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ABSTRACT A Caco-2 cell model with extrinsic radioiron was used to evaluate the effect of dietary factors on
nonheme iron bioavailability from a semipurified meal. Study 1 was conducted to evaluate the effect of enhancers
(ascorbic acid) and inhibitors (bran, phytate and tea) on iron bioavailability when added to semipurified meal
containing egg albumen as a protein source. The effect of various proteins [bovine serum albumin (BSA), casein,
beef and soy] on iron bioavailability was evaluated in Study 2 by substituting the above protein sources for egg
albumen. Protein solubilization following in vitro digestion for individual test meals was not significantly different
from the control. On the other hand, nonheme iron solubilization (0.8 6 0.0 to 5.9 6 0.3 vs. 4.9 6 0.8 mg/L) varied
significantly. The total iron uptake for each meal was calculated based on the percentage of radioiron taken up and
transported by Caco-2 cells and the amount of nonheme iron present in uptake solutions. Iron uptake ratios
represent test/control values. With the exception of BSA and ascorbic acid, the effect of dietary factors was similar
to that found in humans reported in the literature. A significant correlation (r 5 0.97; P , 0.0001) was found between
the published human absorption data and the iron uptake by the Caco-2 cells. The results of our study indicate the
usefulness of Caco-2 cells in assessing human iron absorption and the feasibility of this cell model in studying iron
bioavailability from various food combinations, otherwise not easily performed in humans. J. Nutr. 130:
1329–1334, 2000.
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Several decades ago, dietary components that enhanced or
inhibited nonheme iron absorption were identified (Carpenter
and Mahoney 1992) mainly by the application of extrinsic
radioiron labeling in humans. The important enhancing fac-
tors are ascorbic acid (Hallberg et al. 1989, Lynch and Cook
1980) and animal tissues (Cook and Monsen 1976, Hurrell et
al. 1988), whereas inhibitors are numerous. Those inhibitory
factors include phytate (Gillooly et al. 1983, Hallberg et al.
1987), polyphenols (Disler et al. 1975, Gillooly et al. 1983,
Tuntawiroon et al. 1991), calcium (Cook et al. 1991a, Hall-
berg et al. 1991), some plant proteins (Cook et al. 1981,
Hurrell et al. 1992, Steinke and Hopkins 1978), wheat bran
(Hallberg et al. 1987) and fiber (Reinhold et al. 1982).

The enhancing or inhibiting effects of the above dietary
factors in humans have been mostly examined singly and some
in combinations. Human studies relying on isotopic measure-
ment of iron absorption are impractical because of the risks of
radioactivity exposure, cost and complexity. Animal studies,
especially rodents, were used to test iron availability of many
food items. However, rats were found to be less sensitive to
dietary factors than humans, and the behavior of the rats’ iron
absorption might be different from that of humans (Reddy and
Cook 1991).

Recently, cell culture has been used extensively as an in
vitro method to assess human iron bioavailability. Caco-2
cells, a human colon adenocarcinoma cell line, have demon-
strated numerous morphological and biochemical characteris-
tics of enterocytes. These cells spontaneously differentiate into
polarized monolayers with a well-developed brush border and
associated enzymes (Pinto et al. 1983). This cell model has
been used in a wide variety of nutritional studies, particularly
in the study of mechanisms (Han et al. 1995, Nuñez et al.
1994) and regulation of iron absorption (Alvarez-Hernandez
et al. 1994, Gangloff et al. 1996, Tapia and Nuñez 1999) and
iron bioavailability studies (Garcia et al. 1996, Glahn et al.
1996, Glahn and Van Campen 1997, Glahn et al. 1998a,
1998b). The application of a Caco-2 cell model appears to be
promising as a physiological means of measuring mucosal cell
iron uptake.

Although many studies have utilized this model to in-
vestigate the factors affecting iron bioavailability, no study
has ever been reported to compare iron uptake by Caco-2
cells with human absorption data. The aim of this study was
to test the applicability of Caco-2 cells to assess nonheme
iron bioavailability by a direct comparison of cell uptake
results with published human absorption data (Cook et al.
1981, Hurrell et al. 1988, 1989, Reddy and Cook 1991,
Reddy et al. 1996) using exactly the same meal composi-
tion. The results of our study will strengthen the use of this
model to study human iron bioavailability from a number of
food combinations.
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MATERIALS AND METHODS

Cell culture. Caco-2 cells were obtained at passage 18 from an
American Type Culture Collection (Rockville, MD). All the exper-
iments were conducted at passages 35–43. The cells were grown in
Dulbecco’s Modified Eagle Medium (Sigma, St. Louis, MO) with 16%
fetal bovine serum (Sigma), 1% nonessential amino acids (Gibco
BRL, Grand Island, NY) and 1% antibiotic-antimycotic solution
(Gibco BRL). They were maintained at 37°C in an incubator with
95% atmospheric O2 and 5% CO2. At 80–100% confluency, the cells
were trypsinized and seeded in a cell culture flask of 75-cm2 area
(Corning Costar Corporation, Cambridge, MA) at a density of 1.68
3 107 cells/L or 5,600 cells/cm2 for continuing growth. For iron
uptake experiments, the cells were seeded onto collagen-treated
membrane (polytetrafluororethylene) of the inserts fitted in bicameral
chambers (Transwell-COL, six-well, 24-mm-diameter, 0.4-mm pore
size; Corning Costar Corporation) at a density of 1.65 3108 cells/L or
55,000 cells/cm2. Phenol red testing (Garcia et al. 1996) indicated
that 12–14 d after seeding, cells reached 90–100% confluency with
tight intercellular junctions, and the confluent cell layers were used
for iron uptake experiments.

Test meals. The composition of the meals that we utilized in this
study was based on the meals used in earlier human studies (Cook and
Monsen 1977, Hurrell et al. 1988, 1989, Reddy and Cook 1991,
Reddy et al. 1996), with the exception that only one-eighth of the
total meal was used for in vitro digestion. Cook and Monsen (1975)
developed this semipurified meal containing 30 g protein, 68 g car-
bohydrate and 35 g fat, and it was fed to humans. In this study, the
semipurified meals contained 3.8 g protein and 8.4 g dextrimaltose
(Amaizo; American Maize-Products Company, Hammond, IN) dis-
solved in 45 mL deionized (DI)3water, and 4.4 g corn oil (Mazola,
Engelwood Cliffs, NJ). The ingredients were blended with 30 mL DI
water. Composition of each meal is shown in Table 1.

Protein content of each protein source [egg albumen, bovine
serum albumin (BSA), soy protein isolate and beef] was determined
by the Kjeldahl method (Chaney and Marbach 1962) before they
were utilized in preparing the meal. Total iron of all the ingredients
was determined at Iowa State University (Veterinary Diagnostic
Laboratory, Ames, IA) using the method reported by Stahr (1991).
Since beef contains both heme and nonheme iron, nonheme iron
concentration was determined by the modified method of Torrance
and Bothwell (1968) using ferrozine instead of bathophenanthroline
disulfonic acid as a chromogen (Chidambaram et al. 1989). The total
iron content of each meal was matched to 0.51 mg with the addition

of iron as ferric chloride (Fisher Scientific Company, Fair Lawn, NJ)
dissolved in 0.01 mol/L HCl solution. No ferric chloride was added to
soy protein-containing meal as it already contained 0.57 mg intrinsic
nonheme iron.

In Study 1, 4.17 g of egg albumen (Monark Egg Corporation,
Kansas City, MO) was used as the protein source for the control meal
(Meal A). The test meals contained the same protein, fat and
carbohydrate sources but with added ascorbic acid, bran, phytate and
tea, which were represented as Meals B, C, D and E, respectively.
Meal B contained 12.5 mg ascorbic acid (Sigma Chemical Compa-
ny). Meal C contained 2 g hard wheat red bran (AACC, St. Paul,
MN). To Meal D was added 37.5 mg phytic acid (10.8 mg phytate-P)
as dodecyl sodium phytate (Sigma Chemical Company). Tea was
prepared by using 0.22 g tea leaves (Lipton, Englewood Cliffs, NJ)
steeped in 31 mL boiling water for 4 min, then strained. Prepared tea
was substituted for DI water in preparing Meal E.

In Study 2, protein sources were substituted for egg albumen of the
control to study the effect of proteins on iron uptake by Caco-2 cells.
Meal A containing egg albumen served as a control, and Meals F, G,
H and I, containing 3.91 g bovine serum albumin (BSA) fraction V
lyophilized powder (Sigma Chemical Company), 4.06 g casein (Vi-
tafree; United States Biochemical, Cleveland, OH), 4.55 g cooked
freeze-dried beef powder and 4.17 g soy protein isolates (Archer
Daniels Midland Company, Decatur, IL), respectively, served as test
meals. Freeze-dried beef was prepared from lean beef purchased lo-
cally. Prior to cooking, all visible fat from meat was trimmed off, and
the meat was cut into small cubes. A total of 2.6 kg of lean beef was
simmered in 700 mL distilled DI water for 1.5 h. Then the cooked
beef was refrigerated overnight, and visible fat floating on top was
removed. Homogenization with DI water was carried out with Poly-
tron (Brinkmann, Westbury, NY). The slurry was frozen at 220°C,
freeze-dried in ziploc bags, ground into powder using a coffee grinder
(Regal Ware, Kewaskum, WI) with precaution taken not to overheat
the proteins and stored at 220°C until use. Each semipurified meal
was prepared in duplicates for in vitro digestion. Iron uptake for each
duplicate digested sample was measured in 3–4 inserts of six-well
plates.

In Vitro digestion. All the enzymes and other chemicals were
obtained from Sigma Chemical Company. All the reagents were
prepared fresh before each experiment. A total of nine samples (A-I)
were prepared. Prior to adding test factors, protein sources, dextri-
maltose and corn oil were blended (Osterizer, Bay Springs, MS) with
30 mL DI water or tea before being homogenized with Polytron
(Brinkmann) at 18,000 rpm for 45 s. For Study 1, ascorbic acid, bran
phytate and tea were added to Meals B, C, D and E, respectively, then
mixed well. An appropriate amount of FeCl3 in 0.01 mol/L HCl was
added to give a total of 0.51 mg iron for each meal; then in vitro
digestion was carried out. First, pH of the mixture was brought to 2
with 5 mol/L HCl before adding 1 mL pepsin solution [0.08 g (2,500
U/mg protein) per mL 0.1 mol/L HCl] and then incubated for 1 h at
37°C in a shaking water bath at a speed of 90 rpm to simulate gastric
digestion. Following incubation, pH was raised to 6 with slow addi-
tion of 1 mol/L NaHCO3 dropwise, and 5 mL pancreatin-bile mixture
[0.12 g bile extract and 0.02 g pancreatin (4 3 U.S.P. activity) in 5
mL 0.1 mol/L NaHCO3] was added. Incubation was continued for 30
min more at 37°C to mimic duodenal digestion. Shortly after removal
from the shaking water bath, each sample was placed in an ice bucket
in order to stop pancreatic activity. The digests were subjected to
centrifugation at 5,000 3 g for 30 min. Supernatants were assayed for
protein (Lowry et al. 1951), and nonheme iron was determined by a
slight modification of the method of Torrance and Bothwell (1968)
using ferrozine instead of bathophenanthroline disulfonic acid as the
chromogen (Chidambaram et al. 1989).

Iron uptake by Caco-2 cells. At 12–14 d postseeding, cells
reached 90–100% confluency and were used for iron uptake experi-
ments. Protein in supernatants of each meal was diluted to a con-
centration of 1 g/L using EBSS (Earle’s Balanced Salt Solution, Gibco
BRL) with 25 mmol/L HEPES (Sigma Chemical Company) at pH
6.8. Radioactive tracer Fe-59 (Dupont, NEN products, Boston, MA)
in 0.01 mol/L HCl was added to each 4 mL diluted supernatant to
provide 0.74 kBq, which contained a very negligible amount of iron
(1 ng). Before placing samples (1.5 mL) onto the cell monolayers in

3 Abbreviations used: BSA, bovine serum albumin; EBSS, Earle’s Balanced
Salt Solution.

TABLE 1

Composition of semipurified meals

Meal1
Protein
source Test factors

Iron
added2 Total iron

mg

A Egg albumen — 0.43 0.51
B Egg albumen Ascorbic acid 0.43 0.51
C Egg albumen Bran 0.21 0.51
D Egg albumen Phytate 0.43 0.51
E Egg albumen Tea 0.43 0.51
F BSA4 — 0.42 0.51
G Casein — 0.46 0.51
H Beef — 0.24 0.51
I Soy — — 0.573

1 All the meals contained 3.8 g protein, 8.4 g dextrimaltose and
4.4 g corn oil.

2 Iron was added as FeCl3.
3 Iron was contributed by soy protein isolate.
4 Bovine serum albumin.
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each insert, growth medium was removed and 1 mL EBSS was used to
rinse both apical and basal chambers. Separate aliquots of 1.5 mL
extrinsically labeled solutions were set aside for measurement of
initial radioactivity. An aliquot of 1.5 mL EBSS/HEPES was placed in
each basal chamber. Samples were incubated at 37°C with 95%
O2-5% CO2 for 1 h. After incubation, solutions were collected from
apical chambers, and then cell layers were rinsed with 1 mL EBSS to
remove any nonspecific-bound iron. Collagen membranes with cell
monolayer and EBSS/HEPES in basal chamber also were subse-
quently removed. Total radioactivity was measured in solutions that
were removed from apical and basal chambers, washings and cell
monolayers, and the percentage recovery was calculated with respect
to initial radioactivity. Samples were not used if the radioactivity
recovery was not close to 100%. Radioactivity in the cell monolayers
and in the basal chamber solution for each well provided the per-
centage radioiron cell uptake and transport, respectively. Radioactiv-
ity was counted by using a gamma scintillation counter (Packard
Instrument Company, Meriden, CT). One insert in each six-well
plate was used for ferrous ascorbate (Fe21-AA) as a positive control
that contained 10 mmol/L ferrous sulfate and 200 mmol/L ascorbic
acid. Cell monolayers were solubilized in 0.5 mol/L sodium hydroxide
(Fisher Scientific, Fair Lawn, NJ) and were sonicated by using a sonic
dismembrator (Fisher Scientific, Pittsburgh, PA) at a setting of 2
before protein determination (Lowry et al. 1951) of the sonicated
solution. Results were expressed as total cell iron uptake, which was
calculated based on the amount of nonheme iron present in the
uptake solutions and percentage of total radioiron taken up by the
cells plus the iron transported into the basal chambers. Comparisons
between meals were made using the amount of nonheme iron ab-
sorbed rather than the percentage of radioiron absorption assuming
radioiron exchanged completely with the intrinsic nonheme iron. To
obtain consistency among experiments, total cell iron uptake results
were normalized by dividing each value with Fe21-AA iron uptake
value obtained from the same plate and multiplying it by an average
Fe21-AA uptake value obtained from all the plates we have used in
this study. Cell uptake ratios were calculated using the normalized
values for test/control meals.

Statistical analysis. Differences in mean concentrations of sol-
uble protein and nonheme iron, percentage of and the amount of cell
iron uptake were compared for test meals (B-I) with the control meal
(A) using ANOVA with Dunnett’s Multiple Comparison Test. Dif-
ferences in mean concentrations of protein in the cells were com-
pared using ANOVA followed by Tukey’s Multiple Comparison Test.
The differences were considered significant at P # 0.05.

To compare our results with human absorption data, absorption
values for each meal were obtained from published human studies

(Cook and Monsen 1977, Hurrell et al. 1988, 1989, Reddy and Cook
1991, Reddy et al. 1996). Since each human study utilized different
groups of subjects with different mean serum ferritin values, the
absorption values were adjusted to a serum ferritin value of 40 mg/L
using the equation reported by Cook et al. (1991b), which is as
follows: Log Ac 5 Log Ao 1 Log Fo – Log 40, where Ac is adjusted
absorption, Ao is observed absorption, and Fo is observed serum
ferritin (Table 2). Absorption ratios were calculated for each test
meal in relationship to the control meal (test/control). Pearson
correlation was employed to correlate Caco-2 cell iron uptake ratios
with human absorption ratios. Statistical software, GraphPad Prism
(1994 San Diego, CA), was used to perform statistical analyses.

RESULTS

In Study 1, control meal (A) containing egg albumen and
test meals (B-E) with added test factors were used (Table 1).
The mean concentration of protein solubilized with added
factors varied from 39.2 to 44.1 g/L but did not differ signifi-
cantly from the control. However, a greater variation in the
soluble nonheme iron concentration was observed (Table 3)
despite the presence of equal amounts of nonheme iron in
meals prior to in vitro digestion. The soluble iron concentra-
tions for Meals B-E ranged from 0.8 to 3.1 mg/L and were
significantly different from the control. In terms of percentage
iron solubilization, which was determined based on the frac-
tion of iron in the supernatant relative to the initial iron
content in the meal prior to in vitro digestion, ascorbic acid
solubilized 50.0% (P , 0.05) of the total nonheme iron. Bran,
phytate and tea solubilized only 14.8 (P , 0.01), 32.3 (P
, 0.01) and 12.9% (P , 0.01) compared with 78.6% for the
control.

Meals with different protein sources replacing egg albumen
were evaluated in Study 2. The soluble protein concentration
was not significantly different between each individual test
meal (F-I) (31.4–50.5 g/L) and the control meal A (43.1 g/L).
Among the test meals, casein and soy solubilized 60% less
nonheme iron than the control (P , 0.01). BSA had the
highest nonheme iron solubilization of 93.5%, while beef
solubilized 46.2% of the total nonheme iron.

Percentages of radioiron taken up by the cells and trans-
ported into the basal chambers were combined and expressed
as the percentage of radioiron uptake (Table 4). Because there

TABLE 2

Human iron absorption data

Meal Serum ferritin Unadjusted absorption Adjusted absorption1 Absorption ratio2 References

mg/L %

A (Control) 48 4.53 5.47 1.00 Cook and Monsen (1977)
Hurrell et al. (1988)
Reddy and Cook (1991)
Reddy et al. (1996)

B (Ascorbic acid) 45 7.86 8.81 1.61 Cook and Monsen (1977)
C (Bran) 47 0.75 0.88 0.16 Reddy and Cook (1991)
D (Phytate) 34 1.41 1.20 0.22 Reddy et al. (1996)
E (Tea) 47 1.23 1.45 0.27 Reddy and Cook (1991)
F (BSA)3 92 5.67 13.18 2.41 Hurrell et al. (1988)
G (Casein) 40 3.65 3.65 0.67 Hurrell et al. (1989)
H (Beef) 30 26.70 20.10 3.67 Reddy et al. (1996)
I (Soy) 53 0.46 0.61 0.11 Reddy and Cook (1991)

1 Percentage of absorption values reported in the references were adjusted to a serum ferritin value of 40 mg/L (Cook et al. 1991b).
2 Since all the meals were reported to have the same amount of nonheme iron, percentage adjusted average absorption values were used to

calculate absorption ratios (test/control meal).
3 Bovine serum albumin.
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were significant differences in iron concentrations among iron
uptake solutions for Meals A-I, the cell iron uptake values
were expressed as ng/insert (Table 3) and then normalized to
the Fe21-AA control (Table 4) for statistical analysis. The
data were normalized due to the variation of Fe21-AA uptake
from plate to plate (9.16–13.37%). Uptake ratios were deter-
mined by using total cell iron uptake from test/control meals
and are shown in Figure 1. For example, for tea, the percent-

age uptake of radioiron was as high as the control, but it
contained less soluble nonheme iron than the control (0.17 vs.
0.03 mg). Such low iron content in tea accounted for 1.3 ng of
iron uptake, indicating an 80% reduction from the control (P
, 0.01). As expected, in addition to tea, bran and phytate also
decreased iron uptake significantly by 83 (P , 0.01) and 49%
(P , 0.01), respectively (Table 4 and Fig. 1). Ascorbic acid
had no enhancing effect on total iron uptake. BSA also did
not show any significant effect on enhancing iron bioavail-
ability with an absorption ratio of 1.1. However, casein and
soy inhibited iron absorption markedly by 78 (P , 0.01) and
66% (P , 0.01), respectively. A 100% (P , 0.01) increase in
iron uptake also was observed with beef.

We further evaluated whether the differences we observed
among meals were ascribable to the differences in protein
concentration in the cells of each insert. Cell protein concen-
tration was consistent with a mean of 2.4 6 0.1 mg per insert,
showing no significant differences among treatments (P
. 0.05). Differences between the test and control meals were
similar to those described above when iron uptake was ex-
pressed as ng/mg protein (data not shown).

With all the semipurified meals evaluated (A-I), an excel-
lent correlation (r 5 0.97; P , 0.0001) was obtained between
uptake ratios in Caco-2 cells and absorption ratios in humans
(Fig. 2). This correlation was best illustrated by beef and
several inhibitors including bran, tea and soy, as these dietary
factors showed strong enhancement and inhibition on Caco-2
cell iron uptake.

DISCUSSION

Recently the use of Caco-2 cells has been gaining attention
for the study of iron bioavailability, but so far none of the

TABLE 3

Protein and nonheme iron solubilization following in vitro
digestion1,2

Study Meal Protein Nonheme iron

g/L mg/L

1, 2 A (Control) 43.1 6 6.1 4.9 6 0.8
1 B (Ascorbic acid) 44.1 6 0.4 3.1 6 0.5*
1 C (Bran) 39.1 6 5.9 1.2 6 0.7**
1 D (Phytate) 42.4 6 9.9 2.1 6 0.1**
1 E (Tea) 39.8 6 2.4 0.8 6 0.0**
2 F (BSA)3 50.5 6 2.9 5.9 6 0.3
2 G (Casein) 48.2 6 4.1 2.0 6 0.1**
2 H (Beef) 31.4 6 1.8 3.3 6 0.1
2 I (Soy) 35.9 6 0.1 2.1 6 1.1**

1 Values are means 6 SD, n 5 2. *P , 0.05 compared with the
control. **P , 0.01 compared with the control.

2 Protein and nonheme iron concentrations were measured in the
supernatants following in vitro digestion. These values were used to
calculate percentage solubilization in relationship to their total content
in the meal prior to in vitro digestion.

3 Bovine serum albumin.

TABLE 4

Nonheme iron concentration in the uptake solutions, percentage radioiron uptake and total iron uptake in Caco-2 cells1,2

Study Meal Nonheme iron
Radioiron
uptake3

Total iron
uptake4

mg/insert %/insert ng/insert

1, 2 A (Control) 0.17 6 0.01 4.0 6 0.7 6.5 6 1.5
(3.2, 0.9)

1 B (Ascorbic acid) 0.10 6 0.02* 7.3 6 0.9** 6.5 6 1.3
(6.2, 1.0)

1 C (Bran) 0.04 6 0.02** 3.0 6 0.6* 1.1 6 0.4**
(2.1, 0.9)

1 D (Phytate) 0.08 6 0.02** 3.7 6 0.5 3.3 6 1.2**
(2.8, 0.9)

1 E (Tea) 0.03 6 0.00** 4.8 6 0.9 1.3 6 0.3**
(3.6, 1.2)

2 F (BSA)5 0.18 6 0.02 3.9 6 0.6 7.2 6 1.6
(3.0, 0.9)

2 G (Casein) 0.06 6 0.00** 2.0 6 0.3** 1.4 6 0.5**
(1.3, 0.7)

2 H (Beef) 0.16 6 0.00 7.5 6 1.0** 13.4 6 2.7**
(6.6, 0.9)

2 I (Soy) 0.09 6 0.04* 2.5 6 0.4** 2.2 6 1.0**
(1.7, 0.7)

1 Values are means 6 SD, n 5 6–7. *P , 0.05 compared with control. **P , 0.01 compared with control.
2 Nonheme iron concentration in 1.5 mL uptake solution. All the uptake solutions contained 1.5 mg protein.
3 Percentage of radioiron uptake 5 percentage of radioiron in the cells 1 percentage of radioiron transported across the cells after incubation.

Numbers in the parentheses represent percentage of uptake and transport, respectively.
4 Total iron uptake was calculated by multiplying the percentage radioiron uptake by the nonheme iron content in the uptake solutions and

normalizing to the Fe21-AA control. Normalization of the data is described in the Materials and Methods section.
5 Bovine serum albumin.
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studies has directly compared the results of Caco-2 cells with
human absorption data. In this study, we assessed the feasibil-
ity of this model to study iron bioavailability by using the exact
meal composition as fed to human subjects.

Addition of enhancers and inhibitors to egg albumen-
containing meals in Study 1 resulted in less variation in the
soluble protein concentration than was found with different
protein sources in Study 2. Although not significant, protein
concentration in Study 2 varied, which might be attributed to
the differences in protein digestibilities with gastrointestinal
enzymes. Strong reduction of iron solubility and absorption
was seen with meals containing casein, phytate, bran, tea and
soy. In general, the inhibitory effects observed in this study
were consistent with those of previous human absorption
studies. The effect of casein in this study was more pronounced
in our study than in humans (Hurrell et al. 1989). A reduction
of 78% in iron uptake observed in this study compared with a
33% reduction of iron absorption in the human studies. One
possible explanation is that the casein used in our study is
different from that used in the human studies (Hurrell et al.
1989). Nevertheless, the inhibitory effect of casein was evi-
dent in both studies. A similar reduction of iron uptake by
bran was observed in this study and in humans (Reddy and
Cook 1991). The inhibitory effect of phytate observed in our
study was less marked than that observed in human studies.
Phytate decreased iron uptake by 49% as compared with 78%
reduction in human studies (Reddy et al. 1996). Phytate, due
to its six phosphate groups, binds cations and proteins strongly
at acidic pH by virtue of its strong negative charge, thus
decreasing iron solubility and absorption through the forma-
tion of insoluble iron complexes (Cheryan 1980). The pH of
6.8 that we used in the present study may be higher than the
pH in the early part of the human duodenum, which might
have caused phytate to bind iron less strongly. Thus, phytate
resulted in a less inhibitory effect on iron uptake in Caco-2
cells. The observed inhibitory effect of tea was similar (73 vs.
78%) to that observed in humans (Reddy and Cook 1991),
which was attributed to tannins and phenolic compounds.
Presumably, phenolic compounds form insoluble complexes
with iron within the intestinal lumen (Disler et al. 1975). Soy

not only decreased iron solubility but also inhibited cell up-
take, consistent with human studies (Cook et al. 1981, Reddy
and Cook 1991). The inhibitory effect was attributed to the
high phytate content of soy proteins or protein itself (Cook et
al. 1981, Hurrell et al. 1992). In contrast, BSA, which has an
enhancing effect on human absorption (Hurrell et al. 1988),
had no effect in our study.

The 100% enhancement by beef was significant (P , 0.01)
and was consistent with a previous human study (Reddy et al.
1996). The mechanism of enhancement remains unclear, but
it is believed that a factor in meat is responsible for increasing
nonheme iron absorption by forming soluble iron complexes.
However, ascorbic acid, which enhances human iron absorp-
tion due to its reducing capacity (Cook and Monsen 1977,
Hallberg et al. 1989, Lynch and Cook 1980), had no effect in
our study of Caco-2 cells. The enhancing effect of ascorbic
acid also was lower in the human absorption data that we
referenced because we combined the percentages of absorption
of the control meals from different studies (Cook and Monsen
1977, Hurrell et al. 1988, Reddy and Cook 1991, Reddy et al.
1996). The reducing capacity of ascorbic acid is pH-dependent
(Bothwell et al. 1979), with a maximum at pH 5.5. Therefore,
under the pH conditions that we used, it may not have the
strong capability to reduce Fe31 to Fe21. We have repeated
cell uptake experiments with ascorbic acid and meat treat-
ments at pH 6.0. As expected, compared with the control, a
6–7-fold increase was seen with ascorbic acid at this pH.
Surprisingly, beef had no effect at this pH. These results
suggest that when food enters the duodenum, ascorbic acid is
effective in the proximal region where pH is low and beef is
effective in the distal region where pH is high. Hence, future
studies are warranted to modify the method by exposing the
cell monolayers to a gradual pH change and measuring iron
uptake simultaneously.

Indicating a strong correlation with those of human absorp-
tion studies, these results support the usefulness of this Caco-2

FIGURE 1 Effects of dietary factors on iron uptake in Caco-2 cells
from semipurified meals. The results were expressed as iron uptake
ratios between the test meals and the control meal. Iron uptake ratios
were calculated based on average iron uptake values from test/control
meals. The absorption ratio of 1.0 indicates no effect. BSA, bovine
serum albumin.

FIGURE 2 Correlation (r 5 0.97; P , 0.0001) between iron uptake
ratios in Caco-2 cells and absorption ratios in humans. Iron uptake
ratios in Caco-2 cells were calculated using iron uptake from test/
control meals. Since the iron content was the same in all the meals,
percentage absorption from test/control meals was used to calculate
human iron absorption ratios. Human absorption values were adjusted
to a serum ferritin value of 40 mg/L (Cook et al. 1991b) before calcu-
lating the ratios. References for human studies are listed in Table 2.
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cell model human iron bioavailability study. Because of the
unreliability of rodent models (Reddy and Cook 1991) and of
the risks involved in human studies using radioisotopic meth-
ods, in vitro models appear to be useful tools in assessing
human nonheme iron availability. To our knowledge, this is
the first study using the same meals that were used in humans
and directly comparing the effect of a wide range of dietary
factors on iron bioavailabilty in Caco-2 cells with human data.
If conditions of pH, protein and iron concentration are opti-
mized, this model can be utilized to study many combinations
of dietary factors in complex meals that are not feasible to
study in human subjects.
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