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1 
Introduction 

The present series of studies i~ a result of objectives established 

since 1978 by the International Nutritional Anemia Consultative 

Group (INACG) 1 and the protocols which followed to compare iron 

bioavailabiiity methods (Fig 1). 

Though iron bioavailability has long been measured by the rat 

bioassay, no comparative studies adequately compare iron 

bioavailability utilizing the same test iron compounds in clinical, 

animal and ~ vitro experiments which establish a viable comparison 

of results of the three approaches. The ultimate goal was to 

establish a laboratory method for accurately predicting 

bioavailabilityof iron compounds commonly used in fortification. 

Electrolytic iron (average particle size 20 urn)' and ferric 

orthophosphate with ferrous sulfate as a reference were tested 

concomitantly. The absorption ratio relative to ferrous sulfate in 

the clinical studies produced an index which was used to compare 

the relative biological values obtained in animal studies and in 

vitro experiments. Research protocols were developed and the 

project was designed as a collaborative effort involving 

industrial, academic and governmental agency laboratories. 

The importance of iron in nutrition has been a topic of concern in 

the third world countries a$ well as in maternal and child health 

lINACG was organized to promote international efforts aimed at 

reducing nutritional anemia. 



care in developed countries. The practical regulation of iron 

fortification compounds would b~ aided by the establishment of 

. reliable methods for predicting iron compound bioavailability in 

humans. 
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The following discusses the production of iron compounds as well as 

details of the various experiments using in vitro tests. Animal 

and clinical studies will follow with which a feasible method for 

predicting bioavcllability may be developed. 

Production procedures 

Iron compounds for use in the study were produced by New 

England Nuclear (NEN, North Bellerica, MA). All products were 

manufactured approximately 2 years prior to their use in the 

experiments. Iron compounds were produced according to 

specifications given to NEN by the Nutrition Foundation. The 

non-radioactive and radioactive compounds were manufactured in a 

similar manner with the exception of scale. The non-radioactive 

compoun~s were manufactured and sized in batches that were 4000 

times greater than that for the radioactive compounds. 

Ferric orthophosphate 

Non-radioactive: . Four kg of ferrous sulfate (FeS04, 

heptahydrate) were dissolved in 1 L of warm water. The solution 

was filtered through glass wool into a 4 L beaker containing a 



stirring bar. Concentrated phosphoric acid was added with 

continuous stirring until the s~lution was blue-colored and an 
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excess of 0.05 had been attained. Sodium hypochorite was added 

until the solution turned green with a 0.05 excess. The add~4ion 

of sodium hypochlorite was slow with constant and vigorous stirring 

to avoid precipitating iron as ferrous phosphate. Total yield was 

800 g. 

Trisodium phosphate dodecahydrate dissolved in water to 

saturation was slowly added to the 4 L beaker containing iron with 

constant stirring. Trisodium phosphate dodecahydrate precipitated 

the iron as ferric phosphate. The solution was covered and allowed 

to stand overnight. The supernatant was removed and water was 

added with stirring. Iron phosphate was again allowed to settle 

and the water was removed. The iron was repeatedly washed until 

the supernatant was pH 7 for 3 consecutive washings. The resulting 
-' . 

. precipitate was then filtered through a coarse frit and washed 

twice using water with continuous suction. Suction was maintained 

until the precipitate cake cracked. The ferric phosphate cake was 

then transferred to crystalizing dishes and dried in a 90°C oven, 

after which it was crushed with mortar and pestle until it ~as a 

powder. The product was then weighed and transferred to shipping 

vials, which were sealed under nitrogen. 

Radioactive: Radioactive ferrous sulfate (1.0 g) was produced in a 

50 mL centrifuge cone using iron-55 chloride (55FeC13) (specific 
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activity = 3.7 x 106 8q/mg Fe; total activity = 3.7 x 107 8q) as 

the starting material. The 55Fe Cl 3 was evaporated to dryness and 

dissolved in dilute sulfuric acid. Sulfur dioxide gas (S02) was 

bubbled through the solution to cause the reduction of iron from 

ferric to ferrous state. The solution was then heated to expel all 

S02 and the solution was cooled. FeS04 was added as the carrier 

iron source. Total yield was 200 g of radioactive ferrous sulfate 

with a specific activity of approximately 1.5 x lOS 8q/mg iron. 

This solution was then used as the starting material in the 

production of radioactive ferric phosphate following the process 

outlined above for the non-radioactive compound. 

Electrolytic iron compounds 

Non-radioactive: A plexiglass plating cell (2.4 x 2.0 x 2.8 cm) 

was immersed in a water bath (50°C). FeS04 (50 g) was dissolved in 

warm water and filtered. The filtered solution was then added to 

the plating cell, which was maintained at pH 5 by the addition of 

ammonium hydroxide. 

An iron anode (Armco Inc, Middletown, OH) was placed at one 

end of the plating cEl1 ~it~ E tit£niur l cathode at the cth£r end. 

Electrodes were connected to a power supply and a constant current 

density of 215 A/m2 was maintained throughout the plating process. 

Each plating cycle was 4 - 8 h, at the end of which plated iron was 

removed from the cathode. The plated iron was then pulverized 
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using a hand grinder to approximately 0.6 cm pieces and passed 

through a ball mill purged with nitrogen. Iron was removed from 

the ball mill at 4 - 8 h intervals and was passed through brass 

sieves (sizes 30 and 10 um) to identify particles with an average 

size of 20 urn. (Twenty um average size particles were those that 

passed through the 30 um sieve, but were caught in the 10 um 

sieve.) The sized product, total yield of 1000 g, was then weighed 

and dispensed into shipping vials sealed with nitrogen. 

Radioactive: Radioactive 55Fe C1 3 (specific activity = 3.7 x 106 

Bq/mg Fe; total activity = 7.4 x 105 Bq) was converted to the 

sulfate form as described in the process for radioactive ferric 

phosphate. After the non-radioactive iron had been plated out, 

55Fes04 was added to the plating bath. The power was turned on and 

the system allowed to run for 4 h. Plated iron was removed from 

. the cathode, was pulverized and passed through the ball mill under 

nitrogen. Total yield was 1.5 g iron. Iron particles with 20 um 

average size wp.re separated, weighed and dispensed into shipping 

vials sealed under nitrogen. 
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Ir~n bioavailability by in vitro tests 

James T Tanner, PhD, Richard F Hurrell, PhD, Eugene R Morris, PhD, 

and Paul Whittaker, PhD 

ABSTRACT The feasibility and reliability of predicting iron 

bioavailability in humans using solubility and dialyzability in 

simulated digestion was evaluated using iron fortification 

compounds commonlY added for human consumption. Electrolytic 

iron-55 and non-radioactive electrolytic iron, radioactive and 

non-radioactive ferric orthophosphate were tested for solubility 

and non-radioactive iron sources were compared to ferrous sulfate 

for dialyzability. It was found that radioactive sources were 

relatively more soluble as compared to the non-radioactive 

counterparts. Three laboratories then compared dialyzability of 

the identical non-radioactive compounds combined in a farina based 

meal i" a simulated in vitro gastrointestinal digestion system 

using ferrous sulfate as reference. Relative dialyzability among 

the three participating laboratories ranged from 0.58 to 0.75 for 

electrolytic iron and from 0.~8 to 0.46 for ferric orthophosph~te. 

KEY WORDS Iron, ~ vitro, iron bioavailability 
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MATERIALS AND METHODS 

Non-radioactive and radioactive iron sources were investigated 

for their solubility in dilute HCl and non-radioactive iron sources 

for their dialyzability in an in vitro simulated gastrointestinal 

digestion system (1). Laboratory 1 compared the non-radioactive 

and the radioactive sources by solubilitYi laboratory 4 made the 

solubility measurements only with non-radioactive sources. 

Laboratories 1, 2 and 4 made the dialyzable iron determination with 

non-radioactive sources. 

Solubility in dilute HCl 

The method used for non-radioactive iron sources was based on 

that of Shah et al (2). An aliquot calculated ~o contain 20 mg Fe 

was weighed into a 500 ml conical flask and 250 ml 0.2 9 /100 9 

HCl (pH 1.2), preheated to 37°C, was added. The flasks were placed 

in a shaking water bath at 37°C and gently shaken at a rate of 1 Hz 

for 3 h. Two aliquots of 2 mL each were taken at 30 min and 

centrifuged for 5 min at 2000 r/min. One mL supernatant was 

transferred to a 25 mL volumetric flask and filled to volume with 

0.2 9 /100 9 HC1. Iron content was· measured by atomic absorption 

spectroscopy (3). 

For the radioactive iron, the above method was scaled down to 

approximately one-fourth (micro method) due to the limited 

quantities of material available. Five mg of radioactive iron was 

shaken for 30 min in 65 ml 0.2 9 /100 9 HCl and an aliquot of 1 mL 



was centrifuged. The non-radioactive iron was also tested by the 

scaled-down method for comparison. 

Dialyzable iron 
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Th~ method was that of Miller et al (1), as modified by 

Hurrell et al (4), in which dialyzable iron passes from an in vitro 

enzymatic digestion of a test meal into the interior of a dialysis 

beg containing 25 mL of 0.5 mol/L NaHC03. The test meal was a 

scaled-down version of the farina meal fed in the human study. The 

non-radioactive test iron sources and FeS04 were premixed with 

powdered sucrose in a no. 45 sieve or a coffee mill to a 

concentration of 0.6 mg Fe/g. 

The test meal was prepared in the following manner: fifty mL 

distilled water containing 0.1 g NaCl were brought to a boil in a 

250 mL erlenmeyer flask or 150 mL wide-necked conical flask. 

Farina (8 g) was added and the mixture boiled for 1 min with 

constant stirring. Whole milk (24.0 g), 2.8 9 butter, 3.33 9 

sucrose-iron premix (containing 2 mg iron) and 1.47 ~ powdered 

sucrose were added and mixed thoroughly. When cool, the pH was 

adjusted to 2 with 6 mol/L HCl and the final weight of the test 

meal adjusted to 100.0 g with 0.01 mol/L HC1. Twenty gram aliquots 

were measured in triplicate for dialyzable iron as described 

previously by Hurrell et al (4), using bathophenanthroline to 

measure iron in the dialysate. 
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RESULTS 

S~lubility in dilute Hel 

Table 1 illustrates the solubility of the non-radioactiv~ iron 

sources in 250 mL 0.2 g /100 g He1. The electrolytic iron was much 

more soluble than the FeP04• In laboratory 1, after 30 min 

shaking, 0.75 of the electrolytic iron had been dissolved and 0.60 

in laboratory 4. FeP04 was very insoluble with a range of 0.03 to 

0.04 solubility after 30 min (Table 1). 

The results for the micro-method (65 mL 0.2 g /100 g He1) are 

given in Table 2. Under these conditions, solubility of the 

non-radioactive iron was similar to values obtained with the 

macro-method in laboratory 4 but slightly less than the values 

obtained in laboratory 1 (Table 1). Within the same laboratory, 

however, and using the same method, radioactive sources were 

slightly more soluble in dilute Hel than correspondiny 

non-radioactive compounds. After 30 min shaking, the radioactive 

electrolytic 55Fe source was 0.87 soluble compared to 0.60 for the 

non-radioactive electrolytic iron, and the solubility of 55Fep04 

was 0.10 compared to 0.03 for FeP04• 

Dialyzable iron 

Dialyzable iron was less in all laboratories. The amount 

dialyzed from the in vitro enzymatic digestion of the ferrous 

sulfate-fortified farina meal ranged from 1.39-3.4 % in the 
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three participating laboratories. Oialyzability relative to 

FeS04 was 0.58-0.75 for electrolytic iron and 0.28-0.46 for FeP04• 

DISCUSSION 

Solubility in dilute HCl 

Solubility in HCl was measured by two methods: the macro method, 

based on the procedure of Shah et al (2) and the scaled-down micro 

method. Although the solubility of an iron source naturally varies 

with time, a single value was necessary in order to make a direct 

comparison with the human and animal relative bioavailability data. 

Consequently, a 30 min shaking period was chosen as the basis of 

preliminary tests to compare solubility of iron and its relative 

bioavailability as measured in the hemoglobin repletion studies. 

The micro method was used specifically to compare the radioactive 

and non-radioactive iron sources. Both radioactive iron sources, 

but especially the electrolytic iron were more soluble than the 

corresponding non-radioactive sources. Although the 55Fep04 had a 

greater solubility than the non-radioactive FeP04, it was a 

relatively insoluble iron source compared to FeS04• 

http:0.28-0.46
http:0.58-0.75
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Dialyzable iron 

The dialyzable iron values were low and slightly variable. The low 

values are presumably due to possible inhibitory sUbstances present 

in cereals which bind iron and prevent its dialysis. The variable 

relative dialyzability values indicate the need for rigorous 

standardization of the method. Time expended in different 

manipulations is critical if the method is to be used to predict 

the bioavailability of iron sources. The longer an iron source 

remains in a liquid system at low pH, the more it will dissolve and 

be dialyzed. If sufficient time is allowed so that the iron source 

is dissolved, it will be dialyzed similarly to FeS04 or other 

soluble iron sources. In the present study, each laboratory used 

an identical method but was not required to adhere to a strict time 

schedule. Nevertheless, FeP04 was predicted as a relatively poorly 

bioavailable iron source by all laboratories and the electrolytic 

iron a fairly good one, with about two thirds the dialyzability of 

FeS04. The FeP04 was dialyzed to a greater extent than would be 

expected from its poor solubility in dilute Hel and it seems that 

the product of in vitro digestion in some way chelated iron soluble 

forms able to pass through the dialysis memb~ane. 
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TABLE 1 * 
Solubility of non-radioactive iron sources in 0.2 9/100 9 HCl by the macro method 

* 

Time 
(min) 

30 

Electrolytic 
Fe 

0.75 

Laboratory 1 

0.04 

Laboratory 4 

Electrolytic 
Fe 

0.60 0.03 

Solubility ratio of dissolved iron to 20 mg iron in 250 mL 0.2 g/lOOg HCl at 37°C,·duplicate 
analysis. 

TABLE 2 

* Solubility of radioactive and non-radioactive iron sources in 0.2g/100g HCl by the micro method 

Time 
(min) 

30 

* 

R~dioactive (iron-55) 
55FepO 

0.87 O. 10 

Non-radioactive 

4 Electrolytic 55Fep04 
Fe 

0.60 0.03 

Solubility ratio of dissolved iron to 5 mg iron in 65 mL 0.2g /lOOg Hel at 37°C, single analysis. 



TABLE 3 , 

Dialyzable iron from farina meals fortified with non-radioactive iron. 

Iron source 

Electrolytic 
Fe 

Laboratory 1 

Dialyzable 
iron (% of dose) 

+ 2.63 ± 0.04 

1.96 ± 0.01 

0.74 ± 0.03 

Relative 
dia lyzabil ity * 

1.00 ± 0.02 

0.75 ± 0.01 

0.28 ± 0.02 

Laboratory 2 

Dialyzable Relative 
iron (% of dose) di a llzabil itl 

3.40 ± 0.31 1.00 ± 0.09 

1.98 ± o. 13 0.58 ± 0.04 

G.9l ± 0.17 0.27 ± 0.05 

* Relative dialyzability = Dialyzable test iron (% of dose) 
--~D~;-a~'y~z-a~b~'e---;~r-o-n-o~f~F-eS-'O~4~(~%-o~f~d-o-se~)~ 

+ Mean ± SEM 

Laboratory 4 

Dialyzable Relative 
iron (% of dose) diallzabilitl 

1.39 ± 0.11 1.00 ± 0.08 

0.99 ± 0.01 0.71 ± 0.01 

0.64 ± 0.04 0.46 ± 0.03 
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Fig 1. Basic study design for comparing different methods 

for the prediction of iron bioavailability in the human. 



Assessment of bioavailability of fortification iron compounds in 

the rat model 

Richard F Hurrell PhD, James D Cook, MD, Bertha N Harrison PhD, 

Eugene R Morris PhD, and Paul Whittaker PhD 

ABSTRACT In order to evaluate the reliability and usefulness of 

the rat model in predicting human iron bioavailability, two series 

of experiments were designed using common iron fortification 

compounds: 1) Evaluation of the two most feasible hemoglobin 

repletion test methods and 2) Evaluation of iron absorption tests 

using radiolabeled compounds in an attempt to approximate human 

absorption studies. The two repletion tests evaluated were the 

Hemoglobin Regeneration Efficiency (HRE) method in which ordinary 

dietary depletion was supplemented by phlebotomy and the AOAC 

method. Radiolabeled and non-radio labeled iron sources were 

compared using a modified HRE method. Weanling Sprague Dawley rats 

were first depleted, then repleted on a standard diet fortified 

with ferric orthophosphate, electrolytic iron and ferrous sulfate 

as reference. Laboratories using the AOAC method found the 

bioavailability of electrolytic iron to be 0.66 and 0.77 and that 

of ferric orthophosphate to be 0.25 and 0.33 rLiative to the 

reference~ The HRE method found Relative Biological Value (RBV) of 

electrolytic iron to be 0.78 and ferric orthophosphate to be 0.58. 

The RBV of radiol :,eled and non-radiolabeled sources were similar 

with electrolytic iron 0.60 and 0.61 respectively and ferric 



or~hophosphate values 0.80 and 0.78. Three laboratories 

participated in iron absorption tests using the same radiolabeled 

fortification compounds offered to animals on an iron replete diet 

in order to ~ore closely resemble human studies. Relative 

absorption of the electrolytic iron source was 0.48, 0.69 and 0.47 

and that of ferric orthophosphate 0.26, 0.26 and 0.22 in the three 

laboratories. 

KEY WORDS: Iron, iron bioavailability, rat 



Evaluation of the hemoglobin repleti0n tests in rats 

MATERIALS AND METHODS 

Bioavailability tests of the non-radioactive iron sources were 

based on hemoglobin repletion in anemic rats, as measured by two 

different methodologies. Laboratories 1 and 4 used a method 

similar to that recommended by the Association of Official 

Analytical Chemists (AOAC) (1,2), whereas Laboratory 3 used a 

technique similar to that of Mahoney (3), the Hemoglobin 

Regeneration Efficiency (HRE). Laboratory 4 used the HRE method to 

test the radioactive iron sources. 

Modified AOAC Method - Laboratories 1 and 4 

One hundred and forty male, weanling Sprague-Dawley rats 

individually housed in stainless steel cages, were fed a low-iron 

diet and deionized, distilled water ad libitum for 24 days. The 

low-iron diet contained (g/kg): glucose' H20 684.8, vitamin-free 

casein 200, corn oil 50, monosodium phosphate 20, calcium carbonate 

20, potassium chloride 5, sociium chloride 5, trace element premix 

2.7, choline chloride 1.5, vitamins (AIN 1976) 10, DL-methionine 1. 

Th~ trace element premix contained (g/kg): MgS04, anhydrous 738.2; 

ZnS04, heptahydrate 196.6; MnS04, heptahydrate 57.3; CuS04, 

pentahydrate 7.3; KI03 0.6. After the depletion period, the rats 

were weighed and approximately 100 uL of blood was drawn from the 

orbital venous plexus (5) for hemoglobin analysis'using a 
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commercial kit (Hoffman-La Roche Diagnostica, Basel, Switzerland) 

based on the cyanmethemoglobin method (5). One hundred and ten 

rats with hemoglobin values between 30 and 60 gIL were selected for 

the repletion test. Eleven groups of 10 rats, housed in a 

randomized block design, each received one of 11 experimental 

diets, which were prepared by fortifying the low-iron diet with 

FeS04 or with one of the test iron sources. FeS04 was added at 

0,6,12, 18 and 24 mg Fe/kg of diet; electrolytic iron and FeP04 were 

added at 12, 24 and 36 mg Fe/kg (6). 

The animals were fed the iron supplemented dlets ad libitum 

for 14 days, after which they were weighed, blood was dr~wn, and 

hemoglobin level was measured as before. Food intake was recorded 

throughout the repletion period. The bioavailability of each test 

iron source relative to FeS04 was calculated by comparing gain in 

hemoglobin with the iron level in the diet by the slope ratio 

procedure (7,8). 

HRE Method - Laboratories 3 and 4. 

Laboratory 3 

Thirty male weanling Sprague-Dawley rats, individually housed 

.in stainless steel cages, were fed ad libitum a low iron diet (9 mg 
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Fe/kg, US Biochemical Co, Cleveland, OH) (6) and deionized, 

distilled water for 8 days. Approximately 1 mL of blood was drawn 

from the orbital venus plexus of each animal into a heparinized 

capillary tube on days 4 and 6 (4). After 8 days of depletion, the 

animals were weighed and blood was again drawn for hemoglobin 

determination by the cyanmethemoglobin method (5). The animals 

were randomized into 3 groups of 10 rats each with approximately 

equal average body weight and hemoglobin concentration. Each group 

was fed one of 3 experimental diets over a 10 day repletion period. 

The low-iron diet contained (g/kg of diet): corn starch 560, 

hydrogenated vegetable oil 140, vitamin-free casein 270, salt 

mixture (Hubell, Mendel and Wakeman) (9) without FeP04 30 and total 

vitamin supplement 4 (US Biochemical Co, Cleveland, OH). 

The experimental diets had the same composition as the 

low-iron diet and were supplemented with 35 mg Fe/kg as FeS04, 

electrolytic Fe, or FeP04• Food intake was recorded. After a 10 

day repletion period, the animals were again weighed and blood was 

drawn for hemoglobin determination. HRE values measure the 

efficiency of converting dietary iron into hemoglobin relative to 

the amount of dietary iron consumed during repletion. Hemoglobin 

iron (mg) is determined as (3,10): 

mg Hb iron = kg body wt X 0.075 L blood X ~ X 3.35 mg Fe 

kg body wt L blood g Hb 
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HRE values were then calculated for each animal as follows (3): 

. (mg Hb Fe)final - (mg Hb Fe)initial 
HRE = ------------......;..;;..--

mg Fe consumed 

Laboratory 4 

The HRE method was also used in laboratory 4, although 

modified due to a limited quantity of fortification iron. Fifty 

weanling male rats were randomized into five groups of 10 animals 

each so that mean body weight and hemoglobin concentration were 

approximately equal among the groups. The procedure was identical 

to that of laboratory 3 except that animals were depleted for 7 

days and repleted for 9 days and five diets were prepared for the 

repletion period containing 20 mg fortification Fe /kg of ciet (6). 

Each diet was fed during the nine day repletion period and 

supplemented with one of the non-radiolabeled or radiolabeled i~on 

compounds as follows: 1) FeS04, heptahydrate; 2) Electrolytic Fe; 

3) FeP04, dihydrate; 4) Electrolytic 55Fe and 5) 55Fep04' 

dihydrate. 



Dietary consumption was recorded daily, with correction for 

spillage. The HRE values were calculated as in laboratory 3. 

RESULTS AND DISCUSSION 
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Using the modified AOAC technique, laboratories 1 and 4 

reported similar Relative Bioavailability Values (RBV) for the test 

iron sources (Table 1). The RBVs of electrolytic Fe were 0.66 and 

0.77, and FeP04 were 0.25 and 0.33 in laboratories 1 and 4 

respectively. 

Laboratory 3 used the HRE technique to calculate RBV (Table 

2). HRE values in this laboratory were found to average 0.75, 0.59 

and 0.44 in anemic rats fed FeS04, electrolytic Fe, and FeP04, 

respectively, yielding RBVs of 1.00, 0.78 and 0.58. Hemoglobin 

gain in the same rats averaged 86g/L in those fed FeS04, 64 gIL for 

those fed electrolytic Fe, and 44 gIL for those receiving FeP04• 

Using hemoglobin gain to calculate RBV, values of 0.75 and 0.51 

resulted for the electrolytic Fe and FeP04, which were slightly 

lower, but of the same order, as the values calculated from HRE 

values. In this laboratory the RBV for FeP04 was higher than that 



reported by the AOAC method, although the RBV for electrolytic Fe 

was similar. 
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In laboratory 4, both the radio1abe1ed and non-radio labeled 

iron compounds were tested by the HRE method. Results were similar 

to those of laboratory 3 for the non-radio1abe1ed iron compounds: 

HRE values for FeP04 were 0.46 and 0.44, electrolytic Fe 0.65 and 

0.~9, FeS04 0.76 and 0.75 for laboratories 4 and 3, respectively. 

In laboratory 4 similar HRE results were also obtained for the 

r~rlio1abe1ed and non-radio labeled electrolytic Fe (0.61 and 0.65, 

respectively). Values for radio1abe1ed and non-radio1abe1ed FeP04 
were both 0.46. 

The reason for the higher RBV of FeP04 in the HRE method 

(table 2) than in the AOAC method (table 1) is most likely due to 

the different depletion/repletion methodologies used. In 

.. laboratories using the modified AOAC method, weanling rats were 

depleted to a hemoglobin level of 30 to 60 gil over 24 days solely 

by dietary means. In the HRE method, weanling rats were depleted 

within 7 or 8 days by a combination of phlebotomy and low-iron 

diet. The anemic rats were then fed diets containing a single 

level of iron (20 or 35 mg Fe/kg diet) for 9.or 10 days. 

r~1 
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Using the HRE method iron stores are not as severely depleted (11) 

and anemic rats were approximately two weeks younger when rep1eted 

with the test iron sources. The HRE method also takes the body 

weight gain factor into account. 



Evaluation of the iron absorption test in rats 

MATERIALS AND METHODS 

This assay was developed to resemble human iron absorption 

studies as closely as possible. Rats seven to eight weeks of age 

were fed a single meal containing both 59FeS04 and one of the 

8 

55Fe labeled test iron sources. The level of incorporated red cell 

activity was measured 2 weeks later by scintillation counting and 

absorption of the test iron sources relative to FeS04 was 

calculated (12,13). Three laboratories participated in the 

iron-adequate rat study. Laboratories 1 and 2 used basically the 

same methodology, whereas laboratory 3 used a slightly modified 

experimental approach. 

Each laboratory was provided with idential aliquots of 5 mg of 

electrolytic 55Fe (6.1 x 105 8q 8 March 1985), and 25 mg 55Fep04 

[55Fep04' dihydrate (9.3 x 105 8q 8 March 1985)] but used its own 

59Fes04. The latter was produced by dissolving non-radioactive 

FeS04 in water and adding s~fficient 59Fes04 to yield a specific 

activity of 1.4-1.9 x 105 8q/mg Fe. The solution was freeze-dried 

to a grey powder of approximately Q 33 iron, indicating that ,t was 

predominantly FeS04, monohydrate (6). 

Laboratories 1 and 2: Twenty weanling male Sprague-Dawley rats 

were housed individually in stainless steel cages and fed ad 

libitum an iron-adequate diet containing 35 mg Fe/kg as FeS04 for·4 .• 
~~ 

to 5 weeks. The diet was identical to that used in the hemoglobin 
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repletion study but with a higher iron content. Deionized, 

distilled water was provided throughout. After this preliminary 

period, the rats were divided into 2 groups of 10 rats and were 

trained to eat by meal. Each rat was offered 20 g of diet between 

6:00 and 8:00 pm in the evening and arlY rema1ning diet, between 

7:00 and 9:00 am the following morning. At 6:00 pm on the third 

day, rats weighing an average of about 250 g were fed one meal 

consisting of 10 g of diet containing both 59FeS04 and one of the 

labeled test iron sources. Each group of 10 rats received a 

different 55Fe labeled test iron source. The meal was removed 

after 2-2.5 h, by which time most had been consumed. Food 

consumption was measured. The rats were placed in a whole body 

counter immediately after the meal to determine emitted 

gamma-radiation (14,15). The iron-adequate diet was continued the 

following morning and was fed ad libitum with deionized, distilled 

water for 14 days. On day 14, following whole body counting to 

confirm the level of 59Fe absorbed, rats were anesthetized with 

ether and blood was drawn by cardiopuncture for radioactivity 

measurements. 

In laboratory 1, the radio labeled meal contained about 400 ug 

Fe, half of which came from 59Fes04 and half from one of the 

55Fe experimental sources. Meals were prepared by thoroJghly 

mixing 1 g of a glucose premix containing the radioactive iron 

sources with 9 g- of the low iron basal diet (as u~ed in the 



10 

hemoglobin repletion test) from which an equivalent quantity of 

glucose had been omitted. The glucose-iron premixes were prepared 

in a coffee mill and the homogeneity and iron content confirmed by 

atomic absorption measurements (6). 

Laboratory 2 prepared and fed the radioactively-labeled meals 

similar to that in lab~ratory 1. The meals were prepared by 

thoroughly mixing 2 g of a glucose-iron premix with 8 g of low-iron 

basal diet. The glucose-iron premixes were produced by mixing and 

pulverizing until homogeneity was assured. Each 10 g meal 

contained approximately 230 ug Fe as 59Fes04 plus one of the 

following: 370 ug Fe as electrolytic 55Fe or 650 ug Fe as 55Fep04 

(6) • 

In Laboratory 1, simultaneous measurement of 59Fe and 55Fe 

activity in 100 uL blood was made by liquid scintillation counting 

after digesting in 1.5 mL Protosol/ethanol (l:2) and decolorization 

with 0.5 mL 0.30 H202 for 30-60 min in a shaking water bat~ at 60°C 

(13). Background counts were determined in identical quantities of 

non-radioactive blood. To ascertain the amount of 59Fe and 55Fe 

consumed, 1 g of ea~h glucose premix was digested with 2 mL 

concentrated HN03 and 2 mL concentrated HCl (in quintuplicate), and 

diluted with deionized, distilled water to 100 mL. One hundred 

uL of digested premix and 100 uL of non-radioactive blood were 

diae~ted, decolorized, and counted as above. Laboratory 2 used the 

same method with 200 uL of blood. The glucose-iron premixes (0.5 

g) were ashed, dissolved in HCl and diluted to 25 mL. 
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Absorption of each isotope was calculated by dividing cpm into 

total blood volume [Body weight (kg) x 0.075 L/kg] (10) by cpm 

ingested. No adjustment was made for the portion of absorbed 

dietary iron' not present in the blood. The retention of 59Fe was 

also determined by whole body counter measurements. 

Laboratory 3 performed the same experiment but with the rats 

that had previously been used for the hemoglobin repletion test and 

had received an iron-adequate diet containing 35 ug Fe/g for 10 

days. The animals were randomized into two groups of mean body 

weight 136 ± 4 and 136 ± 2 g, hemoglobin concentration 117 ± 5 and 

116 ± 6 gIL, and then fed a meal containing both 59Fes04 and one of 

the 55Fe 1ahe1ed test sources. 

Two diets were prepared for the iron-adequate test each 

containing 33 ug Fe/g of fortificr-tion iron (6). Each animal 

received 20 g of diet containing 330 ug of Fe (2.6 x 104 Bq 55Fe ) 

from the 55Fe labeled compound (FeP04 or electrolytic Fe) and 330 

ug of Fe (1.9 x 104 Bq 59Fe ) from FeS04. 

The meal was fed during an 18 h overnight period. Rats and 

fecal excretion from the 18 h interval were placed in a whole body 

counter to measure 59Fes04 consumed (14,15). Rodent Laboratory 

Chow # 5001 (Ralston Purina Company, St. Louis, MO) was then fed ad 

libitum" with deionized, distilled water for 14 days. On day 14, 

rats were again measured in the whole body counter for verification 
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of,59FeS04 absorption. Animals were weighed and blood was drawn 

from the orbital venus plexus (4) into a heparinized capillary tube 

for blood parameters and radioactivity measurements. 

Simultaneous determination of 59Fe and 55Fe activity in 100 uL 

blood was accomplished by liquid scintillation counting (13). A 

mixture of Soluene-350/2- propanol 1:2 (V/V) was added and the vial 

was swirled gently; within half an hour, the blood was solubilized. 

Five tenths mL of 0.30 hydrogen peroxide was then added dropwise to 

increase the bleaching effect. To dissociate the peroxides, vials 

were placed in a water bath at 40°C for 30 min. After cooling to 

room temperature, a mixture of 15 mL Insta-Gel:0.5 mol/L HCl (10:1 

V/V) was added to the vial, vortexed and counted. Background 

counts were determined using the same quantity of non-radioactive 

rat blood. To determine the amount of 59Fe and 55Fe consumed, 20 g 

samples of each diet were first wet-digested and counted using the 

.above procedure. 

Absorption of each isotope and retention of 59Fe was 

determined following the same procedure as in laboratories 1 and 2. 
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RESULTS 

The absorption values of 59Fes04 and electrolytic 55Fe in the rat 

were reported by the three participating laboratories, are shown in 

table 3. The 59Fes04 percent absorption was 32.7 and 19.7, in 

laboratories 1 and 2 respectively, compared to 63.5 in the mildly 

anemic rats of laboratory 3. The elemental 55Fe source was not as 

well absorbed as 59Fes04 with an average percent absorption of 16.0 

in laboratory 1, 13.7 in laboratory 2 and 30.1 in laboratory 3. In 

each laboratory, the retention of 59Fe on day 14 measured by the 

whole body counter closely resembled 59Fe absorption values 

calculated from blood radioactivity measurements. Absorption of 

the elemental iron source relative to FeS04 was 0.48, 0.69 and 

0.47, respectively, in the three laboratories. 

Iron absorption values for rats fed 59Fes04 and 55Fep04 

simultaneously are shown in table 4. Absorption of 59Fe from 

FeS04 was similar to that in the above experiment; however, the 

55Fep04 was approximately half as well absorbed as the electrolytic 

55Fe source. Ab~orption of 55Fep04 relative to 59Fes04 was 0.26, 

0.26 and 0.22 respectively in the participating laboratories. 
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DISCUSSION 

Mean percent absorption of iron from FeS04 by rats in the different 

laboratories varies from 20 to almost 70, although within the same 

laboratory, mean absorption of FeS04 from the two different meals 

fed was almost identical. The high absorption of iron by rats in 

Laboratory 3 is due to their b~ing slightly anemic (mean Hb 117 

giL). The 55 Fe labeled test iron sources were also better absorbed 

by rats in Laboratory 3 and consequently the absorption of these 

iron sources relative to the absorption of FeS04 was similar among 

the labJratories. This is especially true for FeP04 (approximately 

0.25 that of FeS04). The agreement among laboratories was not as 

precise concerning the relative absorption of electrolytic 55Fe • 

Laboratories 1 and 4 reported absorption ratios. of 0.48 and 0.47 

respectively whereas Laboratory 2 reported a vblue of 0.69. The 

reason for this is unclear but could be related to lower absorption 

of FeS04 in Laboratory 2 (a value which was confirmed by whole body 

counter). Laboratories 1 and 4 fed identical amounts of 59Fe and 

55Fe (approximately 400 ug) whereas Laboratory 2 fed 230 ug 

59Fe , 370 ug 55Fe as electrolytic Fe and 650 ug 55Fe as FeP04• 

This explanation does not appear v~lid si~ce a high level of -iron 

in the test meal would be expected to lower the absorption and thus 

yield a lower absorption ratio. 
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'LE 1 

~tlV of test iron sources as measured by the AOAC method. 

Iron Source 

laboratorx 1 

FeS04 
Electrolytic Fe 

FeP04 
Laboratorx 4 

FeS04 
Electrolytic Fe 

FeP04 

Supplemental iron 
(mg Fe/kg diet) 

0, 6, 12, 18, 24 

12, 24, 36 

12, 24, 36 

0, 6, 12, 18, 24 

12, 24, 36 

12, 24, 36 

Hemoglobin Gain 
(g / L) 

-10, 5, 15, 32, 42 

8, 26, 42 

-3, 2, 12 

-10, 7, 20, 42, 49 

17, 42, 58 

-6, 13, 21 

* RBV ratio 

1.00 

0.66 ± 0.02+ 

0.25 ± 0.02 

1.00 

0.77 ± 0.04 

0.33 ± 0.03 

* Slope of test iron source (Hb gain vs level of supplementation) relative to slope of 
FeS04• 

+Mean ± SEM 



":"ABLE 2 

KBV of test iron sources as measured by the HRE method. 

Iron Source Supplemental iron Hb Gain * HRE RBV ratio 
(mg Fe/kg diet) (giL) ratio 

Laborator,z: 3 

FeS04 35 86 ± 3 0.75 ± 0.02+ 1.00 ± 0.03 

Electrolytic Fe 35 52 ± 3 0.59 ± 0.03 0.78 ± 0.04 

FeP04 35 44 ± 3 0.44 ± 0.02 0.58 :!: 0.03 

Laborator,z: 4 

FeS04 20 41 ± 2 0.76 :!: 0.03 1.00 ± 0.05 

r-:ectro lyt ic 55Fe 20 27 ± 3 0.61 ± 0.03 0.80 ± 0.05 

Electrolytic Fe 20 35 ± 2 0.65 ± 0.05 0.86 ± 0.06 

55Fep04 20 14 ± 2 0.46 ± 0.02 0.60 ± 0.03 

FeP04 20 19 ± 3 0.46 ± 0.03 0.61 ± 0.04 

* Mean hemoglobin regene~ation efficiency of test iron source divided by mean hemoglobin 
regeneration effic~ency of FeS04• 
+ Mean ± SEM 



TABLE 3 

Absorption of el~ctrolyt;c 55Fe 

Labo!"'atorl: 1 

absoq~t ion 
59FeSO 55Fe 

Rat (A)4 (B) 
(~ of dose) 

1 39.2 22. 1 

2 34.0 15.7 

3 32.9 16.8 

4 35.6 17 .5 

5 31.0 14.8 

6 22.2 9.9 

7 29.4 12.8 

8 36.9 18. 1 

9 28.5 14.0 

10 37.2 17.6 

11 

12 

13 

Mean 32.7 

± 1 SEM 1.6 

16.0 

1.1 

Ratio 
(B/A) 

0.56 

0.46 

0.51 

0.49 

0.48 

0.45 

0.44 

0.49 

0.49 

0.48 

0.48 

0.01 

Laboratorl: 2 

absoq~tion 

59FeSO 55Fe 
(A)4 (B) 

(% of dose) 

24.7 

16.5 

19.0 

14.4 

28.7 

21.0 

22.6 

15.2 

22.9 

12.2 

19.7 

1.6 

15.6 

11.3 

15.6 

9.8 

17 .5 

14.9 

15.7 

11.4 

17 .8 

7.8 

13.7 

1.1 

Ratio 
(B/A) 

0.63 

0.68 

0.82 

0.68 

0.61 

0.71 

0.69 

0.75 

0.78 

0.64 

0.69 

0.02 

Laboratorl: 3 

absoq:!tion 

59Fes04 55Fe 
(A) (B) 

(% of dose) 

63.0 

77 .5 

46.3 

70.8 

64.8 

74. 1 

46.5 

53.3 

54. 1 

70.0 

67.5 

60. 1 

77.5 

63.5 

3.0 

27.0 

30.5 

20.7 

31.3 

26.6 

44.5 

20.6 

21.9 

28.0 

33.3 

34.9 

34.2 

37.4 

30. 1 

1.9 

Ratio 
(B/A) 

0.43 

0.39 

0.45 

0.44 

0.41 

0.60 

0.44 

0.41 

0.52 

0.48 

0.52 

0.57 

0.48 

O.f7 

0.01 



TABLE 4 
Absorption of 55Fep04' dihydrate 

Rat 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

Mean 

! SEH 

Laboratorl 1 

absnq~tion 

59FeS04 
(A) 

55Fep04 
(B) 

(~ of dose) 

32.6 

33.8 

27.1 

41.5 

40. 1 

32.9 

30.4 

44.8 

24.7 

39.1 

34.7 

2. 1 

7.2 

6.5 

8.8 

11.3 

10.0 

7.9 

9.5 

13.2 

6.4 

10.7 

9. 1 

0.7 

Ratio 
(B/A) 

0.22 

o. 19 

0.32 

0.27 

0.25· 

0.24 

0.31 

0.29 

0.26 

0.27 

0.26 

0.01 

Laboratorl 2 

absoq~t ion 
59FeSO 

(A)4 
55FepO 

(Bt 
(% of dose) 

24.0 

24.6 

13. 1 

15.9 

20.9 

19. 1 

22.3 

26.6 

24.2 

21.2 

1.5 

6.8 

6.3 

3.8 

5.3 

8.2 

3.9 

4.8 

4.6 

6.2 

5.5 

0.5 

Ratio 
(B/A) 

0.28 

0.26 

0.29 

0.33 

0.39 

0.20 

0.22 

0.17 

0.26 

1I.26 

0.02 

Laboratorl 3 

absoq~tion 

59FeSO 55Fep04 
(A) 4 (B) 

(% of dose) 

48.2 

68. 1 

64.7 

73.0 

63.6 

79.5 

71.7 

72.4 

61.7 

71.4 

69.5 

79.4 

71.2 

68.8 

2.3 

9.4 

10.4 

11.5 

19.5 

18.3 

20.3 

22.6 

14.6 

18.6 

11.8 

16.3 

11.9 

16.3 

15.5 

1.2 

Ratio 
(B/A) 

0.20 

O. 15 

O. 18 

0.27 

0.29 

0.26 

0.32 

0.20 

0.30 

O. 17 

0.23 

o. 15 

0.23 

0.22 

0.01 



Assessment of bioavailability of fortification iron compounds in 

human subjects 

Paul Whittaker, PhD and James D Cook, MD 

ABSTRACT Iron compounds commonly used for the fortification of 

cereal foods were radiolabeled to permit studies of their 

bioavailability in human subjects. When compared directly with 

ferrous sulfate in a farina-based meal, relative absorption of 

ferric orthophosphate was only 0.25 as compared to 0.75 with 

electrolytically-reduced iron of small (20 urn) particle size. The 

addition of 100 mg ascorbic acid to the meals produced a brisk 

parallel increase in absorption of all labeled iron forms but did 

not alter the absorption ratio between less available forms of iron 

and ferrous sulfate. The use of doubly-tagged meals provides a 

highly sensitive method for assessing bioavailability of 

fortification compounds in humans and the results are independent 

of meal composition. 

KEY WORDS: Iron, iron bioavailability, human 

This work was supported by AID Cooperative Agreement 

DAN-0227-A-00-2104-00. 



1 

INTRODUCTION 

There is a continuing need for reliable methods to assess the 

bioavai1ability of iron fortification compounds, especially in 

countries where fortification is extensively practiced. Ferrous 

sulfate is the most bioavailable iron source but produces an 

organoleptic effect in many food vehicles. This has resulted in 

the use of more inert forms of iron such as phosphate compounds or 

elemental iron powders. While undesirable changes in color and 

taste can often be avoided by using these forms of iron, there is 

commonly a parallel reduction in their gastrointestinal absorption. 

Because different commercial batches often vary markedly in this 

respect, reliable methods to assess bioavailability in humans are 

required. 

Several approaches have been used to estimate the bioavai1ability 

of iron sources. A variety of physical chemical methods have been 

used to evaluate elemental iron powders including particle size, 

solubility in hydrochloric acid and reactive surface area (1) •. The 

most widely used animal method is to compare ~he hemoglobin 

response in anemic rats given graded quantities of the 

fortification iron source with that obtained from ferrous sulfate 

(2). The degree to which these animal measurements predict 

bioavai1ability in human subjects is uncertain since there have 

been no systematic comparisons of bioavailability measurements in 

animals and humans. The present study was undertaken to examine 

the accuracy of several methods to assess bioavai1ability rf iron 
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compounds. FeP04 and electrolytic Fe were chosen to provide a wide 

spectrum of bioavailability. Assessment of the bioavailability of 

these compounds in humans is the subject of the present report. 

MATERIALS AND METHODS 

Subjects 

Absorption measurements were performed in 25 normal volunteers, 12 

men ~nd 13 women, ranging in age from 18-38 yr. None of the 

subjects gave a history of disorders which might affect the 

absorption of iron from the gastrointestinal tract. All subjects 

were in good health although two had depleted iron stores as 

reflected in a serum ferritin level under 12 ug/L. All the 

subjects gave written informed consent before participating in the 

studies which were carried out in accordance with the procedures of 

the Human Subjects Committee at the University of Kansas Medical 

Center. 

Radiolabeled Compounds 

Two iron sources were labeled with 55Fe under conditions believed 

to produce a product comparable to commercially available sources. 

These consisted of FeP04, and electrolytic Fe of small (20 urn) 

partic}e size. With each of these iron compounds, a limited amount 

of 55Fe labeled material was prepared together with a larger 

quantity of unlabeled material under identical conditions. The 

radiolabele~ and cold forms of iron were mixed at the time of 

I' ((' 

') 
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administration to attain the desired specific activity. 

Experimental Design 

The bioavailability o~ each of the two radiolabeled forms of iron 

was evaluated in two separate studies by comparison with FeS04• An 

identical farina-based meal was employed in both studies. The 

first test meal contained 3 mg iron as 59Fes04 and the same 

quantity of iron from the alternate iron source labeled with 

55Fe . To determine whether relative bioavaila~ility was influenced 

by level of absorption from the meal, the same absorption study was 

performed 14 days later from meals cont~ining added ascorbic acid. 

Four separate radioiron absorption tests were performed in each 

subject from two separate doubly-labeled meals. 

Absorption Tests 

All test meals were served between 7:00 and 9:00 am following an 

overnight fast. Only water was allowed for the subsequent 3 h. 

After obtaining blood for measurement of background radioactivity 

and serum ferritin (3), the first test meal containing 3.7 x 104 Bq 

59Fe and 1.1 x 105 Bq 55Fe was administered. Blood was obtained 14 

days later to ~ssay incorporated red cell raqioactivity. The 

second test meal containing the same quantity of 55Fe and 59Fe was 

then eaten and 14 days later a final blood samples was drawn. 

Absorption was determined from the radioactivity incorporated into 

circulating red cells for the first pair of tests and from the 
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the increase in radioactivity from day 14 to day 28 for the second 

test meal. All measurements of 55Fe and 59Fe were performed on 

duplicate 10 mL samples of whole blood (4). Absorption of iron was 

calculated on the basis of the blood volume estimated from weight 

and height of the subject (5,6). Red cell incorporation of 

absorbed radioactivity was assumed to be 0.80 (7). 

Test Meals 

The test meal consisted of unfortified farilld (supplied by Carl 

Hoseney, Kansas State University, Manhattan, KS). Each meal 

contained 40 9 farina, 120 9 whole milk, 0.5 9 salt, 14 g butter, 

24 g sucrose, and 250 mL water. Sufficient 59Fes04 to provide 3 mg 

iron and the same quantity of the alternate iron compo~nd tagged 

with 55Fe was thoroughly mixed with the meal immediately prior to 

serving. FeS04, heptahydrate, analytical grade, was used. The 

second meal given 2 weeks later was identical to the first except 

that it contained 100 mg freshly dissolved ascorbic acid. 

Statistical Analysis 

Absorption data were convertea to logarithms for statistical 

analysis because of the highly skewed distribution of iron 

absorption measurements in humans (8). The results were 

1/ 
i ! 



re~onverted to recover the original units. When absorption from 

any pair of test meals was compared within the same subject, a 

paired i-test was used to determine whether ln absorption ratio 

differed significantly from zero. 

RESULTS 

5 

The geometric mean absorption of FeP04 in a meal containing no 

ascorbic acid was only 0.83% with a range of 0.12 to 7.07 (Table 

1). The absorption ratio of FeP04 to FeS04 was r~latively 

constant, ranging from 0.12 to 0.44 (Fig. 1). The mean ratio of 

0.25 (± lSE, 0.23-0.28) indicated that the absorption of FeP04 was 

only 0.25 that of FeS04. It is of interest that although the 

addition of 100 mg ascorbic acid resultec in a striking increase in 

iron ~bsorption of about four-fold, the absorption ratiu was 

unchanged, averaging 0.25 (ratio C/O, Table 1). This indicates 

that the facilitating effect of ~scorbic acid on these two forms of 

fortification iron was identical. 

The absorption of electrolytic Fe relative to FeS04 was much higher 

than FeP04• The geometric mean absorption averaged 3.37% as 

compared to 4.52% with FeS04 (Table 2). Absorption averaged 0.75 

relative to FeS04 (ratio A/B ±l SE, 0.72-0.78). Ascorbic acid 

produced a sharp increase in absorption of both iron forms although 

the relative increase was slightly less with electrolytic Fe; the 

mean ratio with/without ascorbic acid for FeS04 was 2.83 as 

G1 

http:0.72-0.78
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co~pared to only 2.37 with electrolytic Fe. This difference was 

statistically significant (p = 0.007). As a result, relative 

availability decreased from 0.75 to 0.62 (Fig 1). 

DISCUSSION 

One of the earliest clinical studies of the availability of 

fortification iron compounds using radioisotopic techniques was 

that of Steinkamp, Dubach, and Moore (9) who could detect no 

obvious differences among the several preparations tested. 

6 

However, each compound was studied in a separate group of subjects 

and even large differences in absorption would be masked by 

subject-to-subject variability in absorption. The sensitivity of 

iron availability studies has been greatly enhanced by employing 

dual radioiron tracers to obtain simultaneous comparisons in the 

same individual. Even with this approach, day-to-day variations in 

:Jsorption within the same subject, typically 20-30%, can still 

mask appreciable differences in availability. For this reason, we 

compared absorpt10n of different forms of fortification iron with 

FeS04 by adding both isotopes to the same meal. It is 

theoretically possible that some interacc10n occurs between two 

iron sources present in the same meal. For example, FeS04 which 

served as the reference iron compound may promote the solubility of 

less available forms of iron or perhaps the absorption of FeS04 is 

reduced by adsorption to the surface of less soluble particulate 

forms of iron. This possibility was carefully exclused in previous 
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studies showing that the bioavailability of fortification compounds 

relative to FeS04 is the same whether the two radiolabeled sources 

are administered on different days or added to the same meal 

(1,10). 

The absorption of nonheme dietary iron in humans varies widely 

depending on the nature of the meal. This could pose a problem 

when evaluating bioavailability. Highly soluble forms of iron such 

as FeS04 undergo complete isotopic exchange with the common nonheme 

iron pool (11,12), but the degree of exchange of less ~oluble iron 

sources may vary with different meals. To examine this 

possibility, the various iron compounds in the present study were 

evaluated using test meals with and without added ascorbic acid to 

obtain a wide difference in nonheme iron absorption. With FeP04, 

relative bioavailability was identical despite a dramatic 

three-fold increase in absorption when ascorbic acid was added to -. 
the farina meal. This indicates that at least with this form of 

fortification ;I'on, the nature of the meal does not influence the 

estimation of relative bioavailability. On the other hand, the 

increase in absorption of electrolytic Fe with ascorbic acid was 

somewhat less than with FeS04 (Fig 2). This is not too surprising 

because all of the iron in powdered FeS04 is available to react 

with ascorbic acid, whereas with elemental iron ascorbic acid 

cannot react with iron that is contained within the core of an iron 

particle. Nevertheless, the differences in estimates of bioavail-



ability at the extremes of nonheme iron absorption were minor and 

it can be concluded that the n~ture of the meal has little 

influence on bioavai1abi1ity measurements ir humans. 

8 

There is a remarkable similarity in the bioavai1abi1ity of FeP04 
determined in the present study and that observed in a previous 

study in which this form of iron was baked into wheat rolls (12). 

The ~ean absorption ratio for FeP04 re1,tive to FeS04 in the 

earlier report was 0.31 as compared to a value of 0.25 in the 

present study. These estimates are consistent with rat studies in 

which bioavai1abi1ity relative to FeS04, referred to as relative 

biological value (RBV), ranged between 0.07 and 0.32 (13,14). The 

difference in reported RBV for FeP04 is similar to that observed by 

Harrison and coworkers (15) who obtained values between 0.06 and 

0.46. It is not clear whether the wide range of bioavai1abi1ity 

values in animal studies is a reflection of differences in the 

sources of FeP04 or due to methodo1ogic variability. 

The bioavai1abi1ity of elemental iron which is used extensively for 

cereal and flour fortification has been evaluated more extensively. 

Elemental iron powders are preferred because of a lesser tendency 

than FeS04 to produce off-flavors and discoloration. The commonest 

forms used by the food industry are electrolytic Fe which is 

produced by the p.1ectro1ytic deposition of iron onto stainless 

steel cathodes and reduced iron which is prepared by reducing 
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ground iron oxide with either hydrogen or carbon monoxide. A 

variety of physical chemical methods such as particle size, 

solubility ir dilute acid and reactive surface area have been used 

to predict b10availability in human subjects. While these physical 

chemical methods are helpful in characterizing elemental iron 

powders, the rat hemoglobin repletion method remains the basis for 

predicting bioavailability in humans. In general, a much lower 

bioavailability for the type of electrolytic Fe evaluated in the 

present study has been reported in animal studies. For example, 

Shah and coworkers (16) reported an RBV of 0.32 for electrolytic Fe 

with a mean particle size of 4 um. Fritz and colleagues (13) 

reported an RBV of 0.75 for electrolytic Fe with a particle size 

between 10-20 um and only 0.48 with a particle size of 20-40 um. 

In the present study, a value of 0.75 was observed for the small 

particle size. However, the value is consistent with relative 

'bioavailability of 0.95 observed previously for reduced iron with a 

particle size between 5 and 10 um (10). Humans may be more 

efficient in solubilizing particulate forms of fortification iron 

than small laboratory animals. 

There is ample reason for concern about existing methods to 

characterize the bioavailability of fortification iron compounds. 

Studies based both on physical chemical methods and hemoglobin 

response in anemic rats have consistently shown that carbonyl iron 

is a highly bioavailable form of elemental iron. For example, Shah 

and coworkers (16) reported that carbonyl iron has the smallest 
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particle size, the greatest solubility. and the highest bioavail

ability (RBV 0.61). On the basis of thp~e and other studies, 

carbonyl iron has been ranked superio~' to both electrolytic and 

reduced iron which has led to its extensive use in Sweden for flour 

fortification. However, when radiolabeled carbonyl iron was 

prepared by neutron activation and used to fortify wheat flour, the 

relative bioavailability in human volunteers varied between only 

0.05 and 0.20 relative to FeS04 (17). It is conceivable that the 

process of neutron irradiation may have altered the bioavailability 

of the product used for human studies although the rate of 

dissolution of the labeled material was similar to commercial 

sources of carbonyl iron. Surprisingly, the absorption of this 

batch of elemental iron was not influenced by the addition of 

ascorbic acid (17). 
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TABLE 1. Bioavai1abi1it~ of Ferric Ortho~hos~hate 

I RON ABSORPTI ON 
-AscorEi; c Ad a +~scorbic Acid 

Packed ABSORPTION RATIO 
Sex Cell Serum FeP04 FeS04 FeP04 FeS04 Subject Age Volume Ferritin (A) (B) (C) (D) AlB CID CIA DIB 

(ug/l) (% of dose) 

1. M32 0.43 109 0.22 0.75 1.32 4.72 0.29 0.27 5.99 6.29 

2. M23 0.47 76 1. 98 4.47 3.20 10.28 0.44 0.31 1.61 2.29 

3. F23 0.42 50 0.51 1. 70 3.92 12.87 0.29 0.30 7.68 7.57 

4. F21 0.36 42 0.58 3. 11 1. 57 5.91 O. 18 0.26 2.70 1.90 

5. M26 0.44 40 1. 12 3.46 1. 10 7.01 0.32 O. 15 0.98 2.02 

6. F24 0.39 33 O. 12 0.98 1.20 9.28 O. 12 0.21 10.00 9.46 

7. F24 0.40 28 0.26 1.03 0.82 4.78 0.25 0.17 3. 15 4.64 

8. F21 0.40 23 0.46 2.76 4.23 12.40 O. 16 0.33 9. 19 4.51 

9. M21 0.44 19 0.71 3. 15 4.76 14.07 0.22 0.33 6.70 4.46 

10. F22 0.41 14 7.07 24.88 21. 11 49.33 0.28 0.42 2.98 1.98 

11. F25 0.41 13 1.67 7. 13 7.50 30.78 0.23 0.24 4.49 4.31 

12. F23 0.38 5 6.33 17.36 17.72 76.56 0.36 0.23 2.79 4.41 

* MEAN 24 0.41 28 0.83 3.30 3.29 13.00 0.25 0.25 3.95 3.94 

-lSE 0.58 2.41 2.41 10.03 0.23 0.23 3.21 3.37 

+lSE 1.20 4.52 4.48 16.85 0.28 0.28 4.86 4.61 

* ?=-- Geometric means except age and packed cell vo1~me 
~ 



TAR!..; 2. Bioavailabilit~ of Small 

Packed 
Sex Cell Serum 

Subject Age Volume Ferritin 
(ug!L) 

1. H19 0.49 79 

2. H18 0.47 72 

3. H19 0.48 69 

4. H22 0.43 62 

5. H19 0.48 51 

6. H18 0.46 50 

7. F20 0.36 25 

8. F21 0.43 24 

9. H2O 0.48 20 

10. H18 0.46 18 

11. F22 0.37 15 

12. F29 0.41 14 

13. F23 0.40 11 

* MEAN 21 0.44 28 

Particle (20 urn) Electrolltic Iron 

IRON ABSORPTION 
-Ascor6ic Acid +Ascorbic Acid 

FeO(20) FeS04 FeO(20) FeS04 Ud (B) (C) (0) 
(% of dose) 

2.38 

1.20 

2.98 

1.01 

6.68 

1. 21 

1.20 

12.45 

6.66 

3.76 

4.57 

15.67 

3.82 

3.37 

2.62 

4.33 

2.83 

2.38 

3.78 

1.35 

8.41 

1.63 

1.41 

16. 15 

7.85 

5.88 

5.86 

21. 72 

5. 16 

4.52 

3.53 

5.78 

3.41 5.20 

3.71 5.47 

6.30 8.68 

2.35 3.60 

9.96 15.48 

13.73 20.35 

4. 12 6.21 

12.72 18.98 

16.61 33.71 

11.61 13.77 

13.68 15.81 

15.88 35.57 

9.31 15.40 

7.97 12.76 

6.63 10.37 

9.59 15.71 

AlB 

0.84 

0.50 

0.78 

0.74 

0.79 

0.74 

0.85 

0.77 

0.84 

0.63 

0.77 

0.72 

0.74 

0.75 

0.72 

0.78 

ABSORPTION RATIO 

CID 

0.65 

0.67 

0.72 

0.65 

0.64 

0.67 

0.66 

0.67 

0.49 

0.46 

0.86 

0.44 

0.60 

0.62 

0.59 

0.66 

CIA 

1.43 

3.09 

2. 11 

2.32 

1.49 

11.34 

3.43 

1.02 

2.49 

3.08 

2.99 

1.01 

2.43 

2.37 

1.99 

2.82 

DIB 

1.83 

2.29 

2.29 

2.66 

1.84 

12.48 

4.40 

1. 17 

4.29 

4.21 

2.69 

1.63 

2.98 

2.83 

2.40 

3.34 
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Summary of the iron bioavailability study 

Clinical Study 

1 

The clinical measurements of iron absorption in this study serve as 

the reference point against which other animal and physical 

chemical methods for assessing iron bioavailability are compared. 

It is important therefore to consider any potential pitfalls in 

these measurements. The reliability of absorption tests in human 

subjects has improved dramatically in recent years because of 

progressive refinements in methodology. In earlier clinical 

studies of iron availability from fortification compounds each 

labeled iron compound was studied in a separate group of subjects. 

The drawback of this approach is that the characteristically wide 

sUbject-to-subject variation in absorption obscures any differences 

related to the form of administered iron. In the present study, 

all iron compounds were assessed within the same subject by 

calculationg absorption ratios of either FeP04 or electrolytic Fe 

to FeS04. 

Even with comparisons in the same subject, day-to-day variations in 

absorption typically range between 20-40%. These variations may 

still mask differences in iron availability unless the number of 

subjects is quite large. This second component of variation was 

eliminated in the present study by adding both forms of radioiron 

to the same test·meal. These methodologic refinements result in 

narrow confidence bands for estimates of bioavailability. For 



ex~mple, in the case of FeP04, the 0.95 confidence limits for the 

relative availability value of .25 are .21-.31 (Table 1). 

2 

One theoretical concern when both labeled compounds are added to 

the same meal is that some interaction might occur between the two 

iron sources during the digestion process. For example, FeS04 
which served as the reference iron compound might promote the 

solubility of less available forms of iron or perhaps the 

absorption of FeS04 is reduced by the presence of less soluble 

particulate forms of iron. However, this theoretical possibility 

was carefully excluded in previous studies which showed that the 

bioavailability of fortification iren compounds relative to FeS04 
is the same whether the two radiolabeled sources are administered 

on different days or added to the same meal. 

Another consideration in clinical studies is whether estimates of 

iron bioavailability are influenced by the nature of the test meal. 

It is known that highly soluble forms of iron such as FeS04 un~ergo 

complete isotopic exchange with the common nonheme iron pool, but 

it is conceivable that the degree of exchange with less soluble 

iron forms depends on the level of food iron absorption. To 

explore this possibility, we decided n the present study to 

examine two levels of food iron availability by administering the 

test meal with and without ascorbic acid. The addition of vitamin 
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C increased absorption of FeS04 from 3.3 to 13.0% in the study with 

FeP04 (Table 1) and from 4.5 to 12.8% in the study with 

electrolytic Fe (Table 2). With ferric orthophosphate. the 

estimate of bioavailability remained identical despite a three-fold 

increase in absorption. Obviously. the bioavailability of this 

form of fortification iron is not influenced by the level of 

absorption from the test meal. In the case of electrolytic Fe. the 

incr~ase in absorption with ascorbic acid was less than with 

FeS04; as a result, relative availability was reduced from .75 to 

.62. These findings suggest that the facilitating effect of 

ascorbic acid may be somewhat diminished with elemental iron 

powders as compared to iron salts although the difference is minor. 

Nevertheless, it seems reasonable to conclude from the clinical 

studies that the n~ture of the test meal has little or no effect on 

estimates of iron bioavailability. For comparison with the animal and 

in vitro measurements of availability, we have chosen the value of 

.75 obtained with the farina test meal containing no added ascorbic 

acid. 

A final consideration sometimes discussed in clinical studies is 

whether estimates of relative bioavailability are influenced by the 

iron status of the volunteer subjects. Although all of the 

volunteers in this study were hematologically normal, serum 

f~rritin levels indicated a wide range in iron status in both study 
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gr.oups. This variation is also reflected in differences in iron 

absorption from FeS04, which ranged from 0.8 to 24.9% in the study 

with FeP04 and from 1.4 to 21.7% in the study with electrolytic 

Fe. However, there was no obvious difference in bioavailabil1ty 

ratio between subjects with low and high serum ferritin levels. 

For example, in measurements with FeP04, absorption ratio of 0.29 

and 0.44 were observed in subjects with the highest ferritin levels 

and 0.23 and 0.36 in the subjects with the lowest serum ferritin 

values. These observations indicate that estimates of 

bioavailability in human subjects are not affected s1gnifir~~tly by 

either the nature of the meal or the iron status of the volunteers. 

Comparison of Methods 

Though animal studies may serve as useful predictors, it must be 

considered that in practical terms, human diet is mixed, containing 

components which potentially enhance or inhibit iron absorption 

whereas the experimental animal diet is more homogeneous in nature. 

The most widely accepted method for predicting iron bioava1labil1ty 

in human subjects is hemoglobin repletion. This technique measures 

the hemoglobin response to graded amounts of· iron in rats with 

induced iron deficiency anemia. Excellent agreement was observed 

in the present study between clinical measurements and a slightly 

modified AOAC method. With electrolytic Fe, RBV values of 0.66 and 

0.77 were observed in the rat method as compared to a value of 0.75 
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in humans. Excellent agreement was also obtained with FeP04 which 

gave RBV values of 0.25 and 0.33 as compared with a value in 

clinical studies of 0.25. 

A modified hemoglobin repletion technique, the hemoglobin 

regeneration efficiency (HRE) method, was also evaluated in the 

present study. There was excellent agreement between the RBV of 

0.78 and the clinical value of 0.75 with electrolytic Fe using the 

HRE method. FeP04 availability was overestimated however with an 

RBV of 0.58 as compared with the clinical value of 0.25. The major 

differences with this method is that only one level of dietary iron 

is tested and calculations are based on the efficiency of 

converting dietary iron into hemoglobin. The method is more 

economical because only one quarter of the number of animals are 

required to test an iron compound. This was a major advantage in 

the present study because it permitted a direct comparison of 

bioavailability from the cold and radiolabeled iron sources; there 

was not a sufficient amount of labeled material to perform the 

standard AOAC method. The depletion period is only 7 days for the 

HRE method as compared to 28 days or longer for the AOAC method and 

the repletion period is 10 days for the HRE method as opposed to 14 

days for the AOAC method. The results obtained with the 

radiolabeled sources were virtually identical to those obtained 

with the cold iron sources. Thus, with electrolytic Fe, the 

radiolabeled material gave an RBV of 0.80 as compared with a value 

of 0.86 using the unlabeled material. With FeP04, a value of 0.60 
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was obtained as compared to a value of 0.61 using the unlabeled 

source. 

The bioavai1abi1ity of radio1abe1ed iron sources was also evaluated 

in iron replete rats using an isotopic method similar to that 

employed in clinical studies. With FeP04, a mean RBV of 0.25 was 

obtained, identical to the clinical value. Results in different 

laboratories were much more variable in the case of electrolytic 

Fe; RBV values of 0.48, 0.69, and 0.47 were obtained as compared to 

a clinical RBV of 0.75. We could find no explanation for this 

interlaboratory variation. It is interesting however, that in one 

of the laboratories (laboratory 3), the rats were mildly iron 

deficient when studied. Nevertheless, the RBV value of 0.47 for 

electrolytic Fe was nearly identical with the value of 0.48 

obtained in laboratory 1 in iron r~p1ete rats. This indicates that 

as in human studies, iron status does not influence estimates of 

bioavailability. It should alsd be noteJ that a radioactive animal 

method is of little practic~l value in the assessment of 

fortification iron compounds because of the difficulty in preparing 

radio1abe1ed iron sources. 

In vitro tests of solubility in dilute acid showed acceptable 

agreement with other measures of b1oava11ab111ty. With 

electrolytic Fe, relative solubility values ranged between 0.60 to 

0.87; the mean of 0.72 compares well with the clinical value of 

0.75. With a more insoluble source such as FeP04, in vitro 
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solubility appeared to underestimate bioavailability as measured in 

human subjects. Values ranged between 0.03 and 0.10 with a 

mean of 0.05. These tests of in vitro solubility again showed no 

consistent difference between the labeled and unlabeled iron 

sources. As suggested in previous studies~ solubility in dilute 

acid provides a valuable screening method for assessing iron 

fortification compounds. 

Studies were also performed with an in vitro technique that has not 

previausly been used to assess the bioavailability of fortification 

iron. The major differences is that availability is measured in 

the presence of food by determining the proportion of dialyzable 

iron following simulated gastric digestion. In laboratory 1, the 

results obtained with this technique were almost identical to those 

obtained in clinical studies. However, there were appreciable 

differences between laboratories. For electrolytic Fe, RBV values 

ranging from 0.58 to 0.75 and for FeP04, values varied between 0.27 

to 0.46. We believe that some of this variability is due to the 

fact that technical experience with the.method was limited in some 

laboratories. Even relatively small variations in incubation time 

can lead to pronounced differences in dialyzable iron. It seems 

likely that with further experience and refinement, this method may 

give results comparable to those obtained with the hemoglobin 

repletion technique. Dialysis measurements can be performed at 8 

small fraction of the cost of animal studies and can be undertaken 
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by laboratories that do not have animal facilities. Further 

evaluation of this technique using different meals and a greater 

range of iron fortification compounds might lead to a simplified 

approach fo~ evaluating iron bioavailability. 

Conclusions 

1. Equivalency of radioactive and non-radioactive sources: 

confirmed as equal by HRE method. 

8 

2. Effectiveness of several methods for predicting bioavailability 

of various iron sources in humans, with ferrous sulfate as the 

reference material: 

AOAC (modified) rat model: good predictor for all compounds 

HRE rat model: good predictor for high bioavailability compounds; 

underestimates for low bioavailability compounds 

Rat isotopic model: good predictor for low bioavailability 

compounds; underestimates for high 

bioavailability compounds 

In vitro solubility: good predictor for high bioavailability 

compounds; underestimates for low 

bioavailability compounds 

In vitro dialysis: promising, but needs precise standardization 

3. Recommended present method of choice in predicting human iron 

bioavailability: preliminary screening using in vitro dialysis 

followed by evaluation using modified AOAC method, slope ratio 

technique. 



APPENDIX 2 

Minutes of tne INACG Meeting on the Chilean Clinical Study 

of Electrolytic Iron Bioavailability from Cereals in Infants 



Minutes of the INACG Meeting on the Chilean 
Clinical Study of F ,·~trolytic Iron Bioavailability 

from cereals in Infants 
22 April, 1987 

ILSI-NF Office, Washington, D.C. 

Present: c.o. Chichester, Chairman: Catherine Adams: Peter 
Dallman: Jack Filer; Thad Jackson: Guy Johnson; Samuel Kahn: 
Ida Laquatra and Kathy Weimer 

The meeting began at 09:30 and was chaired by c.o. 
Chichester. Dr. Chichester described the purpose of convening 
the meeting and initiating the clinical trial of electrolytic 
iron bioavailability from cereals in infants. The data from 
the recently completed INACG research study of iron 
bioavailability indicates that the bioavail~bility of 
electrolytic iron in humans is about 75% of that for ferrous 
sulfate ~nd about 50% for iron depleted and iron adequate 
animals. Most animals study Leport that electrolytic iron 
bioavailabiJity is from 55-75% that of ferrous sulfate. Dr. 
Samuel FOlnon has recently raised the question of 
electrolytically-reduced iron bioavailability in infants. 

Three points were identified by the committee that refute 
Dr. Fomon's allegations regarding the poor bioavailability of 
electrolytic iron. These include that: 

(1) There is evidence that the contribution of iron to 
infant's diets from cereals is considerably greater than is 
implied by Dr. Fomon. 

(2) Animal studies with electrolytic iron have demonstcated 
it to be reasonably bioavailable. 

(3) A research study at the University of Illinois 
demonstrated that con·;umption of electrolytic iron from 
commercial cereal established adequate iron status in 
infants. 

A clinical trial was proposed by Dr. Tomas Walter and Dr. 
Peter Dallman. The purpose of the study is to demonstrate the 
bioavailability of electrolytic iron from cereals and the 
iron's effectiveness in preventing iron deficiency for 
infants. The project would be conducted in Santiago, Chile 
with Dr. Walter as primary investigator. 



The following protocol was proposed: 

Group Cereal source Duration of Breastfeeding 

1 

2 

3 
4 

Unfortified rice 

Unfortified rice 
Fortified rice~ 

~ Fortification with electrolytic iron at 15 mg Fe/day 
consuming 30 g cereal/day 
~. Brief duration of breastfeeding = 
~.~ Long duration of breastfeeding = 

3 months 
3 months 

o Vitamin C fortification at 100 mg/liter milk for all 
groups 

o Blood drawn for analysis at 3 (baseline), 9 and 12 
months of chronological age. 

o Solubility tests for iron compounds in cereal 
tentatively to be conducted at FDA laboratories 

o Compliance evaluated by analyzing fecal iron content 

o Data to be collected for anthropometrics, morbidity 
and weekly dietary intake 

o If it proves to be impractical to fortify dried milk 
with ascorbate, then another means will be utilized to 
ensure adequate and equivalent intake of ascorbate for 
all groups. Gerber and Nestle will work on the 
technological aspects of ascorbate fortification of 
dried milk. 

The meeting participants talked with Dr. Tomas Walter by 
telephone regarding several questions about typical infant 
feeding practices and feasibility of the pr.oject in Chile. A 
brief summary of conclusions from this discussion is given 
below. 

- Typical infant feeding practices: 
o 60-70~ breastfed for 3 months 
o 30-40l breaGtfed for 6 months 
o cereals usually introduced at 3-4 months 
o meat and vegetable soup puree fed at 4 months 
o dilute fruit juices fed at 2-3 months with small 

amounts fed 



- Malnutrition is not a typical condition for Chilean 
infants. 

- Dried cereal is usually consumed with milk at 10\ 
solution (after 3 months) as part of bottle feeding. 

- Mothers and infants are seen once/month at the clinic, 
but nurses visit children in homes once/week. Morbidity is 
evaluated weekly during nurse viaitationG. 

- A good rapport exists between the clinic personnel and 
patients. This rapport facilitates that suggested dietary 
modifications fitting experimental protocol are followed 
(e.g., the inclusion of heme-fortified cookies in 
children's diets during a recent iron supplementation 
program). 

- The inclusion of low-birth-weight infants in the study is 
not recommended. 

There was a commitment for participation in the clinical 
study by Gerber Products, Nestle Foods Company and H.J. Heinz 
Company. 
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