland, USA. A portion of the aliquot solution was tested 



for sterility at St Michael's Hospital, Toronto, Ontario, Canada and for pyrogenicity at the 

Associate of Cape Cod Inc.. MA, USA before use. 

Ca for isotope ratio analysis was extracted from serum and urine, using an oxalate 

precipitation technique described by Yergey et al ( 1980; 1990). Five to 6 drops of Ultrex 

ammonium hydroxide (J.T. Baker Co.) was added to 1-mL of semm or 5-mL of urine in 

an acid washed centrifuge tube and mixed. The pH of the solution was adjusted to pH 

9- 1 O using pH paper. A saturated solution of ammonium oxalate (pH 9.4; J.T.Baker Co.) 

was added to the serum ( 1.5 mL) and urine (5 mL) solution. The resulting solution was 

allowed to stand ovemighi. The next day the solution was crntrifuged at 2000 rpm for 

10 min. The precipitate was dried in a fumace first at 1 OOC for 30 min, then at 150'C 

for 15 minutes and finally 5OOC for 2 hr. After drying, the oxalate salt was dissolved 

in 100 uL nitric acid (Ultrex, J.T.Baker Chernical Co.). The samples were transferred to 

polypropylene microfuge tubes and sent to NIH for thermal ionization mass spectrometric 

analysis of " ~ a  and   a. A Finnigan MAT, Thermoquad THQ Mass Spectrometer 

(Finnigan MAT. San Jose. California, USA) was used in the dual filament mode for al1 

measurements. A 5 uL sample droplet (approximately 10 ug Ca) was loaded ont0 the 

"evaporation' filament and dried in two stages. The first stage used 1.5 amps for 

approximately 45 sec to remove the water fiom the solution. This yields a white 

crystalline precipitate in the center of the filament. The second stage required 1.9 amps 

for approximately 1 sec during which the filament glows a du11 red and the previously 

white precipitate changes to a pale yellow-green precipitate which firmly adheres to the 

filament. The sample filaments are loaded ont0 a 13 sample magazine which is placed 



inside the THQ Mass Spectrometer for analysis. Ions are produced by heating the 

uncoated 'ionization' filament to 3.5 arnps and the sarnples coated 'evaporation' filament 

to approximately 2 amps. Under these circumstances, about 4 x 10" arnps *Ca were 

observed using the electron multiplier detector. Measurements were made under cornputer 

control, first by adjusting the physical position of the sample magazine and then by 

optimizing the lens potentials in the ion source. Ion signals for al1 Ca isotopes except 

"Ca were then measured at the center of the peak tops for fixed times. The order of 

measurement and fixed sampling times were: 4,4,4,8,4 sec. for "~a, " ~ a ,  "Ca, " ~ a  and 

48 Ca, respectively. Isotope ratios were calculated for each scan relative to "Ca and 

corrected for fractionation by using the deviation of 4 3 ~ d x ~ a  ratio from natural 

abundance. This correction allows one to compensate for the differential rates of isotope 

evaporation from the filament, and the observed '"caP8ca ratio was typically within 1% 

of the natural abundance ratio. The controlling software averaged sets of 10 scan ratios 

and a typical tilament was used to obtain 2 sets of 10 scan blocks. Interscan. interblock 

and interfilament reproducibility were typically within 1.5% of each other. Typical 

measurement time for 2 of the 10 scan blocks is about I O  min. 

Food, serum and urine were analyzed for total Ca by atomic absorption sprctrometry 

as described in the general methods (chapter 3). 

8.2.4. Data Calculation and Statistical Analysis. 

8.2.4.1. Calculation of A % excess of natural abundance isotope ratios. 

A% excess = 100 x (observed ratio - natural abundance ratio) 
natural abundance ratio 



A% excess for " ~ a  = 100 x (observed ''caf8ca - na '"~af'ca) 
na ''c~Pc~ 

A% excess for UCa = 100 x (observed %ifRCa - na U ~ a / 4 R ~ a )  
na % t P ~ a  

na = natural abundance 

na "cdsca, ratio of natural abundance = 3.4276 

na UCaT<YCa, ratio of natural abundance = 1 1 .O341 

8.2.4.2. Calculation of Fractional Ca Absorption. 

Fractional Ca absorption was calculated using <rz4 as follows (Yergey et al, 1994; 

Gibaldi and Perries, 1982): 

a?, = AUC (oral administration recovered in urine) 
AUC (intravenous administration recovered in urine) 

where AUC = area under the curve [fraction of dose] fiom 0-24 hours. 

The oral and intravenous label were calculated from the A% excess of "?a and " ~ a  

described above. 

8.2.3.3. Calculation of percent completion of Ca absorption showing cornparisons 

between milk and milk plus pectin at different tirnes. 

Fractional Ca absorption data (urinary cumulative A % excess ratio of "cIiI"~a) were 

pooled as foliows: 0-3, 3-5. 5-8, 8-12, 12-24, 24-36 and 36-48 hours. The data were 

nomalized as a percentage of the highest fractional Ca absorption obtained ( 12-24th hour 

for milk and 24-36th hour for milk plus pectin). The incremental differences of 

absorption for each time from the two treatments were determined to differentiate the Ca 



absorbed in the mal1 intestine and colon. 

8.2.4.4. Statistical Analysis 

Results were expressed as meankSEM. Differences in Ca absorption between 

treatrnents and time were determined by a two-way repeated measures General Linear 

Mode1 and Tukey's Studentized Range Test using Statistical Analysis System (SAS 

Institute Inc., Cary, NC). 

8.3. Results 

The mean age. weight and height of the subjects are provided in Table 8.1. The Ca 

intakes of al1 subjects were 654k0.5 and 66150.6 mg Ca for milk and milk plus pectin, 

respectively, with an oralUca and intravenous " ~ a  dose of 16.810.8 and 5.6*0.3 mg Ca 

respectively (Table 8.1). The fractional Ca absorption, estimated from the urine for 

al1 subjccts from milk (0.15k.02) was significantly greater than that from milk plus pectin 

(0.1 1k.0 1 ; P<0.05; Table 8.2). The A % excess of " ~ a  and +'Ca did not differ 

significantly between treatrnents except for 0-3 hours for the urinary " ~ a  data and 0.75 

hour for the semm "Ca data (P<0.05; Table 8.3). The curve of " ~ a  for both treatments 

exhibited an exponential decay with R' of 0.990 and 0.978 for milk and milk plus pectin, 

respectively, for the urinary data and 0.993 and 0.996 for milk and milk plus pectin, 

respectively for the serum data (Figure 8.1). The A % excess of WCa for the urinary data 

for milk alone showed a peak at 3-5 hours and plateaued at 5-24 hours and slowly went 

down until 36-48 hours (Figure 8.2). Milk plus pectin showed a peak at 5- 12 hours and 



Table 8.1. Calcium intake of subjects (n=5). 

Subject Age Weight Height Calcium intake (mg) Oral Dose IV Dose 

Y kg m Milk Milk+Pectin mg " ~ a  mg " ~ a  



Table 8.2. Fractional absorption of dietary calcium determined by <Y?, (n=5). 

Subject Milk Milk + Pectin 

*Signifîcant differences between treatments at Pc0.05 



Table 8.3. MeandSEM A % excess for urinary and serum " ? ~ a  and *Ca 
fiom milk and milk plus pectin for a11 subjects (n=5). 

Milk Milk plus Pectin 

Time (hr) 'Ta " ~ a  " ~ a  W ~ a  

Urinary 

0-3 
3-5 
5-8 
8-12 
12-24 
24-36 
36-48 

Semm 

0.75 
1.50 
2-25 
3.00 
5.00 
8.00 
10.00 
12.00 
24.00 
34.00 
48.00 

abcdefg signifies differences between time for each treatrnent in a column 
at P<0.05. 
* significantly different between treatrnents in a row. 



Time fhourd 

Figure 8.1. Unnary @)and senirn (B) 1 n/o excess of "'Ca from 

miLk and milk plus pectin at diffirent times (n=j). 



Figure 8.7. Urinary (A) and serurn (B) i\ % excess of *Ca from 

milk and milk plus pectin at different times (n=j). 



slowly went down at 36-48 hours. The A % excess for UCa (serum data) showed two 

peaks for milk alone at 5 and 12 hours which did not differ significantly while the 

treatment with pectin showed a peak at 5-8 hours. The peak at 5 hours for milk and milk 

plus pectin did not differ significantly. 

The fractional absorption data showed significant differences between the two 

treatments for a11 times (P<0.05; Table 8.4; Figure 8.3). To compare the pattern of 

absorption of the two treatments showing the small intestinal and colonic absorption of 

Ca, the percent incrernental differences of completion of Ca absorption was calculated 

(Table 8.5). It was observed that Ca absorption from milk alone was greater than that 

from milk plus pectin at 0-3 hours while at the later hours that is 3- 12 hours and 24-36 

hours. Ca absorption from miIk plus pectin was greater than that from milk alone (Figure 

8.4). At 12-24 hours, Ca absorption from milk alone was greater than milk plus pectin. 

Estimates ofthe small intestinal plus colonic absorption can be calculated from the 

above results. For milk alone, if the total fractional Ca absorption was 0.15 (Table 8.2) 

and the total Ca intake was 654.4 mg (Table 8.1). then the total Ca absorbed wouid be 

98.2 mg. For milk plus pectin, if the total fractional Ca absorption was 0.1 1 and the total 

Ca intake was 66 1.8 mg, then the total Ca absorbed would be 72.8mg. 

Considering previous studies (Haboubi et al. 1988; Jenkins et al, 1978; Magee and 

Dalley, 1986), and the pattern of incrernental Ca absorption from the urinary data (Figure 

8.4; Table 8.5) it can be assumed that 0-5 hours will denote small intestinal Ca 

absorption, 5-8 hours as either colonic absorption or colonic absorption plus lower small 

intestinal absorption, and 8-48 hours colonic Ca absorption. Thus the percent Ca absorbed 



Table 8.4. MeanskSEM fractional Ca absorption from milk and milk plus 

pectin at different times for al1 subjects (n=5). 

Time Milk Milk plus Pectin 

abc signifies differences between time for each treatment in a column at 

P<O.OS. 

*significant differences between treatrnent in a row at Pc0.05. 



61 milk 

i m i l k + p e c t i n  

Figure 5.3. Fractional Ca absorption from milk and milk 

pectin at different times (n=5). 



Table 8.5. Percent completion o f  fractional Ca absorption from miik 

and milk plus pectin for al1 subjects at different times (n=5). 

- -  

% Cornpletion Incrernental Di fferences 

Milk Milk plus Pectin Milk Milk plus Pectin 

- - - - - - - - - - - 

* S igni ficant differences in incrernental di fferences caiculated from % complet ion 

between treatments in a row at P4.05. 

Incremental difference is the difference between % completion o f  two different 

times i.e. t, - t ,  as in 53.9-49.7=4.2 (for miik). 



T i m e  (hours) 

Figure 8.4. Percent incremental completion of fractional Ca 

absorption showing cornparisons between m ilk 

and milk dus oectin at different times (n=5). 



fiom milk could be 53.9 (i.e. 49.7+4.2; Table 8.5) and 46.1 for srnail intestine and colon, 

respectively. For milk plus pectin, the percent Ca absorbed would be 42.8 (Le. 75.0+ 17.8; 

Table 8.5) and 57.2 for small intestine and colon, respectively. The absolute amount of 

Ca absorbed fiorn milk would be 52.9 and 45.3 mg in the small intestine and colon. 

respectively. while from milk plus pectin, Ca absorbed would be 31.2 and 47.0 mg, 

respectively. If the 5-8 hours include absorption in the ileum, however, then the colonic 

component as estimated above may be overestimated. 

8.4. Discussion 

This study has clearly shown that fermentable fiber such as pectin reduced the total 

Ca absorption; pectin caused a greater amount of Ca released in the later time and is 

assumed to be absorbed in the colon. 

Small intestinal transit time. from mouth to cecurn. for a liquid rneal was estimated 

to be around 2 hours for young healthy adults and 3 hours for healthy elderIy adults 

(Haboubi et al, 1988). Jenkins et al ( 1978) has approxirnately the same estimation for a 

liquid meal (2 hours) but also observed a delay in transit time by 75, 30 and 15 min, 

respectively with dietary fibers such as par,  tragacanth and pectin. An average size 

meal was estimated to reach the terminal ileum in about 4 hours with most of the delays 

occuming in the colon and cecum (Magee and Dalley, 1986). This study used a liquid 

meal with and without pectin plus white bread, therefore, the estimated transit time may 

be similar to the studies described above, i.e. about 3-5 hours. 

Ca from milk alone was absorbed rapidly during 0-3 hours and less rapidly at 3-5 



hours. Addition of pectin to milk caused a reduction in Ca absorbed at 0-3 hours but a 

greater Ca absorption than from milk alone at 3-5 hours. This suggests that pectin slowed 

down the absorption of Ca in the upper small intestine probably due to its viscosity and/or 

binding with Ca to forrn an insoluble complex. An increase in Ca absorption was again 

observed at 5-8 hours for both treatments with values for milk plus pectin signiticantly 

greater than that for milk (P40.05; Figure 8.4). As part of the meal rnay have entered 

the colon during the 5-8 hour period, the increased absorption for both treatmcnts at this 

time period could be a consequence of Ca absorption that took place in the ileum a d o r  

in the colon following fermentation of the pectin and lactose that reached the colon. 

Lactose in milk could have enhanced Ca absorption at the 5-8 hour period (Arnbretch, 

1987; Buchowski and Miller, 1991; Miller, 1989). It has been shown ta facilitate the 

paraceilular transport of Ca in both proximal and distal small intestinal segments but more 

so in the ileum where active transport is negligible (Ambretch, 1987). 

The lactose not hydrolyzed and absorbed in the small intestine and pectin may have 

been fermented in the colon and produced SCFA which influenced the absorption of Ca 

(Chapter 5-7). Previous studies have shown the production of signiticant arnounts of Ac 

and Pr from fermentation of pectin (Chapter 4) and the enhancing effect of Ac and Pr on 

Ca absorption (Chapter 5-7). Although the assessrnent of the exact time Ca reaches the 

colon is difficult, the increase in Ca absorption observed at the 5-8 hours period and the 

slow extended release of Ca at the later time (12-23 hours for milk and 24-36 hours for 

milk plus pectin; Figure 8.4) may reflect fermentation and release of Ca for colonic 

absorption. 



The use of stable and radioisotopes as tracers to rneasure fractional Ca absorption 

corn fooddrneals has been established (Yergey et al, 1994; Bronner et al, 1962). 

However, most studies have made assumptions that Ca is absorbed in the small intestine. 

A study on the time course of Ca absorption from milk in humans using radiolabelled Ca 

(oraihtravenous) showed an 80.9% completion of Ca absorption in 3 hours and 95.8% 

in 7 hours (Barger-Lux et al, 1989). The remaining 4.2% was absorbed in a slower late 

component which was cornpleted by 23-26 hours. A different pattern of absorption was 

observed in this study. The difference in results may be attributed to sample size and 

nature of subjects in the study. This study was done in five normal premenopausal 

subjects while the above study was done in a population at risk for osteoporosis in 155 

subjects, some of which were premenopausal or perimenopausal receiving estrogen or 

postmenopausal not receiving estrogen. According to the above investigators (Barger-Lux 

et al. 1989), absorption of Ca was higher in the estrogen-replete subjects. However. the 

fractional Ca absorption of milk obtained frorn the above study (0.156) for the low 

absorbers of Ca was similar to the ones obtained from this study (0.15). This value was 

also in the range of similar studies done on Ca absorption from milk (0.13 - 0.26; Recker 

et al, 1988; Smith et al, 1985). 

According to results ofthe present study, pectin reduced the total (small intestine 

and colon) Ca absorption from milk by 27%. Our previous in vitro study did not show 

any significant reduction in Ca absorption from milk plus pectin or from the basal diet 

of milk, cheese, apple juice and white bread plus pectin (Table 4.1; Chapter 4). 

However, the in vitro study estimated the Ca released from the small intestine and colon 



that could only be potentially absorbed. The unabsorbed Ca may have bound with other 

constituents in the colon such as bile acids and fatty acids to form soaps (Wargowich et 

al. 1984). Other investigators have shown that pectin did not alter total Ca absorption but 

provided no explanation for this lack of effect (Curnings, 1979, Kies, 1985; Munoz and 

Harland, 1993). The present study may have had a different effect on Ca absorption if 

pectin was fed for longer than a day. 

In conclusion, this study has shown for the first time in humans that Ca in the 

presence of fermentable fiber such as pectin reduces the total Ca absorption but causes a 

significant amount of Ca assumed to be available for absorption in the colon. 



CHAPTER 9 

GENERAL DISCUSSION AND CONCLUSION 



9. GENERAL DISCUSSION AND CONCLUSION 

Dietary tiber is important in our diet but different sources of fiber c m  interfere with 

the absorptive processes in the small intestine and colon. Some fibers inhibit the 

absorption of minerals in the small intestine by forming insoluble complexes with the 

minerals or by entrapping them due to their viscosity. However, it is hypothesized that 

the tiber that reaches the colon is fermented and releases the minerais for potential 

absorption. Also, the product of fiber fermentation (SCFA) can in tum influence the 

absorption of these minerals. 

Fermentable fibers such as pectin and guar gum and oligosaccharides such as lactulose 

did not affect the absorption of Ca (Cummings et al, 1979, Allen, 1982. Ohta et al, 1995). 

However, the role of SCFA on Ca absorption has not been hlly investigated. Although 

studies in rats showed an enhancing effect of Ac and Bu on Ca absorption (Lutz and 

Scharrer. 199 1)  this has not been demonstrated in humans. In the presence of fiber. the 

arnount of Ca that reaches the colon and gets absorbed is also unknown. 

Thus, the focus of the present study was to determine using a variety of techniques, 

the arnount of Ca that reaches the colon and whether Ca is absorbed there, particularly 

in the presence of SCFA. The first study used an al1 in vitro method which sirnulated the 

conditions that prevail in the small intestine and colon to estimate the amount of Ca 

release. The test was done on basal diets containing dairy products as well as single dairy 

foods in the presence and absence of unabsorbable carbohydrates such as lactulose, pectin, 

psyllium and cellulose. Results showed that except for lactulose. al1 of the above 



carbohydrates reduced the release of Ca in conditions found in the small intestine by 16- 

27% (Table 4.1 and 4.3). The more fermentable pectin caused a significant incrciase in 

the proportion of Ca released in the colonic conditions ( 13-3 1 %; Table 4.1 and 4.3) while 

the less fermentable psyllium and cellulose continued to bind with Ca. Thus, the in vitro 

method has shown that a large arnount of Ca c m  be released in the srnaIl intestine but 

significant proportions of Ca can also be released after fermentation especially in the 

presence of fermentable fiber. 

Very little is known regarding how much of the released Ca would actually be 

absorbed in the colon. Although Zn and Ca absorption in the colon has previously been 

reported to be 4% and 14%, respectively, the study was done in subjects whose colons 

were cleaned by an enema, Le. undigested residues as well as SCFA were not present in 

the colon (Sandstrom et al. 1986). To further investigate the absorption of Ca in the 

human distal colon in the presence and absence of SCFA. a series of studies wcre done 

using the rectal infusion method. The first study determined the serum Ca response as 

an index of Ca absorption after infusion of two different concentrations of Ca and SCFA 

(a mixture of Ac and Pr in 3: 1 molar ratio). The serum Ca response was signiticantly 

increased in the presence of SCFA suggesting increased colonic Ca absorption. However, 

the presence of Ca decreased the serum Ac response. Since senim Ca is an indirect 

measure of Ca absorption and also the SCFA used in this study was a mixture of Ac and 

Pr. the next study directly measured Ca absorption by estimating the Ca disappearance in 

the presence and absence of Ac or Pr from the rectum and distal colon with poiyethylene 

glycol as an unabsorbable marker. Results supported the previous study i.e. Ac and Pr 



enhanced Ca absorption. At higher concentration, Pr was more effective than Ac in 

enhancing Ca absorption. Ca alone (50 mmoYL) enhanced Ac absorption but, in the 

presence of Pr, Ac absorption was reduced (Figure 6.5). This is similar to the result 

obtained from the previous study; Ca reduced the semm Ac response in the presence of 

Pr (Chapter 5; Table 5.2). Similady, Pr alone ( 1 8.7 mmoVL) enhanced Ac absorption. 

This showed that without Ca, competition between Ac and Pr absorption may not be 

possible. 

The above findings addressed the need to investigate further the kinetics of Ca 

absorption in the presence and absence of Ac or Pr. Different concentrations of Ca with 

and without Ac or Pr were rectaIIy infùsed in huma.  subjects. Results showed that Ca 

absorption was linearly related to Ca concentration with and without Ac or Pr indicating 

a non-saturable diffusion transport process involving a Ca/H exchange rnechanism similar 

to the ones suggested by Lutz and Scharrer (1 99 1). Also, this study showed that Ca 

stimulated the absorption of Ac and Pr when they were present at higher concentrations 

(56.3 mmol/L). In the presence of Ca, Ac and Pr absorption probably refiected the sum 

of two absorptive mechanisms: (a) a carrier mediated saturable anion exchange process 

(Binder and Mehta, 1989; Fleming et al, 199 1 ; Harig et al, 1987; Mascalo et al, 1 990; 

Ruppin et al, 1980; Titus and Ahearn, 1992) with Ac at lower concentrations of Ca and 

with Pr at higher concentrations of Ca and (b) a non-saturable diffusion process (Bugaut, 

1987; Fleming et al, 199 1 ; Rechkemrner and Engelhardt, 1988; Rimrner and Wiebe, 1987) 

with Ac at higher concentrations of Ca and with Pr at lower concentration of Ca. Despite 

these mechanisms of Ac and Pr absorption at different concentrations of Ca, the linear 



relationship between Ca absorption and Ca concentration was not affected. This was 

probably due to the fact that bicarbonate production which is involved in the saturable 

transport of Ac or Pr builds up protons (H') which are associated with die CdH exchange 

process (Figure 7.3). This study is the first to show the kinetics of the interactive effects 

of Ca and Ac or Pr. 

The last experimental approach was a feeding study designed to determine in humans 

the influence of pectin on Ca absorption fiom milk using two stable isotopes of Ca. 

Again. it was observed that Ca was absorbed in both the small intestine and colon. 

Estirnates showed that 53.9% of the total Ca absorbed fiom milk was absorbed in the 

small intestine and 46.1% in the colon. In the presence of pectin, 42.8% of Ca was 

absorbed in the small intestine and 57.2% in the colon. However, in contrast with the in 

vitro study (Chapter 4) a reduction in Ca absorption was observed in the presence of 

pectin. The in vitro study estimated the arnount of Ca released in both the small intestine 

and the colon that could potentially be absorbed. Some of the unabsorbed Ca in the 

colon may have bound with other constituents present in the colon, such as bile acids and 

fatty acids and excreted as such (Wargowich et al, 1984). Nevertheless. the oral feeding 

study has shown that pectin slowed down the absorption of Ca in the small intestine but 

a significant amount of Ca was assumed to be absorbed in the colon. 

It was shown from the rectal infusion study that at higher concentrations of Ac and 

Pr, Pr was more effective in enhancing Ca absorption. Pectin produces more Ac than Pr 

(Table 4.2 and 4.4). Other sources of fermentable fiber and/or complex carbohydrates 

that produced more Pr than Ac rnay better enhance the total Ca absorption. It is also 



interesting to note that different ratios of SCFA produced after fermentation of different 

fiber sources may influence Ca absorption. The in vitro study showed that 34% and 44% 

of the total Ca released fiom the basal diet alone and basal diet plus pectin. respectively, 

can be potentially absorbed in the colon. The rectal infusion study showed that 6% and 

30% of the total arnount of Ca infused in the colon was absorbed from the treatment 

without and with Ac or Pr, respectively. The oral feeding study with stable isotopes of 

Ca showed that 46.1% and 57.2% of the total Ca absorbed from milk and milk plus 

pectin, respectively, may be assumed to occur in the colon. The difference in the percent 

of the total Ca absorption from the rectal infusion and oral feeding study from the 

treatment without pectin or Ac or Pr can be explained by the difference in the source of 

Ca in the study. The rectal infusion study used Ca chloride and the oral feeding study 

used milk as the source of Ca. Although studies have shown that different sources of Ca 

did not differ significantly in their total Ca absorption (Recker et al, 1988; Heaney et al, 

1958), these studies did not differentiate the absorption of Ca in the srnaIl intestine and 

colon. Moreover, the assumed absorption of Ca in the colon from the oral feeding study 

may be a slight overestimation if at the 5-8 hour period afler feeding. Ca absorption took 

place in the ileum in addition to the colon following fermentation of the pectin and lactose 

that reached the coton. 

Overall this study was the first to demonstrate the absorption of Ca in the human 

colon in the presence of fermentation products Le. SCFA. It also quantified for the first 

time the arnount of Ca in dairy products absorbed in the small intestine and assumed to 

be absorbed in the colon in the presence of fermentable fiben such as pectin. 



This study has several implications. Since Ca rnay be released and absorbed in the 

colon, in vitro methods for mineral availability measurements that simulate small intestinal 

conditions alone may underestimate the total release of minerals under investigation. In 

vitro methods should include colonic fermentation such as the one used here to better 

estimate the total absorption and site of absorption of rninerals. The rectal infusion 

method used in this study can be a good mode1 for studying colonic absorption of other 

minerals, i.e. magnesium, zinc and iron. The oral feeding technique, with stable isotopes 

of Ca, can measure the absorption of Ca in the small intestine and colon. This study is 

limited by the fact that it did not provide direct evidence that pectin formed an insoluble 

complex in the srnall intestine or that it undenvent fermentation which caused the release 

of Ca for absorption in the colon. Assumptions were made based on the previous in vitro 

and rectal infusion studies. This study was not able to directly show the transport of Ca 

into the colonic cells. Assumptions were based on the increased Ca absorption in the 

presence of Ac or Pr. The absorption of Ac or Pr has been proposed to release protons 

in exchange for Ca for absorption. 

The release of a significant amount of Ca in the colon after bacterial fermentation 

may have some important physiological implications. Ca is needed to maintain the rate 

of cell turnover of intracellular structures such as organelles and chromatin (Lipkin and 

Newmark, 1985; Lewis LH, 1995; Berger et al, 1991). An extensive change in 

intracellular Ca concentration can lead to changes in physiological behaviour of the ce11 

(Campbell, 1990). A rise in cytosolic Ca can cause ce11 aggregation, ce11 transformation. 

cell division and activation of intennediary metabolism which are related to ce11 



proliferation (Nordin, 1988). Extensive ce11 proliferation has also been associated with 

increased cancer risk (Lewis, 1995; Lipkin and Newmark, 1985; Bird and Bruce, 1986). 

Therefore Ca absorption in the colon may help maintain colonic health but extensive 

absorption may also be damaging to the colon. Ca released from its complex with dietary 

fiber after fermentation can bind with bile acids rendering them insoluble and less 

damaging to the colon (Wargowich et al, 1984); bile acids are thought to enhance ceil 

proliferation and risk of carcinogenesis (Bird et al, 1986; Bird and Bruce, 1986). 

Although this study has shown the interactive effects of Ca, Ac and Pr on absorption. very 

little information is available regarding their interactive effects on colonic health. Studies 

on the interactive efTects of Ca and SCFA on the growth, differentiation and health of 

normal or cancerous human colon cells is necessary to predict their adverse or protective 

effec ts. 

In conclusion: 

a. Using the in vitro method, it is concluded that the presence of fermentable 

carbohydrates has little or no effect on total Ca availability; it tends to shift the Ca 

released from the small intestine to the colon for potential absorption. 

b. Using the rectal infusion rnodel, it is concluded that: 

i. short chain fatty acids enhance Ca absorption and Ca reduces the serum Ac 

response in the human distal colon 

ii. Ca is absorbed in the rectum and distal colon of hurnans. Both Ac and Pr 

enhance Ca absorption, with Pr being more effective. 

iii. Ac absorption in the rectum and distal colon of man is enhanced by the 



presence of either Ca or Pr but not both. Pr absorption is not affected by the presence 

of Ac or Ca or both. 

iv. Ca absorption in the human distal colon is linearly related to Ca concentration 

either alone or in the presence of Ac or Pr indicating that it involves a non-saturable 

diffusion process. Ac and Pr are also absorbed by transport mechanisrns influenced by 

Ca. 

c. Using a feeding study with stable isotopes of Ca, the presence of fermentable 

fiber such as pectin reduced the total Ca absorption but shifted a significant release of 

Ca assumed to be absorbed in the colon. 

Overall, Ca is absorbed in the human distal colon and short chain fatty acids 

produced from fiber fermentation enhance Ca absorption. 
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