AMINE, HEGSTED

reaction with lysine. This is supported by the fact that
even the minute amounts of residual carbohydrates in the
isolated protein are sufficient to exert a catalytic effect.
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Effect of Dietary Carbohydrates and Fats on Inorganic Iron Absorption

Ezzat K. Amine! and D. Mark Hegsted*

The effects of modifying the dietary carbohydrate
and fat upon the availability of iron to rats were
studied. In general, iron utilization was greatest
with diets containing lactose, less in diets con-
taining sucrose, and least with diets in which the
carbohydrate was supplied as starch. However,

the effect of the carbohydrate was not uniform
when iron sources of differing availability were
tested. Diets high in fat favored iron utilization
and iron absorption was greater in diets in which
the fat was supplied as coconut oil than in those
in which the fat was supplied as corn oil.

It is now well known that the availability of dietary iron
is dependent not only upon the nature of the iron source
in the diet but upon the nature of the diet with which the
iron is consumed (Moore and Dubach, 1951; Layrisse et
al., 1968; Pla and Fritz, 1970; Amine et al., 1972; Amine
and Hegsted, 1974). In previous work (Amine and Heg-
sted, 1971) we found that the absorption of radioiron was
markedly influenced by the kind of dietary carbohydrate.
The studies reported here were undertaken to explore this
effect further and to evaluate the effects of modifying the
kind and amount of dietary fat upon the absorption of di-
etary iron.

MATERIALS AND METHODS

The composition of the diets used in these studies is in-
dicated in Table I. The kind and amount of carbohydrate
and fat in the diet were modified in the various experi-
ments as indicated below. Such diets (Amine and Heg-
sted, 1971) contain less than 10 ppm of iron.

In the first experiment the diet contained glucose as the
source of carbohydrate and 5, 15, or 30% of fat supplied as
either coconut oil or corn oil. The absorption of radioiron
was studied by the technique previously described (Amine
and Hegsted, 1971). Briefly, groups of six female rats
(Charles River Breeding Laboratories, Wilmington, Mass.)
that were moderately iron deficient were provided with
the indicated diets low in iron for 1 week. They were then
fasted overnight and given 2 g of the appropriate diet con-
taining 20 ug of iron as ferric ammonium citrate and 0.2
u#Ci of 99Fe as FeCls. Two hours later when all or nearly
all of the food had been eaten the animals were placed in
a whole body counter to determine the amount of 59Fe
consumed. The animals were continued on the diets for 9
days after which they were counted again. The difference
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in counts corrected for physical decay of the isotope was
taken as a measure of the iron retained.

In the second experiment the availability of several
forms of iron in diets containing different carbohydrate
was determined using the ‘“prophylactic assay’ previously
described (Amine and Hegsted, 1974). Thirty-nine groups
of five female weanling rats were used. Three groups re-
ceived the diets without added iron which were made with
either starch, sucrose, or lactose as the carbohydrate
source. Three additional groups were used to investigate
each iron source with each type of diet. These groups re-
ceived three arbitrarily selected levels of iron supplied as
either ferrous sulfate, reduced iron, sodium iron pyrophos-
phate, or ferric orthophosphate. All the diets contained
15% of a partially hydrogenated vegetable oil. The ani-
mals were fed the diets for a 3-week period. They were
weighed at intervals and bled after 3 weeks to determine
hemoglobin (Crosby et al., 1954) and hematocrit.

The third experiment also utilized five female animals
per group and investigated the effects of varying the kind
of carbohydrate and fat on the availability of ferrous sul-
fate. The diets were made with either starch, sucrose, or a
lactose~starch mixture (2:1). The diets contained either 5

Table I. Composition of the Diets

Ingredients %
Carbohydrate (starch, sucrose, or lactose) 44.2-64.2
Casein (vitamin free)® 20.0
Salt mix (iron free)’ 5.0
Vitamin mix® 0.5
Choline chloride 0.3
Dietary fat? 5.0-25.0
Cellulose 5.0

@ General Biochemicals, Chagrin Falls, Ohio. ? Jones and Foster
(1945). Modified by the addition of 0.05g of sodium selenite and
0.05 g of chromium acetate/2043 g of iron-free salt mix. ¢ Hegsted et
al. (1967). ¢ Spry, Lever Brothers Co., New York, N.Y.



Table II. Effect of Dietary Fats on
Inorganic Iron Absorption by Iron Deficient Rats

Dietary modification, % % 5°Fe retained®

Coconut oil, 5 376 + 3.1a
Coconut oil, 15 39.2 + 3.9a
Coconut oil, 30 45,5 + 3.0b
Corn oil, 5 25.0 £+ 2.3¢
Corn oil, 15 39.5 + 2.2ad
Corn oil, 30 42.3 + 1.8e

¢ Mean =+ standard error. Values followed by the same letter are
not significantly different.

or 25% of corn oil or coconut oil. Each diet was fed with-
out added iron or with 10 or 20 mg of iron/kg of diet
added as ferrous sulfate. As in the previous experiment
the animals received the diets for 3 weeks and were then
bled for the estimation of hemoglobin and hematocrit.

RESULTS
Experiment 1. As shown in Table II the absorption of

INORGANIC IRON ABSORPTION

radioiron under these conditions was favored by the high
fat diets and especially by the saturated fat—coconut oil.
The difference between the oils was particularly marked
when the level of fat in the diet was relatively low.

Experiment 2. The levels of iron provided in each of
the experimental diets and the terminal body weights, he-
moglobin, and hematocrit values are shown in Table III.
As shown in Figure 1 when the diets made with the same
carbohydrate were compared, the dose-response lines ob-
tained with the various iron sources appeared to be linear
and to have a common intercept. They thus fulfilled the
criteria of an adequate slope-ratio assay (Amine et al.,.
1972; Amine and Hegsted, 1974) and the slopes of the re-
sponse lines may be used to compare potencies of the var-
ious iron sources. In Figure 1, for example, reduced iron
had a potency of 30.9% compared to ferrous sulfate
(0.148/0.480 x 100 = 30.9). The estimated potencies of
each of the iron sources compared to ferrous sulfate with
each diet are shown in Table IV.

Comparisons across diets containing the different carbo-
hydrates were relatively unsatisfactory. As shown in Fig-
ure 2 when the dose-response lines for the same iron

Table III. Mean Terminal Values and Standard Errors for Hemoglobin, Hematocrit,

and Body Weight of Rats in Experiment 2

Iron dose, Dietary Hemoglobin, Hematocrit,

Iron source ppm carbohydrate Body wt, g g/100 ml %
Basal diet 0 Starch 114.8 + 10.5 52 + 04 21.8 £ 1.7
Ferrous sulfate 5 Starch 128.8 + 2.3 76 + 0.2 304 £+ 1.0
10 1324 + 3.5 9.3 + 04 36.4 + 1.5
15 134.0 + 5.5 11.4 + 0.7° 43.2 + 5.5°
Reduced iron 5 Starch 116.0 + 4.6 5.5 04 23.8 + 1.1
15 128.0 + 6.1 57+ 05 25.4 + 2.2
25 1304 + 2.1 6.5 + 0.1 28.0 + 1.5
Sodium iron pyrophosphate 15 Starch 126.4 + 5.5 7.0 04 29.2 + 1.9
30 1254 + 6.4 7.8 + 0.3 31.6 £+ 0.8
45 123.6 + 4.4 9.8 + 1.3 37.4 £ 3.7
Ferric orthophosphate 20 Starch 139.2 + 4.8 79 £ 0.7 30.8 + 1.2
40 129.6 £ 5.2 109 + 0.8 414 + 0.8
60 122.0 + 8.4 114 £ 0.7 41.2 + 1.7
Basal diet 0 Sucrose 105.8 + 6.4 5.8+ 04 26.2 + 1.9
Ferrous sulfate 5 Sucrose 97.2 + 0.8 7.6 £ 0.3 28.6 + 0.7
10 133.2 + 2.2 9.0 + 0.2 346 £ 1.1
15 128.6 + 6.4 10.6 + 0.4 39.0 + 1.1
Reduced iron 5 Sucrose 109.0 + 6.3 6.3 + 0.8 28.4 + 3.0
15 106.2 = 5.0 6.9 £+ 0.7 31.0 + 2.7
25 105.6 + 3.9 8.4 + 0.5 346 + 2.6
Sodium iron pyrophosphate 15 Sucrose 1158 @ 7.1 8.1 + 0.4 30.2 £+ 1.5
’ 30 140.8 + 4.6 9.1 + 0.8 35.0 + 3.9
45 137.6 = 3.7 9.8 + 0.8 372 £ 1.6
Ferric orthophosphate 20 Sucrose 143.0 £ 4.6 8.5 + 0.5 32.8 £+ 1.8
. 40 146.0 = 4.8 120 + 0.4 426 £+ 1.1
60 137.2 + 5.8 13.9 = 1.0° 46.0 + 1.2°
Basal diet 0 Lactose 1254 + 3.4 7.9 + 0.6 31.2 £+ 0.4
Ferrous sulfate 5 Lactose 1204 £+ 3.9 10.3 £ 0.5 38.2 + 0.4
10 127.8 £ 4.3 12.7 + 0.4 47.0 £ 2.3
15 129.6 + 4.1 13.1 + 0.1° 454 + 1.8°
Reduced iron 5 Lactose 116.6 + 4.1 8.3 + 0.3 35.2 £ 2.2
15 128.4 + 4.9 10.4 + 0.8 41.2 + 2.6
25 137.6 + 0.8 11.6 + 0.3 424 + 0.7
Sodium iron pyrophosphate 15 Lactose 118.0 £+ 5.4 100 £ 0.5 384 + 1.7
30 126.0 £+ 5.9 11.3 + 04 41.8 £+ 1.2
45 1274 £+ 2.9 13.0 z 0.4 446 + 0.9
Ferric orthophosphate 20 Lactose 125.0 + 6.6 10.0 + 0.5 40.6 £+ 2.5
40 129.0 + 4.7 13.3 + 0.6 446 + 1.5
60 127.0 £+ 3.2 12.8 + 0.2¢ 46.6 + 1.8¢

¢ Data not included in the estimate of potency.
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Figure 1. Dose-response lines obtained with various iron

sources in the diet containing lactose; b = slope of the regres-
sion line. The apparently aberrant value obtained at the highest
level of ferrous sulfate was omitted in calculating the slope of
the line.

Table IV. Estimates of the Relative Availability of
Different Iron Sources Fed with
Different Carbohydrates in Experiment 2

Iron source Starch, %  Sucrose, % Lactose, %
Ferrous sulfate 100.0 100.0 100.0
Reduced iron 11.4 + 6.0° 145 + 5.6 30.9 + 4.8
Sodium iron 23.7 £+ 30 309 5.2 238+ 3.0

pyrophosphate
Ferric 339+ 3.8 492+ 76 279 % 3.6

orthophosphate

2 Mean =+ standard error.

source are compared, the intercepts are quite different.
With the diets containing sugar, especially lactose, which
favor iron absorption, the animals became less anemic
even with the diet low in iron. Presumably, the diet af-
fects the utilization of the residual iron in the diet al-
though a possible effect upon the retention of body iron is
not ruled out by the data available.

Experiment 3. The terminal body weights, hemoglobin,
and hematocrit values obtained in the animals fed the
various diets are shown in Table V. Since the high fat
diets were of greater caloric density and the grams of food
consumed would be expected to be less with such diets,
the iron content was expressed on a caloric basis. When
this was done the analysis of variance of the hemoglobin
(Table VI) and the hematocrit values indicated that the
data fulfilled the criteria of an adequate slope-ratio assay
(Finney, 1964; Hegsted et al., 1968; Amine and Hegsted,
1974). The estimated potencies of ferrous sulfate in the
various diets were therefore compared to that of the diet
containing lactose-starch which was the most effective of
the 12 diets studied. These comparisons are shown in
Table VI also.

Substantial differences in potency for some of the diets
were found when hematocrit was used as the measure of
response indicating that hemoglobin and hematocrit were
not equivalent measures of response to dietary iron. The
relationships between the average hemoglobin and hema-
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Figure 3. As shown in this diagram, the relationship between
hemoglobin and hematocrit was apparently affected by the car-
bohydrate in the diet (experiment 3).

.

tocrit values were therefore compared. As shown in Figure
3, although the correlations are high the relationship ap-
pears to be different with the diet containing starch and
those containing either of the sugars—sucrose or lactose.
Although this explains why strictly comparable results
were not obtained using hemoglobin and hematocrit as
measures of response to dietary iron, the reason for it is
not understood. Similar differences in the diets used in
experiment 2 were not found.

DISCUSSION

These data confirm the now well-known differences in
the availability of different iron sources. It should be un-
derstood that the differences in the availability of the iron
sources are also not necessarily characteristic of these
products. The availability of reduced iron, for example,
depends upon particle size (Pla and Fritz, 1971; Cook et
al., 1973; Amine and Hegsted, 1974). Unfortunately, the
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Table V. Mean Terminal Values and Standard Errors for Hemoglobin, Hematocrit,
and Body Weight of Rats in Experiment 3

Iron dose, Hemoglobin, Hematocrit,
Dietary carbohydrate Dietary fat mg/1000 kcal  Body wt, g g/100 ml %
Starch 25% coconut oil 0 100.5 £+ 7.3 6.1 + 0.3 24.8 £ 0.9
2.07 116.6 = 6.0 78 £+ 0.4 27.3 £ 0.8
4.14 111.2 £ 4.3 8.3 + 0.5 295 £ 1.1
Starch 5% coconut oil 0 115.3 + 6.3 6.6 + 0.1 25.5 + 0.6
2.61 126.5 + 4.9 7.3 £ 0.2 27.2 =+ 0.7
5.22 134.0 + 4.5 8.3 + 0.3 29.0 + 0.3
Starch 25% corn oil 0 112.7 + 4.8 5.8 £+ 0.2 24.2 + 0.6
2.07 79.3 + 3.8 6.5 £ 0.1 26.1 + 0.5
4.14 1176 + 2.7 7.8 £ 0.1 28.3 + 0.3
Starch 5% corn oil 0 74.7 £+ 3.7 6.4 + 0.2 253 £ 0.6
2.61 103.0 £+ 3.4 6.6 + 0.2 26.2 £+ 0.4
5.22 113.5 + 3.5 7.5 + 0.3 27.3 £ 0.8
Sucrose 25% coconut oil 0 115.0 = 5.1 6.6 + 0.2 23.7 £ 0.8
2.07 126.5 + 4.6 8.0 £ 0.1 28.7 £ 0.7
4.14 125.0 £ 5.2 9.1 £+ 0.2 32.3 £+ 0.9
Sucrose 5% coconut oil 0 101.5 £ 6.2 6.9 + 0.2 243 = 0.7
2.61 110.0 =+ 7.1 7.8 £ 0.2 27.3 £ 0.8
5.22 112.8 + 4.8 8.7+ 0.1 315 £ 0.6
Sucrose 25% corn oil 0 119.3 + 4.5 5.8 + 0.5 22.6 + 1.6
2.07 133.0 + 4.8 7.0 £ 0.3 26.7 = 1.3
4,14 1275 + 3.6 8.7 £ 0.3 310 £ 1.1
Sucrose 5% corn oil 0 92.1 + 4.1 6.5 £ 0.3 23.8 = 14
2.61 83.0 + 6.8 74 £ 0.6 26,5 = 0.8
5.22 95.5 + 4.8 7.6 £ 0.1 28.3 £ 0.5
2:1 lactose—starch 25% coconut oil 0 115.3 £ 6.2 7.0 £ 0.5 25.5 £ 0.9
2.07 116.5 £ 4.7 8.8 £ 0.5 305 £ 1.5
5.22 116.0 + 3.6 10.3 £ 0.6 35.2 £ 1.3
2:1 lactose—starch 5% coconut oil 0 98.2 + 2.6 7.6 £ 0.7 26.5 + 1.8
2.61 114.8 + 4.1 8.5 + 0.3 30.7T = 1.5
5.22 113.3 + 4.1 10.1 £ 0.7 35.0 £ 2.0
2:1 lactose—starch 25% corn oil 0 110.5 £+ 3.6 6.9 + 0.3 25.8 + 1.0
2.07 104.0 + 2.7 8.2 + 04 295 + 1.8
4.14 110.7 + 5.7 9.7 @ 0.4 33.8 + 1.2
2:1 lactose—starch 5% corn oil 0 64.7 + 2.9 7.1 £ 0.1 26.2 = 0.5
2.61 82.0 + 3.6 8.5 £ 0.6 30.3 # 1.7
5.22 85.6 + 4.8 10.2 + 0.9 35.0 £+ 2.0
sample used in thgse studies was not well characterized. Table VI. Estimates of the Relative Availability of
Prev1ou_s work (Amine an.d Hegsted,.197.4‘) has showp thgt Ferrous Sulfate When Fed with
processing may also modify the availability of the iron in Different Carbohydrates and Fats
a fortified product, either increasing or decreasing the
availability of the total iron in the final product.
It is also clear that contrary to the conclusion expressed Dietary carbohydrate
by Van Campen (1970) the nature of the carbohydrate in
the diet does modify the availability of dietary iron. In 2:1 lactose—
general, the presence of sugar in the diet, especially lac- Dietary fat Starch, % Sucrose, & starch, %
tose, improved iron utilization, but this was not a uniform
qgantitative .effect wit}} all the iron sources. ’I"he.mechg- 25% coconut oil 47.6 + 10.4 65.2 + 11.1 100.0
nisms by which sugars improve or starch m}}lblts iron uti- 5% coconut oil 32.8 = 8.1 43.6 = 8.5 72.6 + 9.9
hasion heve net Boen well sudied Chelaionof fom by g5 comoil 200 2 0.8 462 104 204 = 119
mary mechanism (Charley et al., 1963a,b; Bates et al., 5% corn oil 13.7+ 7.8 223 7.9 73.8 = 10.0
1972). Chelation might present iron to the gut in an ab-
sorbable form or prevent the formation in the gut of insol- Analvsis of vari
uble and unavailable complexes. Chelation of calcium by nalysis ol variance
lactose has also been suggested as the mechanism by
which lactose improves calcium utilization (Charley and . Deg of Mean e
Saltman, 1963), although this has also been attributed to Source of variation freedom squares Significance
changes in the acidity of the lower bowel due to the slow
rate of absorption of this sugar (Atkinson et al., 1957). Due to curvature 12 0.2179 N.S.
The data clearly indicate that under the conditions of Due to intersection 11 1.98 N.S.
these experiments modifying the kind or amount of fat Due to blanks 1 0.03 N.S.
did influence the availability of dietary iron. It is realized Due to regression 12 23.14 <0.001
that the addition of fat to the diet, as in these experi- Error 202 0.95
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ments, results in a decreased intake of carbohydrate and
protein. Thus, it is not necessarily clear whether the effect
observed was due to the fat per se or the modification of
the amount of carbohydrate and protein consumed. How-
ever, since the effect of fats of differing degrees of unsatu-
ration was found at the same level in the diet, it would
seem clear that the fat did have an effect upon iron ab-
sorption. It might be expected that the favorable effect of
fat would be most likely to be shown when conditions
were relatively unfavorable in the presence of large
amounts of starch and this was found.

These studies further emphasize the complexity of the
systems governing iron absorption. Iron deficiency appears
to be common in most parts of the world and not neces-
sarily related to iron intake. In the developing nations, the
iron intake is usually relatively high, but the diets in
these areas are generally characterized by being high in
cereal products—often whole grain cereals—and low in fat
and animal products. The inhibitory effects of cereals on
iron and calcium absorption are, in part, attributable to
the presence of phytates (Oberleas, 1973), but the data
presented here indicate that high intakes of starch and
low intakes of fat are inhibitory as well. Layrisse et al.
(1968) have shown that the inclusion of meat in the diet
improves the absorption of iron in cereals. Thus, a multi-
tude of factors apparently combines to inhibit iron ab-
sorption including the nature of the dietary iron. The data
presented here may also be relevant to the anemia in
“starch eaters” (Ferguson and Keaton, 1950; Garrison and
Conrad, 1967) as well as the somewhat disappointing re-
sults observed in several trials with iron enriched bread
(Callender and Warner, 1968; Elwood et al., 1970).

The diets of affluent countries—low in phytates and
starch and high in animal products, saturated fat, and
sugars—appear to combine most of the factors known to
favor iron absorption. It should be noted, however, that
studies of the kind reported here in which all of the di-
etary carbohydrate was provided by starch or sucrose, for
example, provide no indication of the practical signifi-
cance of the effects of those changes which might reason-
ably be made in acceptable diets. That is, although satu-
rated fat and sugar improved iron absorption it is uncer-
tain how much of either is required in a mixed diet to
have a significant effect, or whether reasonable recom-
mendations to lower the intakes of saturated fat or sugar
would significantly influence iron utilization. A lack of
such quantitative information is a general weakness in at-
tempts to evaluate the effects of various factors which are
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known to influence iron utilization. Since it is clear that
most, if not all, of these different factors interact with
each other, the difficulties of arriving at reasonable con-
clusions are obvious.
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