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ABSTRACT

Carbohydrates that bypass digestion in the small intestine and are fermented in the
large intestine may affect the absorption of certain minerals. A study was
conducted to determine the effect of varying dietary concentrations of
fructooligosaccharides (FOS) on the apparent digestibility and balance of certain
macro and trace minerals. Forty growing male Sprague-Dawley rats were
assigned one of four treatments: 1) purified diet (control); 2) purified diet + 1%
FOS; 3) purified diet + 3% FOS; or 4) purified diet + 5% FOS. Rats were
acclimated to their metabolic cages for 5 d, after which they were subjected to a
10-d growth period, followed by a 7-d balance period in which diets were
restricted to 90% ad libitum intake of the lowest consuming rat. Cecal pH
decreased (P < 0.01) as dietary FOS concentration increased, reflecting an
increase in cecal short-chain fatty acid concentration. In addition, FOS
supplementation increased (P < 0.01) fecal N excretion, although N balance was
similar among groups. Apparent absorption of Mg increased linearly (P < 0.01)
as FOS concentration increased in the diet; however, Mg balance (mg/d) was
similar (P > 0.10) across treatments. The macrominerals (Ca, P, Mg, Na, Cl, K)
and trace minerals (Cu, Fe, Mn, Zn) were in a positive balance for all
experimental treatments. However, Cu absorption decreased with increasing FOS
concentration. This may be explained by an increase in fecal microbial mass
which would contain a relatively significant amount of Cu or by an increase in
hepatic bile Cu excretion. These results suggest that dietary FOS alters acute Cu
metabolism in growing rats.
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INTRODUCTION

Over the past decade, the role of dietary fiber in a "healthy" diet has come into fruition.
Certain dietary fibers have been suggested to: provide bulk to the stool, decrease intestinal transit
time (e.g., relieve constipation), attenuate glycemic response, improve cholesterol and lipid
metabolism, and reduce the risk of colon cancer. The Life Sciences Research Office, Federation
of the American Societies for Experimental Biology (1) recommends that we consume between
20 to 35 g of total dietary fiber daily of which 70 to 75% should be insoluble and 25 to 30%,
soluble. According to Cummings (2), the total amount of carbohydrate available for
fermentation in the colon ranges from 21 to 76 g/d. In order to supply the carbohydrate to the
colon, as recommended in a healthy diet, dietary fiber must be incorporated into the diet. Many
fibrous food ingredients that serve as a source of fermentable carbohydrate (e.g., dietary fiber) in
prepared foods are not very palatable. Therefore, novel fiber ingredients should be identified to
meet consumers' needs. One such ingredient is fructooligosaccharides [FOS; a mixture of
1-kestose, nystose, and 1°-B-fructofuranosyl nystose], which are indigestible by human enzymes
in the small intestine but extensively fermented almost exclusively by bifidobacteria that inhabit
the large bowel (3, 4). Using healthy human subjects fed 20.1 g FOS/d, Molis et al. (5)
determined that the FOS reaching the colon was completely fermented by the colonic microflora.

It has been reported that the large bowel (cecum and colon) plays a role in mineral
absorption. Ohta et al. (6, 7) found that FOS supplemented at 5% of the diet increased the
absorption of Ca and Mg in normal rats; however, FOS increased the absorption of Mg but not
Ca in cecectomized rats. In a Mg-deficient rat model, Ohta et al. (8) found a significant increase
in the apparent absorption of Mg, but not Ca or P, for animals fed diets containing 5% FOS.
Furthermore, in a Fe-deficient, anemic rat model (9), dietary supplementation with 5% FOS
improved absorption of Fe, Ca, and Mg. It is not known if lower dietary concentrations of FOS
have similar beneficial effects. The present study was conducted to evaluate the effect of FOS
incorporated at several dietary concentrations (0, 1, 3 and 5 g/100 g) on apparent mineral
digestion and balance in growing rats. The primary objective was to determine the dose response
effect of FOS on apparent digestion and balance of Ca, P, Mg, Na, Cl, K, Cu, Fe, Mn and Zn.

MATERIALS AND METHODS

Animals

Forty growing male Sprague-Dawley rats (5 wk old; 104 + 4.4 g, mean + SD) were
purchased from Harlan Sprague Dawley, Inc. (Indianapolis, IN). Rats were individually housed
in metabolic nalgene-stainless steel cages in an environmentally controlled room (25°C and
12:12 light-dark cycle) and allowed free access to double distilled, deionized water. To avoid
mineral contamination, all materials (e.g., cages, collection devices, etc.) were washed with
double distilled, deionized water daily. The animal use protocol was reviewed and approved by
The Ohio State University Animal Care Committee.
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Diets

Rats were assigned among one of four treatments (10 rats/treatment). Treatments
included: 1) purified diet (control; AIN-93G powder); 2) purified diet + 1% FOS; 3) purified diet
+ 3% FOS; or 4) purified diet + 5% FOS. Fructooligosaccharides were added to replace sucrose
in the control diet. The overall composition of the experimental diets are shown in Table 1.
Diets were manufactured by Harlan Teklad (Madison, WI). Fructooligosaccharides were
obtained in powder form, > 95% FOS (Golden Technologies Company, Inc., Westminster, CO).

TABLE 1

Composition of Experimental Diets (g/kg)

Dietary concentration of FOS*, %

Ingredient 0 1 3 5
Casein 200 200 200 200
L-cystine 3 3 3 3
Corn starch 397.486 397.486 397.486 397.486
Maltodextrin 132 132 132 132
Sucrose 100 90 70 50
Soybean oil 70 70 70 70
Cellulose 50 50 50 50
Mineral mix (AIN-93G-MX) 35 35 35 35
Vitamin mix (AIN-93-VX) 10 10 10 10
Choline bitartrate 25 2.5 2.5 25
Tert-butylhydroquinone 0.014 0.014 0.014 0.014
FOS* 0 10 30 50

*FOS = fructooligosaccharides.

Experimental design

The duration of the study was 27 d, during which rats had free access to double distilled,
deionized water. Feed intake, water intake, and body weight was determined daily throughout
the experiment. Rats were acclimated to their metabolic cages for 5 d. During this time they had
free access to the control diet. On d 6, animals were weighed and assigned to dietary treatments
such that each group had a similar mean initial body weight and weight distribution. During d 6
through 17, rats were given free access to their treatment diets. During d 18 through 27, rats
received diets at 90% of the ad libitum intake of the lowest consuming rat in the previous phase
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(average of d 13, 14 and 15). This was conducted to insure dietary intake would be similar
among rats. Total feces and urine were collected daily (d 20 through 27; balance phase), stored
in a refrigerator and pooled separately among individual animals for analysis. Urine was
collected in plastic bottles containing 1 mL of 2 g/L sulfuric acid, to minimize bacterial growth
and ammonia loss. Feed, feces and urine were analyzed for dry matter (except urine), Kjeldahl N
(10), and mineral composition. Apparent digestibilities of dry matter, N and minerals and
balance of N and minerals were calculated. On d 27, rats were killed by carbon dioxide
asphyxiation. Cecal contents were immediately removed and pH measured by electrode.
Sample pH was determined on wet cecal contents following the preparation of a 1:5 dilution with
double distilled, deionized water.

Mineral analysis

Minerals (Ca, P, Mg, Na, K, Cu, Fe, Mn, Zn) were analyzed using an Inductively
Coupled Plasma (ICP) spectrometry method (The Ohio State University Research-Extension
Analytical Laboratory, Ohio Agricultural Research and Development Center, Wooster, OH) after
dry ashing according to AQAC (10). Urine was analyzed directly on ICP. Chloride was
determined by a titration method (11). Trace minerals (Cu, Fe, Mn, Zn) in feed samples only
were analyzed by ICP at Ross Products Division (Columbus, OH). Apparent mineral absorption
and balance were calculated by the following formulas:

Apparent mineral absorption, % =
[(mineral intake - fecal mineral excretion) / mineral intake] x 100%

Apparent mineral balance, unit/d =
(mineral intake - fecal mineral excretion) - urinary mineral excretion

Apparent mineral balance, % absorption =
[apparent mineral balance in unit-d" / (apparent mineral absorption x mineral intake)] x 100%

Apparent mineral balance data are also presented as a percent of absorption. This expression
allows the evaluation of the rat's response to the absorbed mineral (e.g., if the apparent intestinal
absorption is low, does the body respond by decreasing urinary excretion?).

Statistical methods

All data were analyzed as a completely randomized design by analysis of variance using
the General Linear Models procedure of SAS (12). Treatment effects were tested using the
following contrasts: 1) linear, 2) quadratic, and 3) control versus the average of 1, 3, and 5%
FOS. Coefficients for the linear and quadratic contrasts were adjusted for unequally spaced
treatments according to Steel and Torrie (13).
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To verify the level of FOS in dietary treatments, diet samples were collected and sent to
the University of Illinois (Champaign-Urbana) for analysis using ion chromatography (14).
Percentage FOS for treatment 1, 2, 3, and 4 were 0, 0.86, 3.30, and 4.93, respectively. These
values conform well with the target values of 0, 1, 3, and 5%.
compositions are presented in Table 2. The Cu and Fe concentration of diets (dry matter basis)
were slightly below the estimated minimal nutrient composition of AIN-93G as determined by

Reeves et al. (15); however, all other minerals met or exceeded this estimate.

TABLE 2

Dietary N and mineral

Analyzed Nitrogen and Mineral Composition of Diets Fed to Growing Rats

Dietary concentration of FOS*, %

Nutrient 0 1 3 5
unit/g diet dry matter

N, mg 29.28 29.42 29.31 28.33
Ca, mg 5.88 5.67 5.73 5.70
P, mg 3.49 3.51 3.51 3.52
Mg, mg 0.66 0.65 0.65 0.64
Na, mg 1.38 1.38 1.38 1.34
Cl, mg 1.89 1.89 1.89 1.81
K, mg 3.96 4.12 3.97 3.95
Cu, pg 6.35 5.64 5.86 6.40
Fe, ug 463 44.8 49.9 46.6
Mn, pg 11.5 11.5 11.6 12.0
Zn, ug 443 432 45.8 452

*FOS = fructooligosaccharides.

Performance

Dry matter intake, water intake, and average daily gain did not differ (P > 0. 10) among
treatment groups during the ad /ibitum intake phase (d 6 to 17; Table 3). However, feed
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efficiency was affected quadratically (P = 0.02), primarily because of a lower feed efficiency for
rats consuming 5% FOS.

TABLE 3

Performance and Dry Matter and N Metabolism by Rats Fed Varying Concentrations of
Fructooligosaccharides (FOS)*

Dietary FOS concentration, % Probability of contrasts
Control
Item 0 1 3 5 SEM Linear Quadratic vs. FOS
6 to 17 d, ad libitum feed intake
Dry matter intake, g/d 162 162 163 17.0 04 NS NS NS
Average daily gain,g 729 7.34 734 694 0.15 0.10 NS NS
Feed efficiency, g/g 0.450 0.452 0451 0412 0.008 <0.01 0.02 NS
Water intake, mL/d 224 218 216 220 08 NS NS NS

18 to 27 d, restricted feed intake

Dry matter intake, g/d 133 133 134 135 0.1 0.03 NS NS
Average daily gain,g 240 279 2.67 264 0.12 NS NS 0.04
Feed efficiency, g/g 0.180 0.209 0.199 0.195 0.009 NS NS 0.05
20 to 27 d, balance phase

Dry matter intake, g/d 13.6 13.6 134 134 0.1 0.02 NS NS
Dry matter digestion, % 93.1 93.1 924 924 01 <001 NS <0.01
Fecal dry matter, g/d 094 094 1.02 1.02 001 <001 NS <0.01
N intake, mg/d 399 401 392 379 3 <0.01 0.06 <0.01
Fecal N, mg/d 186 21.7 277 294 0.5 <0.01 <0.01 <0.01
Urinary N, mg/d 204 191 196 181 7 0.04 NS 0.06
N balance, mg/d 176 189 169 169 6 0.10 NS NS
N absorption, % 953 946 929 922 01 <001 <0.01 <0.01
N balance, % absorption 46.3 49.7 463 482 1.7 NS NS NS
Water intake, mL/d 269 245 259 250 13 NS NS NS
Cecal pH 749 7.06 663 638 005 <0.01 <0.01 <0.01

*Values are means, n = 10. NS =not significant, P > 0.10.
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During the restricted-feeding phase (d 18 to 27), rats fed FOS-containing diets had a
higher average daily gain and improved feed efficiency compared to controls (Table 3). In
addition, there was a linear increase in dry matter intake as FOS concentration increased. In
direct contrast, during the balance phase (d 20 to 27), there was a linear decrease in dry matter
intake as FOS concentration in the diet increased. This discrepancy suggests that this statistical
difference in dry matter intake was an artifact of the extremely low variance and, therefore, is not
of biological importance.

Apparent dry matter digestibility decreased (P < 0.01) linearly as the concentration of
dietary FOS increased, resulting in a lower (P < 0.01) apparent dry matter digestibility for rats
consuming the FOS-containing diets (Table 3). In addition, N intake decreased (P < 0.01)
linearly as FOS concentration increased, again probably an artifact of the low variance and
disparity in diet fortification. Excretion of N in the feces showed a quadratic effect (P < 0.01)
with the largest increase from 1 to 3% FOS. In contrast, urinary N excretion decreased (P =
0.04) linearly as FOS concentration increased, resulting in N balance (expressed as % of
absorption and mg/d) not differing (P = 0.10) among groups. Apparent absorption of N was
affected quadratically (P < 0.01), generally showing that rats consuming 3 and 5% FOS diets had
lower absorption than rats fed the control diet.

The pH of cecal contents was lower (P < 0.01) for rats consuming the diets containing
FOS (Table 3). The quadratic response was due to a decreased rate of pH decline with increasing
FOS. In addition, as dietary level of FOS increased, water concentration of the cecal contents
and cecum size appeared to increase (visual observation). '

Macromineral absorption

The metabolism of macrominerals by rats fed varying levels of FOS is presented in Table
4. Calcium intake was lower (P < 0.01) for rats consuming FOS-containing diets and also
showed a quadratic (P = 0.01) effect. Apparent absorption and balance (mg/d) of Ca did not
differ (P > 0.10) among groups; however, apparent Ca balance expressed as % of absorption was
lower (P < 0.01) for rats consuming FOS-containing diets compared to the control diet and also
showed a quadratic (P = 0.04) effect.

Phosphorus intake did not differ (P > 0.10) among groups. There was a linear effect (P <
0.01) on apparent P absorption generally showing a reduction in absorption as FOS concentration
in the diet increased. Apparent P balance (mg/d) did not differ (P > 0.10) among groups.
However, when apparent P balance was expressed as % of absorption, it was higher (P < 0.01)
for rats consuming FOS-containing diets and increased (P < 0.01) linearly with the increasing
concentration of dietary FOS.

Magnesium intake did not differ (P > 0.05) among groups. Apparent absorption of Mg
increased linearly (P < 0.01) as FOS concentration in the diet increased, resulting in a higher (P
<0.01) apparent Mg absorption for rats consuming FOS-containing diets. Apparent Mg balance
(mg/d) did not differ (P > 0.10) among groups. However, when apparent Mg balance was
expressed as % of absorption, it was lower (P = 0.03) for rats consuming FOS-containing diets
and decreased (P < 0.01) linearly with the increasing concentration of dietary FOS.
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TABLE 4

Macromineral Intake and Metabolism by Rats Fed Varying Concentrations of
Fructooligosaccharides (FOS)*

Dietary FOS concentration, % Probability of contrasts
Control
Item 0 1 3 5 SEM Linear Quadratic vs. FOS
Ca intake, mg/d 801 773 768 764 0.5 <0.01 0.01 <0.01
Ca absorption, % 61.8 651 622 643 1.1 NS NS NS
Ca balance, mg/d 487 494 467 473 1.0 NS NS NS
Cabalance, % absorption 98.5 982 979 964 0.2 <0.01 0.04 <0.01
P intake, mg/d 475 479 470 472 03 NS NS NS
P absorption, % 705 721 683 671 12 <0.01 NS NS
P balance, mg/d 272 281 277 282 0.7 NS NS NS
P balance, % absorption 81.0 812 862 891 12 <0.01 NS <0.01
Mg intake, mg/d 883 875 866 869 006 008 NS 0.06
Mg absorption, % 70.0 7295 738 774 10 <0.01 NS <0.01
Mg balance, mg/d 274 283 252 261 011 NS NS NS
Mg balance, % absorption 44.1 443 393 387 12 <0.01 NS 0.03
Na intake, mg/d 188 188 185 179 0.1 <0.01 NS 0.01
Na absorption, % 96.7 97.1 965 951 03 <0.01 0.07 NS
Na balance, mg/d 584 575 553 474 033 0.02 NS NS
Na balance, % absorption 32.2 315 31.0 277 1.8 0.09 NS NS
Cl intake, mg/d 258 258 253 242 02 <0.01 0.03 <0.01
Cl absorption, % 977 980 977 980 0.2 NS NS NS
Cl balance, mg/d 564 542 520 408 044 0.01 NS NS
Cl balance, % absorption 224 21.5 210 172 1.8 0.04 NS NS
K intake, mg/d 540 56.1 531 529 04 <001 NS NS
K absorption, % 966 957 930 909 04 <0.01 NS <0.01
K balance, mg/d 19.0 204 176 175 0.8 0.03 NS NS
K balance, % absorption 36.5 38.0 356 363 1.5 NS NS NS

*Values are means, n = 10. NS = not significant, P > 0.10.

Sodium intake decreased (P < 0.01) linearly as FOS concentration increased in the diet,
resulting in a lower (P < 0.01) Na intake for rats consuming FOS-containing diets compared to
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the control diet. Apparent Na balance and absorption (mg/d) decreased linearly (P = 0.02 and P
< 0.01, respectively) as the dietary concentration of FOS increased; however, apparent Na
balance (expressed as % of absorption) did not differ (P > 0.09) among groups.

Chloride intake was affected quadratically (P = 0.03), generally showing that rats
consuming the 5% FOS diet had the lowest intake. Apparent Cl absorption did not differ (P >
0.10) among groups. There was a linear decrease in apparent Cl balance, expressed as mg/d or as
% of absorption (P = 0.01 and P = 0.04, respectively), as FOS concentration increased in the
diets.

Potassium intake decreased (P < 0.01) linearly as dietary FOS concentration increased.
Apparent K absorption decreased (P < 0.01) linearly as FOS concentration increased in the diet,
resulting in a lower (P < (.01) apparent K absorption for rats consuming FOS-containing diets
compared to the control diet. This resulted in a linear decrease (P = 0.03) in apparent K balance
(expressed in mg/d) as FOS concentration increased in the diet, however, apparent K balance
(expressed as % of absorption) did not differ (P > 0.10) among groups.

Trace mineral absorption

The metabolism of trace minerals in rats fed varying concentrations of FOS is presented
in Table 5. There was a quadratic effect (P < 0.01) of FOS on Cu intake, generally showing
lower (P < 0.01) intakes for rats fed diets containing FOS compared to the control diet. Apparent
absorption of Cu showed a quadratic effect (P < 0.01), with rats consuming FOS-containing diets
having a lower (P < 0.01) apparent absorption compared to controls. Similarly, apparent balance
of Cu (expressed as mg/d and as % of absorption) had quadratic effects (P < 0.01 and P = 0.04,
respectively), showing a reduced (P < 0.01) apparent Cu balance in rats consuming
FOS-containing diets compared to the control diet.

Iron intake was affected quadratically (P < 0.01) by dietary FOS concentration.
Similarly, apparent absorption and balance (expressed in mg/d) were affected quadratically (P =
0.01 and P < 0.01, respectively), generally showing a lower apparent absorption and balance for
rats consuming diets containing 5% FOS. Apparent Fe balance (expressed as % of absorption)
did not differ (P > 0.10) among groups.

Intake of Mn was affected quadratically (P = 0.02) by FOS concentration. However,
apparent absorption and balance did not differ (P > 0.10) among groups. A linear effect (P =
0.05) on Zn intake was found, but apparent absorption and balance did not differ (P > 0.10)
among groups.



1800 B.W. WOLF et al.

TABLE 5

Trace Mineral Intake and Metabolism in Rats Fed Varying Concentrations of
Fructooligosaccharides (FOS)*

Dietary FOS concentration, % Probability of contrasts

Control

Item 0 1 3 5 SEM Linear Quadratic vs. FOS
Cu intake, pg/d 89 82 79 80 1 <0.01 <0.01 <0.01
Cu absorption, % 297 228 171 176+ 12 <0.01 <0.01 <0.01
Cu balance, pg/d 23 15 10 10 1 <0.01 <0.01 <0.01
Cu balance, % absorption 85.6 80.0 705 694 21 <001 004 <001
Fe intake, ug/d 631 611 668 625 4 003 <0.01 NS
Fe absorption, % 321 331 335 265 14 <0.01 0.01 NS
Fe balance, pg/d 191 189 217 160 9 0.08 <0.01 NS
Fe balance, % absorption 94.2 938 969 96.6 1.6 NS NS NS
Mn intake, pg/d 157 157 156 161 1 0.03 0.02 NS
Mn absorption, % 6.1 92 70 110 1.6 NS NS NS
Mn balance, pg/d 9 14 11 16 3 NS NS NS
Mn balance, % absorption 104.1 925 95.6 1095 173 NS NS NS
Zn intake, pg/d 604 589 613 606 4 0.05 NS NS
Zn absorption, % 266 296 289 284 1.5 NS NS NS
Zn balance, pg/d 153 167 169 163 9 NS NS NS

Zn balance, % absorption 95.1 953 955 946 04 NS NS NS

*Values are means, n = 10. NS = not significant, P > 0.10.

DIS ION

Because of the beneficial relationship between mineral supplementation and health (e.g.,
Ca and osteoporosis), researchers have evaluated the effects of dietary fiber on mineral
absorption. Historically, dietary fiber was considered to be detrimental to mineral absorption
(16). It may be hypothesized that highly charged fibers such as pectin (via uronic acids), which
bind cations like Ca, decrease mineral bioavailability. However, more recently, investigators
have documented that certain dietary fibers and indigestible oligosaccharides (e.g., FOS)
improve mineral absorption (6-9). For the purpose of this manuscript, we have defined
indigestible oligosaccharide as a small carbohydrate moiety (degree of polymerization < 20) that
is resistant to endogenous digestion in the upper digestive tract of nonruminant animals;
however, it may be extensively fermented in the large bowel. The fermentation of these
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carbohydrates results in the production of short-chain fatty acids, which decrease the pH within
the lower bowel (17) which may ultimately displace cations from the digesta matrix (i.e.,
increase cation solubility).

Trinidad et al. (18) evaluated the direct effect of the short-chain fatty acids, acetate and
propionate, on Ca absorption from the distal colon of humans. Calcium absorption improved
when it was infused with acetate and propionate into the distal colon. Propionate, however, was
more effective than acetate. The authors suggested that propionate (being more lipid-soluble
than acetate) would be more readily absorbed by direct diffusion. However, for this to occur, the
short-chain fatty acid must be in the protonated (undissociated) form. Once intracellular, H ions
would dissociate from the short-chain fatty acids because the pK, values for short-chain fatty
acids (~ 4.8) are lower than the intracellular pH (between 6 to 7). These H ions would then be
secreted from the mucosal cell (enterocyte) in exchange for free cations such as Ca in the lower
bowel, allowing for the transfer of Ca across the enterocyte.

Chonan and Watanuki (19) noted an increase in Ca absorption when rats were fed diets
containing galactooligosaccharides [i.e., transgalactosylated oligosaccharides (TOS)]. These
oligosaccharides, like FOS, are indigestible by the mammalian enzymes of the small intestine but
are readily fermented in the large bowel. These researchers found that growing rats fed diets
containing TOS (5 or 10%) had improved apparent Ca absorption and balance. They
hypothesized that this stimulatory effect was due to the increase in the solubility of Ca
(increasing its bioavailability) via a lower pH in the large bowel. They also addressed the work
of Bronner (20), who postulated that an increase in fluid content of the gastrointestinal tract (the
body's response to maintain isotonicity due to the presence of osmotically active sugars and
short-chain fatty acids) might increase the passive paracellular absorption of Ca by increasing the
permeability of the intercellular junctions between enterocytes.

Rat performance during the ad /ibitum intake phase (d 6 to 17) did not differ among
groups with the exception of a lower feed efficiency for rats consuming diets containing 5% FOS
(Table 3). This may be because FOS (an indigestible sugar in the small intestine) replaced
sucrose (a highly digestible sugar) in the diets, thus diluting the available energy density of the
diet. This conclusion is supported by the work of Hosoya et al. (21), who, utilizing radioactive
FOS, estimated the metabolizable energy value of FOS to be 6.28 kJ/g (1.5 kcal/g). Small
improvements in average daily gain and feed efficiency were noted during the restricted-feeding
phase (d 18 to 27) for rats consuming FOS containing diets.

During the balance phase, a slight decrease in apparent dry matter digestibility was noted
in the rats fed diets containing 3 and 5% FOS. This may be explained by the high fermentability
of FOS. Theoretically, as the percentage of FOS increased in the diet (and was ultimately
fermented), the amount of microbial mass would increase and be excreted in the feces, thus
resulting in a lower apparent digestibility of N. This reasoning is supported by the observation
that fecal N excretion increased (due to microbial protein) as the concentration of FOS in the diet
increased, even though N intake decreased. Overall, N balance was similar among treatments.
The inclusion of dietary FOS led to a slight shift in N excretion from urine to feces. This may
not be a result of decreased true N digestibility but, rather, may be due to the presence of highly
ureolytic bacteria in the cecum, which favored a net transfer of urea into the cecal lumen (22).
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Bacteria within the cecal lumen produce ammonia (via urease) for bacterial protein synthesis,
thus trapping nitrogen for elimination in the feces as microbial protein. Ultimately, fecal N
excretion calculated as a percentage of total N excretion was 8.3 in the control versus 14 in rats
fed 5% FOS. This shift in N excretion has been noted by others who fed 7.5% FOS to rats (22).

Cecal pH, which is an indirect measure of the production of short-chain fatty acids,
decreased with increasing dietary FOS concentration. This result was as expected; however, the
absolute pH was higher than expected and may be attributed to a high buffering capacity of the
AIN-93G diet. The inability of our experiment to show improved mineral absorption may be
attributed to this higher pH. Chonan and Watanuki (19) found that animals fed supplemental
TOS had a cecal pH of 5.3 to 5.6 with a concomitant improvement in Ca absorption. Ohta et al.
(6, 9) also showed improved Ca absorption in rats fed supplemental FOS and documented a cecal
pH of 5.4 and 5.9 to 6.3, respectively. More recently, Younes et al. (23) documented that the
fermentation of resistant starch (cecal pH 5.05 to 5.72) improved the absorption of Ca and Mg,
especially when dietary Ca levels were low.

In the present study, we attempted to verify the benefits and to titrate the effects of FOS
on apparent mineral absorption and balance of selected macro and trace minerals. Overall, the
macrominerals and trace minerals were in a positive balance (positive retention, mg/d) for all
experimental treatments as would be expected in growing animals (Tables 4 and 5). Generally,
the macromineral and trace mineral intakes during the balance phase decreased with increasing
levels of FOS, even though we attempted to limit-feed the animals so that dietary intake would
be similar across treatments. This slight decrease in mineral intake corresponds well with the
variation in dietary mineral composition (Table 2) and the slight decrease in dry matter intake.

The only biologically significant change in macromineral absorption was for Mg. The
present experiment documented a linear increase in apparent Mg absorption as FOS
concentration in the diet increased. There was a 10.6% increase in apparent Mg absorption for
rats consuming 5% FOS-containing diets compared to rats consuming the control diet. However,
apparent Mg balance was not improved in direct contrast to previous work (6-9).

In contrast with minor changes in most macrominerals, Cu absorption was decreased by
41% in animals fed 5% FOS. This, like the N data, may be explained by the increase in fecal
microbial mass, which would contain a relatively significant amount of Cu (24). On the other
hand, the reduced apparent digestibility of Cu also may have been an indirect result of the
fermentation of FOS. Rodent diets supplemented with fermentable substrates like FOS have
been shown to increase cecal total weight and wall weight (17, 22). This effect may be mediated
by short-chain fatty acids (specifically butyrate). Roediger (25) found that more than 70% of the
oxygen consumed by colonocytes from the ascending and descending colon was due to butyrate
oxidation in isolated human colonocytes. In addition, in vivo studies with rats have documented
the trophic effects of short-chain fatty acids on epithelial cell proliferation (26-28). The trophic
effects of fermentable carbohydrates may increase the intestinal Cu pool. Moundras et al. (29)
recently reported that the bile acid pool in the small intestine and cecum was significantly
increased by feeding the soluble, fermentable fiber, guar gum. In the present study, FOS
probably increased the size of the cecum, which may have increased the cecal pool of bile-Cu
(the primary excretory route of absorbed Cu). In addition, Moundras et al. (29) saw an increase
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in the bile acid flux from the liver to the small intestine. Considering this, the decrease in Cu
apparent digestibility may be due to an increase in the hepatic excretion of Cu into the intestine.
Aoyagi and Baker (30) determined that the bioavailability of Cu from bile is negligible in
chickens. In the present study, FOS, via fermentation to SCFA, may have increased the
intestinal pool of bile-excreted Cu and/or increased the biliary bile influx of Cu into the intestine
where it would ultimately be excreted in the feces, thereby decreasing apparent Cu digestibility.
The effects of FOS on long-term Cu status, and its clinical significance, are not known.
However, extensive toxicological evaluations of FOS give no indication that FOS possesses any
dose related effects on survival, growth, hematology, blood chemistry, organ weights or
nonneoplastic lesions (31).

A quadratic affect on apparent Fe absorption was found, showing a 17% lower absorption
of Fe in rats consuming the 5% FOS diet. Again, this may be explained by the increase in fecal
microbial mass, which would contain a relatively significant amount of Fe (24).

This experiment documented an improved apparent absorption of Mg but not Ca, P or Fe,
as noted by other researchers. However, apparent Cu absorption decreased with increasing
dietary FOS concentration. The long-term effects of FOS consumption on Cu metabolism is
unknown and should be considered in future research. In addition, this information should be
considered when formulating milk-replacers or infant foods supplemented with fermentable
carbohydrates. Furthermore, this study verified the reduction of urinary N excretion by inclusion
of dietary FOS. Future research should evaluate the role of the diet's buffering capacity when
evaluating the effects of fermentable carbohydrates on mineral metabolism.
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