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A modified Caco-2 cell model system was developed for studying iron availability in mixtures of fresh

and/or cooked foods subjected to a simulated gastrointestinal digestion. The effect of combining

foods containing high levels of ascorbic acid with cooked eggs on ferritin expression in the cells was

measured. There was no detectable increase in ferritin with eggs alone, indicating that none of the

iron was available for uptake into the cells, but when mixed with orange juice or salad (lettuce,

tomatoes, and red pepper) in ratios similar to those found in meals, there was a significant increase

in ferritin concentration (p = 0.0012 and p = 9.2 � 10-10, respectively); the enhancing effect of salad

was greater than orange juice (p = 0.028). These results suggest that the iron in eggs will be more

readily absorbed when consumed with foods high in ascorbic acid.
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INTRODUCTION

Over a decade ago, a Caco-2 intestinal cell model system was
developed for use as a rapid screening tool for measuring iron
availability in staple foods (1,2). It includes a two-stage simulated
digestion (gastric and intestinal phases) of dried, uncooked foods,
tailored for high throughput of a large number of different
varieties of cereals and legume crops, followed by measurement
of iron uptake into a Caco-2 cell monolayer system that models
the absorptive site for iron in the small intestine. Refinements to
the model were introduced that more closely reflected in vivo
physiological conditions and were used to examine iron avail-
ability in eggs, a relatively rich dietary source of iron providing
approximately 1 mg iron/egg (3) but of low bioavailability
because the iron is bound to phosvitin (4).

Ascorbic acid is a well-known enhancer of iron absorption (5);
therefore, foods rich in ascorbic acid are prime candidates for
improving iron availability from foods and, in the case of eggs,
counteracting the negative effects of phosvitin (6). Typical Wes-
tern diets include boiled, fried, poached, or scrambled eggs at
breakfast, which may be accompanied by a drink of fruit juice.
Eggs can also bemade into omelets and consumedwith salad as a
lunch or evening meal. We selected orange juice and a salad of
lettuce, red peppers, and tomatoes to test the hypothesis that
the availability of iron in eggs could be improvedwhen consumed
with high ascorbic acid foods. The refined Caco-2 model
system was applied to fresh foods in ratios that would be found
in a meal.

MATERIALS AND METHODS

Description of theModel System. The Caco-2 model is illustrated in
Figure 1. Briefly, foods under examination were subjected to a 1 h pepsin
digestion at pH 2 to simulate gastric digestion, followed by a 2 h
pancreatin-bile digestion at pH 6.7 to simulate the intestinal phase of
digestion. The resulting digestate was applied to a 15 kDa dialysis
membrane placed above the Caco-2 monolayer. This membrane acts to
protect the cells from the abrasiveness of the digestate, and the molecular
weight cut off is similar to that of mucus (7) and provides a protective
barrier for the cells against the enzymes used in the simulated digestion.
After the digestate was added, the cells were incubated for 2 h to allow the
iron to dialyze through to the apical compartment and to be transported
into the cells byDMT1.The digestate was then removed, and the cells were
incubated for a further 22 h to allow ferritin expression to take place, at
which point theywere harvested and the ferritin content wasmeasured as a

Figure 1. Schematic of the Caco-2 cell system.
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surrogate marker of iron status (2). A flowchart of the protocol is given in
Figure 2.

Preparation of Six-Well Plates. Collagen-coated six-well plates
(Greiner, United Kingdom) were seeded with 4.75� 105 Caco-2 cells/well
(P25-40) from ATCC and cultured for 12 days in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 4 mM glutamine, 5 mL
5000 μ/mL penicillin/streptomycin solution (Gibco, United Kingdom), 25
mM HEPES solution, and 10% fetal calf serum (FCS, Sigma, United
Kingdom), and the media were changed every 3 days. Following this, the
media were changed tominimum essential medium (MEM) supplemented
with 5 mL of 5000 μ/mL penicillin/streptomycin solution (Gibco),
19.4 mM D-glucose, 10 mM PIPES, 26.2 mM sodium bicarbonate
(NaHCO3), 11 μM hydrocortisone, 0.87 μM insulin, 0.02 μM sodium
selenate (Na2SeO3), 0.05 μM tri-iodothyronine, and 0.2 mg of epidermal
growth factor (Sigma) in the absence of FCS for 24 h before treatment.

Simulated Digestion Technique for Freeze-Dried Samples. An
iron-free pepsin solutionwas preparedby adding 0.8 g of pepsin (Sigma) to
20mL of 0.1M hydrochloric acid (HCl) and 10 g of Chelex-100 (Bio-Rad,
United Kingdom). The resulting suspension was mixed for 30 min, the
slurry was poured into a 35 mL volume Flexcolumn (VWR, United
States), the eluatewas collected, and the columnwaswashedwith a further
20 mL of HCl, which was also collected.

Iron-free pancreatin-bile solution was prepared by mixing 0.25 g of
pancreatin with 1.5 g of bile extract (Sigma) in 125 mL of 0.1MNaHCO3

and adding 62.5 g of Chelex-100 (Bio-Rad). The suspension was mixed
by shaking for 30 min, and the slurry was poured into a 53 mL
volume Flexcolumn (VWR), the eluate was collected, and the column
was washed with a further 50 mL of 0.1 M NaHCO3, which was also
collected.

Dried food (0.5 g) was weighed into a 50 mL plastic tube (Corning,
UnitedKingdom), and 10mL of a 140 mM sodium chloride (NaCl) and 5
mM potassium chloride (KCl) solution was added together with appro-
priate volumes of ferrous sulfate (FeSO4), ferric chloride (FeCl3), and/or
ascorbic acid, all made freshly on the morning of the experiment and used
within 2 h. The contents of the tube were mixed, and the pH was adjusted
to 2 using 1 M HCl, pepsin solution (0.5 mL) was added to all tubes, and
theywere incubated for 1 h at 37 �Cwith agitation. The pHwas adjusted to
5.5-6.0 with 1.0MNaHCO3, and 2.5 mL of the pancreatin-bile solution
was added to each 10 mL of original sample. The pH was then further
adjusted to 6.9-7.0 with 1 MNaHCO3. Finally, the volume was adjusted
(by weight) to the tube weight plus 18 g using 140 mM NaCl and 5 mM
KCl, pH 6.7, solution. If the mass was greater than 18 g due to the
buffering effect of the sample, then the volume of all of the tubes was
adjusted to the same level with further 140 mMNaCl and 5 mMKCl, pH
6.7, buffer. At this point, 1.8mLof the samples was applied to the cells and
incubated for a further 2 h at 37 �C with agitation to allow the simulated

digestion to continue and the solubilized iron to dialyze through the
membrane.

Treatment of Cells.After the cells had been deprived of FCS for 24 h
to remove iron from the system and thereby increase the sensitivity of
response of the cells, a 1 mL MEM change was made, and inserts
with a 15 kDa molecular mass cutoff dialysis membrane (Fisher, United
Kingdom) were placed in the wells of the six-well plate. To each insert,
1.8mLof the relevant samplewas applied, and the plateswere incubated at
37 �C with gentle agitation for a further 2 h. Each sample was applied in
triplicate. The inserts were removed, a further 1 mL of MEM was added,
and the plates were returned to the incubator for a further 16 h with no
agitation.

Harvesting of Cells. The cells were harvested by aspirating the media
and carefully rinsing the cells twice with 2 mL of buffer (130 mM NaCl,
5 mMKCl, and 5mMPIPES pH6.7). Twomilliliters ofMilli-Qwater was
then added, and the monolayers were scraped using an inverted 200 μL
pipet tip. The resulting lysate was suspended evenly, sonicated, and stored
at -20 �C until analysis.

BCA Protein Assay. The total protein content of the cell lysates was
analyzed using the BCA protein assay kit (Pierce, United Kingdom)
according to the manufacturer’s protocol. A standard curve was created
using 0, 125, 250, 500, 1000, and 2000 μg/mL BSA, and 10 μL of the
unknown samples was loaded into the 96-well plate in triplicate. After they
were mixed on a rotating table and a 30 min incubation at 37 �C, the
absorbance was measured at 562 nm using an ELx800 Absorbance
Microplate Reader (Biotek, United States).

Colorimetric Ferritin Assay. The total ferritin content of the cell
lysates was analyzed using the Spectroferritin ELISA Assay kit (Ramco,
United States) according to themanufacturer’s protocol. A standard curve
was created using 0, 6, 20, 60, 150, and 200 ng standard/mL, and 30 μL of
the unknown samples was loaded into the 96-well plate in triplicate. The
incubation steps were followed as in the protocol. The absorbance was
measured at 490, 570, and 630 nm using an ELx800 Absorbance Micro-
plate Reader (Biotek), and the results from 570 and 630 nm were
subtracted from the 490 nm values.

Colorimetric IronAssay.Arange of iron(II) standards between 0 and
1.6 μg/mL were produced by diluting a 5 μg/mL stock solution of FeCl3
(High-Purity Standards, United States) in 0.1 M HCl in the presence of
20 μL of 0.1 g/mL hydroxylamine hydrochloride (Sigma) dissolved in
10MHCl. For the analysis of samples from the in vitro digestion, 1.5 mL
of the digestate was centrifuged at 10000g for 5min, 380 μLof the resulting
supernatant was removed to a fresh tube, and 20 μL of hydroxylamine
hydrochloride solution was added. One hundred microliters of each
standard and sample was added to a 96-well plate, in triplicate, and
50 μL of chromagen solution [0.0156 g of bathophenanthroline disulfonic
acid disodium salt (Sigma) dissolved in 50 mL of 2.0 M sodium acetate]
was added.The platewas incubated for 10min at room temperature before
the absorbance was measured at 562 nm using an ELx800 Absorbance
Microplate Reader (Biotek).

Experiment 1: Ferritin Time Course and Effects of Serum Depri-

vation and Ascorbic Acid Addition on Iron Availability. The original
protocol for the rapid screening method was devised to comply with a
normal working day in that treated cells were left overnight and harvested
the next day for ferritin measurements. We examined the ferritin response
to ironover time to gauge the best time tomeasure ferritin. Twoother steps
in the technique were also examined, namely, the effect of serum depriva-
tion for 24 h prior to treatment (introduced to increase the sensitivity of the
assay) and the addition of ascorbic acid to the digestate (to increase the
response of the cells to iron).

Twenty-six collagen-coated six-well plates (Greiner) were seeded with
Caco-2 cells (P39) from ATCC. Half of the plates were deprived of 10%
FCS for 24 h, while the remainder were not. Prior to treatment of the cells,
one plate with 10% FCS-supplemented media and one plate with media
that had not been supplemented with 10% FCS were harvested for the
baseline. The wells were rinsed twice with a wash buffer consisting of
130 mM NaCl, 5 mM KCl, and 5 mM PIPES (Sigma), which was then
aspirated, and 2 mL of Milli-Q water was added. The monolayer was
disruptedwith an inverted pipet tip, suspended evenly, and transferred to a
prelabeled 5 mL tube. The cell lysates were stored at -20 �C. Cells were
treated using either 10 μM ferrous ascorbate or 200 μM ascorbic acid in
supplemented MEM for 2 h. A 1 mM concentration of ferrous ascorbate

Figure 2. Outline of experimental protocol.
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was prepared, using a 1:20 ratio of ferric chloride to ascorbic acid (Sigma),
fresh on each day of the experiment, and this was added 1:100 (10 μM) to
the supplementedMEM.The 40mMascorbic acid thatwasmade fresh on
the day and used to make up the ferrous ascorbate was added 1:200
(200 μM) to the supplemented MEM. Following the 2 h treatment, the
media were changed back to the relevant supplementedMEM (either with
or without FCS), which had not had ferrous ascorbate or ascorbic acid
added. After a further 4 h, six plates were harvested: 10% FCS, serum-
deprived, 10% FCS ferrous ascorbate-treated, serum-deprived ferrous

ascorbate-treated, 10% FCS ascorbic acid-treated, and serum-deprived
ascorbic acid-treated. Thiswas then repeated 24, 48, and 72 h following the
commencement of the treatment period. The cells were harvested, and the
total protein content and ferritin content of the cell lysates weremeasured.

Experiment 2: Effect of Freezing on Soluble Iron Concentration

of Food Digestates. The use of fresh foods considerably extended the
workload of the experimental day so that the effect of freezing the
digestate, to be able to apply it to the cells on a different day, was
examined. The concentration of iron in food digestates was measured
before and after freezing to establish the effect that this process might have
on the soluble iron, which would be predicted to have an impact on iron
availability. The samples were frozen at -20 �C overnight, and the free
iron concentration was quantified the following day. The samples studied
were eggs, eggs plus orange juice, and eggs plus salad. All of the samples
were digested in the presence and absence of ascorbic acid (froma 200mM
stock solution made up fresh on the day of the experiment) at 20� the
calculated iron concentration (3) with the exception of orange juice where
the value was obtained from the nutritional declaration on the pack.

Experiment 3: Refinement of the Model System To Study the

Effect of Foods High in Ascorbic Acid on Iron Availability in Eggs.

The in vitro Caco-2/simulated digestion model is mainly used for the
analysis of iron uptake fromdried food samples. Thismethodwas adapted
to enable us to examine the effect of fresh foods on iron availability from
eggs, in ratios similar to that found in typical meals, on a scale that can be
used in the simulated digestion method. Each experimental day was
repeated on three occasions with each sample being run in triplicate on
each occasion (i.e., nine replicates per sample).

Large free range eggs were purchased the day before the simulated
digestion. The eggs were cooked by adding them to boiling water, and they
were left for 10 min before they were plunged into cold water to cool
rapidly. They were left without removing the shell at 4 �C overnight. The
next day, the shell was removed from the egg, and theweightwas recorded.
An equal weight of pH 2 140 mM NaCl and 5 mM KCl solution was
added, and the egg was blended in a standard kitchen food blender for 30 s
until a homogeneous solution was created. One gram (0.5 g of egg) of the
resulting solution was taken for the digestion stage.

Smooth (not from concentrate) orange juice (Tropicana) was pur-
chased the day before the simulated digestion. The orange juice was stored
at 4 �Covernight, shaken, and opened, and 1.5 g was added to the relevant

samples before the digestion stage. Red pepper, cherry tomatoes, and
iceberg lettuce were purchased from the supermarket the day before the
simulated digestion and stored at 4 �Covernight. On the experimental day,
25 g of red pepper, 40 g of tomato, and 20 g of lettuce were weighed, cut
into small pieces, and immediately blended with 85 g of pH 2 140 mM
NaCl and 5 mMKCl solution until a homogeneous solution was created.
A 2.86 g amount (1.43 g of salad) of the resulting solution was used for the
relevant samples for the digestion stage.

Statistical Analysis. All statistical analysis was performed with SPSS
version 16.0.0 software (SPSS Inc., United States), using the analysis of
variance general linear model with Tukey’s posthoc analysis.

RESULTS

Experiment 1: Ferritin Time Course and Effects of Serum

Deprivation and Ascorbic Acid Addition on Iron Availability. The
expression of ferritin over 72 h is shown in Figure 3. Significant
differences in ferritin levels are seen at 24, 48, and 72 h, as
compared to the 0 h time point (p= 1.4� 10-2, 2.4� 10-4, and
2.7 � 10-4, respectively). The results from the 72 h time point
were, however, not considered further as by this time the cells had
begun to die and slough off the bottom of the six-well plate.

Following treatment with ascorbic acid (Figure 4), in the
absence of serum, no significant differences were seen between
the ferritin levels of the treated cells when compared to the t= 0
value (p = 0.947, 0.930, and 0.671 for 6, 24, and 48 h,
respectively). Considering the time points individually, when
the ascorbic acid-treated cells are compared to the control
samples, there is a significant difference at t = 6 (p < 0.001)
but not at any of the other time points (p = 0.646 and 0.134 for
t = 24 and 48, respectively). In comparison, in the presence of
FCS, an increase was observed as compared to t= 0 (p= 0.003
for t= 6 and p< 0.001 for t= 24 and 48). Significant increases
were also observed in the ferrous ascorbate-treated cells when
compared to the control sample at t= 6 (p< 0.001) and t= 24
(p = 0.001), although the increase at t = 48 was not significant
(p = 0.174).

With the ferrous ascorbate-treated cells cultured in the absence
of serum (Figure 5), there was no change in ferritin at t= 6 (p=
0.919) but an increase at both t = 24 and 48 (p < 0.001 in both
cases). This patternwasmirrored by the ferrous ascorbate-treated
cells grown in the presence of FCS where the decrease seen at t=
6 was not significant (p = 0.702), but at the subsequent time
points, the increase as compared to the value at t = 0 was
significant (p < 0.001 in all cases).

Figure 3. Time course of ferritin response when cultured in 10% FCS/DMEM over a 72 h period. The asterisk denotes the significant difference (p < 0.05) at
the 0 h time point.
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When the time points were considered independently, at t=6,
there was a significant decrease in ferritin levels as compared to
the control in both the FCS-replete and -deprived cells (p<0.001
in both cases). At t = 24, the increases were also significant
(p< 0.001 and p= 0.001 for serum-deprived and serum-replete
cells, respectively). Finally, at t = 48, the increase was again
significant in both cases (p<0.001) in the serum-replete cells and
p = 0.024 in the serum.

Experiment 2: Effect of Freezing on Soluble Iron Concentration

of Food Digestates. Results are shown in Figure 6. In the control
iron (FeCl3) samples, there was no significant difference in the
concentration of soluble iron after freezing, both in the presence
and in the absence of ascorbic acid (p = 0.95 and 1.00,
respectively). However, when native iron was present in a com-
plex food matrix (as in the egg alone and egg plus orange juice
samples), a significant increase in soluble iron was observed after
freezing. In the case of the egg samples, both in the absence and
in the presence of additional ascorbic acid, the up to 8-fold
increase in soluble iron was highly significant (p=9� 10-12 and

5.4 � 10-10, respectively). Similarly, in the case of the egg plus
orange juice samples, the ∼1.75-fold increase in soluble iron was
also highly significant both in the absence and in the presence of
ascorbic acid (p = 2 � 10-12 and 3 � 10-12, respectively).

Experiment 3: Refinement of the Model System To Study the

Effect of Foods High in Ascorbic Acid on Iron Availability in Eggs.

The ascorbic acid content of lettuce, red pepper, and tomatoes is
shown inTable 1. The levels of soluble iron in the orange juice and
salad digestate sampleswere negligible (Figure 7). However, when
egg was digested in conjunction with orange juice or salad
digestate, a significant increase was seen as compared to the egg
sample (p = 1.2 � 10-3 and 9.2 � 10-10, respectively). Further-
more, a significant increase was observed between the egg plus
orange juice samples and the egg plus salad samples (p= 0.028).

The effect of ascorbic acid-rich foods on iron availability from
eggs is shown in Figure 8. Fresh samples, digested on each
experimental day, were used for the egg studies. Previous data
(not shown) indicated that the addition of ascorbic acid to the
samples to improve iron availability (and hence increase the

Figure 4. Effects of ascorbic acid treatment on ferritin protein levels over time in the presence and absence of serum. The asterisk denotes the significant
difference (p < 0.05) to control at that time point (n = 6,(SD).

Figure 5. Effects of ferrous ascorbate treatment on ferritin protein levels over time in the presence and absence of serum. The asterisk denotes the significant
difference (p < 0.05) to control at that time point (n = 6,(SD).
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sensitivity of the system) introduced high levels of variability in
the form of unacceptably large standard deviations. Although the
samples that were analyzed herewere replicated in the presence of
ascorbic acid, the previous findings of high variability were
confirmed so that the results from the ascorbic acid-supplemented
samples were not used. The quantity of ferritin/mg total protein
fell into two distinct groups (Figure 8): The egg, orange juice, and
salad alone samples comprised one group, where the difference
between samples was not significantly different, whereas the
combinations of egg plus orange juice and egg plus salad both
showed significantly increased levels of ferritin (∼3- and 5-fold
increase and p = 2.8 � 10-3 and 9.7 � 10-5, respectively).
Although an increase was observed in ferritin between the egg
plus orange juice and the egg plus salad samples, the difference
was not statistically significant (largely due to the high variation).

DISCUSSION

The in vivo enhancing effect of ascorbic acid has been recog-
nized formany years (8) and is replicated inCaco-2 cells (9). In the
experiments reported here, ferritin protein expression increased
6 h after ascorbic acid treatment in both serum-replete and serum-
deprived cells, demonstrating that ascorbic acid on its own
produced a ferritin response but that it was exacerbated by serum,
most likely because the FCS contains iron. At all subsequent time
points in the serum-deprived cells, there was no further increase in
ferritin, whereas in the serum-replete samples, the levels contin-
ued to rise up to the 48 h time point. Ascorbic acid was therefore
responsible for the initial rapid increase in ferritin protein
expression, with the serum then providing iron for any increase
beyond this time. Following the removal of ascorbic acid (2 h

after the start of the experiment), the ferritin levels continued to
rise, and when the level reached a plateau (in the serum-deprived
cells), it remained elevated for at least 72 h, indicating little or no
degradation of ferritin.

In the ferrous ascorbate-treated cells, a similar pattern of
ferritin protein expression over time was seen in both the
serum-replete and the serum-deprived cells, but in the serum-
replete cells, as in the ascorbic acid-treated cells, the maximum
level of ferritin protein expression was higher. At t=6, there was
significantly less ferritin in the ferrous ascorbate-treated cells,
both in the presence and in the absence of serum, than in the
control. Possibly ferrous ascorbate treatment caused an initial
degradation of the ferritin protein relative to the control samples
before the expected increase was initiated. It has been reported
that oxidative stress can cause an increase in the activation of
proteasome protease (10). While this could account for the initial
decrease in ferritin levels in the cells, an alternative hypothesis is
that when the cell detected high ferrous iron levels, it exported
ferritin molecules from the cell while the cellular machinery
produces more ferritin to act as a “sink” for the free iron.

At later time points, the ferritin levels continued to increase but
to a greater extent in the serum-replete cells. As the initial iron
dose period was only 2 h, the feedback mechanism that controls
the translation of the ferritin mRNA does not appear to be
regulated by the concentration of iron in the media surrounding
the cells but by the previously absorbed iron. Another similarity
with the ascorbic acid-treated cells is seen in the serum-replete
samples where the additional iron in the serum contributes to a
final maximum ferritin protein level that is higher than that seen
in the serum-deprived samples.

Freezing and adding ascorbic acid to the digestate had a
significant effect on soluble iron concentrations. The addition
of ascorbic acid toFeCl3 samples caused a comparable increase in
soluble iron concentration of the digestate both before and after
freezing, which indicates that ferrous ascorbate was stable
throughout the freeze-thaw process and remained intact, keep-
ing iron in solution following thawing. In contrast to this, in the
egg alone samples, there was an increase in soluble iron when
ascorbic acid was added to the digestate before freezing but not
after freezing, which suggests that although ascorbic acid initially
complexed with iron to form ferrous ascorbate, during the

Figure 6. Effect of freezing the digestate on iron solubility.

Table 1. Ascorbic Acid Content of Different Components of Digestates

food mg ascorbic acid/100 g mg ascorbic acid/portion

red pepper, rawa 140 70.0

iceberg lettuce, rawa 3 1.2

cherry tomato, rawa 17 13.6

total salad 84.8

orange juiceb 30 60

aEstimated from food tables (3 ). bCompositional declaration on a pack of
Tropicana orange juice.
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freeze-thaw process, there were chemical changes whereby
ascorbic acid lost its ability to complex with additional iron
released from the food matrix. Finally, in the case of the egg plus
orange juice samples, the addition of ascorbic acid made no
difference to the soluble iron content in the fresh samples or
following freezing, probably because of the high initial quantity
of ascorbic acid in orange juice.

It has been reported that freezing and the freeze-thaw cycle
increase nonheme-soluble iron content in meat and seafood (11).
The results with eggs and orange juice support these observations,
and the most likely explanation is that as the freeze-thaw cycle
occurs, the associated contraction and expansion break down the
cell structures inwhich a proportion of the iron is found, releasing
it into the digestate as soluble iron. This theory is supported by the
fact that freezing had no effect on the solubility of iron in the
FeCl3 samples in which there was no complex food matrix
present.

Previously, the in vitro Caco-2/simulated digestion intestinal
cell model has been used to measure iron uptake by Caco-2 cells
from dried samples (2). This provides useful information that
enables the ranking of iron availability from varieties of
food crops, such asmaize and beans, and there is also qualitative,
albeit not quantitative, agreement about the enhancing effect of

ascorbic acid on iron availability (9). Here, the previously
described method has been adapted to use fresh/cooked food
samples containing components in ratios that would be found in
meals. A similar approach has been used previously to demon-
strate that cooking improves iron availability in legumes and that
the addition of ascorbic acid to ready-to-eat lentils increases the
iron content ofCaco-2 cells,measured inwashed, lysed cells using
atomic absorption spectroscopy (12). Cooked legumes were
subjected to simulated digestion, and the digestate was applied
to the cells, but the technique is less accurate and has lower
sensitivity than the ferritin technique, requiring a high concentra-
tion of iron digestates, removal of extraneous iron from cells
before lysing, and subtraction of baseline values of iron in the
cells.

An enhancing effect of ascorbic acid on iron absorption from
eggs has been reported previously in rats (13) and humans (14).
Our data suggest that this may partly result from increased
solubility of ironduring digestion. Following simulated digestion,
the egg alone sample contained approximately 3.75 μg/mL
soluble iron, but when an ascorbic acid-rich food was added,
the soluble iron concentration increased dramatically. In the
absence of any ascorbic acid-rich food, ferritin formation follow-
ing exposure of cells to digested egg samples was minimal, being

Figure 7. Quantity of iron solubilized from foods following simulated digestion. Letters a-d denote significant differences (p < 0.05).

Figure 8. Effect of ascorbic acid-rich foods on iron availability from eggs. Letters a and b denote significant differences (p < 0.05).



Article J. Agric. Food Chem., Vol. 58, No. 6, 2010 3839

directly comparable to ferritin formation in cells exposed to
digested orange juice and salad alone, both of which are relatively
low in iron. However, once a source of ascorbic acid was added,
either as salad components or as orange juice, the ferritin
formation was increased significantly. These results show that,
when digested in conjunction with egg in a typical meal-based
ratio, orange juice and salad both enhanced iron uptake from
eggs. These data support the results of the human study where
orange juice was found to significantly increase iron absorption
from eggs in human volunteers (14).

In conclusion, the effects of a serum deprivation period and/or
the addition of ascorbic acid on ferritin formation need to be
carefully considered in relation to the research question, as
previously reported (15). If the Caco-2 model system, coupled
with the in vitro simulated digestion technique, is being used to
rank iron absorption from similar foods in freeze-dried samples,
thenboth canbeused to enhance iron absorption and amplify any
differences that are present. However, when used in this way, the
techniques are far from physiological and when more complex
food matrices are involved, as seen in the fresh food samples, the
model should be refined so that it more accurately reflects
nutritional practices, as a precursor to in vivo studies.

The Caco-2 cell model system, both alone and coupled with an
in vitro digestion step, is a useful tool to studymechanisms of iron
absorption and to screen foods and sources of iron for potential
iron availability. Ideally, foods should be prepared as for human
consumption before undergoing simulated digestion, and when
part of a meal, the combined effect of all of the components
should be measured. Using this modified in vitro system, it was
demonstrated that the iron in eggs is more bioavailable when
combined in a meal with ascorbic acid-containing foods. This
technique can be used as either a preliminary screening tool prior
to undertaking in vivo studies or formechanistic research, but the
data thus generatedwill not be sufficient tomake firmpredictions
about iron bioavailability in humans. When combined with an in
vitro simulated digestion stage, the Caco-2 cell system is a useful
screening tool, provided that care is taken in interpreting the
results in relation to the limitations of the system.
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