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Abstract: The Caco-2 cell model is widely used to assess the bioaccessibility/availability of iron from
foods and diets. Analysis of iron uptake in this human epithelial cell line is usually preceded by a two-
step digestion to simulate the conditions in the stomach and small intestine. Moreover, culturing the cells
on inserts permits the measurement of iron transport. The cellular iron uptake is determined by direct
measurements using radioisotopes, or indirectly by measurement of ferritin, the intracellular storage
form of iron. There is a good correlation between Caco-2 cell uptake and human iron bioavailability
for a number of dietary factors known to affect iron absorption. However, recent data suggest that in
some cases there is no correlation. Possible reasons for such discrepancies, the benefits, and limitations
of the Caco-2 cell model are discussed. In conclusion, in vitro experiments with Caco-2 cells are impor-
tant tools for ranking foods with respect to bioavailability, for mechanistic studies of iron absorption,
and for studies of dietary factors influencing absorption. The results need to be confirmed in humans.
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Introduction

Low bioavailability of iron is a major nutritional prob-
lem in developing countries, where the diet is based on
staple foods. One strategy to improve the iron status
is to biofortify staple food crops with iron and other
micronutrients. For this reason, to rank the foods with
respect to iron bioavailability, there is a need for a sim-
ple method to estimate iron bioavailability in humans.
Such a method must be reproducible and reflect the
in vivo conditions. It is thus of great importance that
the in vitro methods are validated by in vivo measure-
ments in humans. Traditionally a combined two step
in vitro digestion and measurement of dialyzable or
soluble iron is used to determine iron availability [1];
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i.e., iron that is potentially available for absorption in
the gut. Dialyzability methods are useful for screening
purposes to identify major differences in availability,
but it cannot predict the magnitude of response [2, 3].
For example, methods based on dialyzability exclude
iron that is bound to large but not small molecules.
However, some of these iron-bound large molecule
complexes (e.g., ferritin) have substantial bioavail-
ability whereas iron bound to certain small molecules
is not bioavailable [4].

Combining in vitro digestion with uptake in Caco-2
cells is a step forward since it predicts both availabil-
ity and uptake into the enterocyte and at times also
the absorption. However, in a consensus statement of
experts working in the field of iron nutrition, it was
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concluded that effects may be disproportionate to that
observed in humans, but Caco-2 studies confer the ad-
vantage of assessing the impact of dietary modulators
[2]. Conversion factors are needed in order to predict
in vivo results in humans.

Bioavailability of iron is defined as the absorption
and utilization of iron for normal metabolic processes.
It includes several stages:

1. Digestion, which releases iron from the food matrix
into the lumen.

2. The uptake of iron into the intestinal enterocytes.

3. The transepithelial transport of iron into the circu-
lation.

4. The retention, utilization, and storage of iron in the
body.

The use of the combined in vitro digestion Caco-2 cell

model includes the two first stages, and if the cells are

cultured on inserts this model also can be used to as-

sess the third stage; i.e., the transepithelial transport

into the circulation.

In the lumen, the solubility of iron and the forma-
tion of soluble ferrous complexes [5] are the main
determinants of iron available for uptake into the en-
terocytes. This stage is influenced by food compounds
such as phytate, polyphenols, ascorbic acid, and cer-
tain other organic acids. Recently it was reported in
the literature that some food factors (iron, ascorbic
acid, calcium) also exert intracellular effects in the
enterocyte which influence the bioavailability of iron
[6-8]. Furthermore, there are a number of systemic
factors that influence the iron uptake;i. e., iron status,
infection, and inflammation. The iron status affects the
percentage of iron absorption but not relative absorp-
tion ratios between foods [9].

Caco-2 cell model for iron uptake and
transport

The Caco-2 cells originate from an adenocarcinoma of
a Caucasian 75-year-old male [10]. At confluence, the
cells spontaneously differentiate to develop character-
istics of small intestinal enterocytes and are therefore
a useful tool to study events occurring in the small
intestine. These cells also contain all the relevant up-
take and transport proteins for iron. Cytochrome B
reductase 1 (CYBRDI a.k.a. DCYTB) is expressed in
Caco-2 cells and is responsible for the lumenal reduc-
tion of ferric to ferrous ion. The divalent metal trans-
porter 1 (SLCII A2 ak.a. DMT1 and NRAMP2) is
also present and is responsible for ferrous iron uptake
by a pH-dependent process. Iron efflux (basolateral) is
mediated by ferroportin (SLC40 Al a.k.a. FPN1 and

IREG1) and oxidized to ferric iron by ferrioxidase
activity of hephaestin (HEPH) [for reviews see 6].
These facts suggest that Caco-2 cells are a suitable
model to study the mechanisms of human intestinal
iron absorption. However, the effects of hepcidin
(HAMP) on iron status cannot be measured by the
use of Caco-2 cells because the regulation of iron ab-
sorption by serum levels of hepcidin relies on hepcidin
expression in the liver.

I[dentification of enhancers and inhibitors of
iron absorption

Known enhancers from human absorption studies of
single meals are ascorbic acid, certain other organic
acids, and muscle tissue [11]. The major inhibitors
identified in human absorption studies are phytate
(inositol hexa- and pentaphosphates), calcium, tan-
nic acid, and other iron-binding polyphenols. These
food compounds have been studied in the Caco-2
cell model and found to predict the direction of re-
sponse in humans. In several studies, ascorbic acid
increased iron uptake in Caco-2 cells [12—15]. Mus-
cle tissue also improved iron uptake in Caco-2 cells
[16]. Phytate (inositol hexaphosphate) and inositol
pentaphosphate had similar negative effects on iron
uptake in Caco-2 cells as in human absorption stud-
ies [15,17-20]. This was also the case for tannic acid
and some other polyphenols [15, 19, 21] as well as
calcium [7, 15]. The effect of organic acids was de-
pendent on the amount, concentration, and chemical
structure of the organic acids [22-23]. B-carotene
enhanced iron uptake in Caco-2 cells according to
Garcia-Casal et al. [24], while Bengtsson et al. [25]
found no effect on ferritin formation in Caco-2 cells.
Thus, studies show that Caco-2 cells reflect the ex-
pected relative bioavailability of iron in most cases,
but it may overestimate or underestimate the effects
of ascorbic acid. In addition, the expected bioavail-
ability of iron-fortified compounds, shown in human
trials, is not always reflected in the Caco-2 cell model
[2]. The magnitude of response is dependent on the
preparation steps, the digestion procedure and the
use of dialysis membranes which differs between
laboratories.

Intracellular effects of food factors

It has been shown that iron treatment decreased the
Nramp2 expression in Caco-2 cells [26] and that the
expression of intestinal iron transport proteins can
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be altered shortly after changes in the lumenal iron
concentration both in Caco-2 cells [27] and in vivo in
rats [28]. This suggests that the duodenal enterocytes
can modulate their nutrient absorption in response
to the dietary intake. In fact both the activity of the
influx transporter NRAMP?2 and the efflux transporter
ferroportin are influenced by iron. Sharp et al. [27]
demonstrated that there is a dose-dependent decrease
in expression of NRAMP?2 protein in Caco-2 cells after
exposure toiron. It was recently shown that increased
iron reduced the apical uptake and basal efflux and
increased basal uptake and apical efflux by the par-
ticipation of NRAMP?2 and ferroportin [29]. Thus the
fluxes are regulated by the iron supply.

Other food factors known as enhancers and inhibi-
tors of iron absorption;i. e., ascorbic acid and calcium,
affect intracellular iron metabolism in the Caco-2 cell
model. Ascorbic acid influenced the expression of
proteins involved in uptake and transport of iron in
the absence of iron [8, 30]. There was a transient (2
hour) upregulation of NRAMP2 , DCYTB, ferritin,
and ferroportin proteins whereas longer exposure
(24 hours) of ascorbic acid downregulated NRAMP2
and DCYTB protein expression. These results are
in agreement with that found in human absorption
trials, where the short-term effects of ascorbic acid
intake improved iron absorption and long-term ascor-
bic acid supplementation did not affect iron status
[31]. The effect of calcium on the protein expression
of NRAMP?2 and ferroportin was investigated by
Thompson et al. [7]. The results indicate an inhibitory
effect at the apical cell membrane by downregulation
of NRAMP?2 protein at the cell membrane, thereby
decreasing iron uptake by the cell. No effect was
found on ferroportin expression. However, Lonner-
dal [32] observed that calcium decreased ferroportin
at the plasma membrane, but not total ferroportin.
This suggests that the inhibitory effect of calcium on
iron absorption results from decreased serosal efflux.
This may be a short-term effect of calcium on iron
absorption.

Iron-binding polyphenols in legumes, tea, and
grapes are other well-known inhibitors of iron absorp-
tion [33-35]. Bioactive polyphenols from green tea
and grape seed extracts decreased both non-heme and
heme iron transepithelial transport in the Caco-2 cell
model rather than affecting iron uptake into the cell.
However, there was no effect of polyphenols on ex-
pression of ferroportin or hephaestin protein [21,36].
It is possible that polyphenols forms complexes with
iron in the cells and prevent iron exit via ferroportin.
The mechanism by which polyphenols affects iron
absorption is not yet known.

Combined in vitro digestion Caco-2 cell
model for estimation of iron absorption

The combined in vitro digestion Caco-2 cell model
using two-step digestion according to a procedure
described by Miller et al. [1], and exposing Caco-2
cells to radiolabeled dialysate for measurement of iron
uptake in the cells, was first introduced by Gangloff et
al. [37]. This method has been further developed, and
the procedure commonly used today was described
by Glahn et al. [13]. Briefly, the food is subjected to
stomach digestion with pepsin (1 hour, pH 2, 37 °C)
followed by intestinal digestion with pancreatin and
bile acids (2 hours, pH 7, 37 °C). The digesta is trans-
ported to the apical compartment of the culture well
and soluble iron is allowed to diffuse through a di-
alysis membrane with a cut-off of 15 kDa to become
accessible for uptake by the Caco-2 cells. The dialysis
membrane protects the cells from the digestive en-
zyme, but the problems previously identified with the
in vitro dialyzability method remains.

Caco-2 cells of passage 30—40 and studies conduct-
ed at 14 days post-seeding are recommended. After
2 hours the digesta is removed and cells are washed,
and after 24 hours the cell monolayer is harvested and
ferritin formation measured. Some laboratories use
iron isotopes for the uptake studies. There are also
differences in what intestinal pH is used (pH 6.5 to
7.4) between laboratories. Cells are grown on inserts
if basolateral iron transport is to be measured.

Comparisons between meal studies in
Caco-2 cells and human iron absorption

The first study comparing iron uptake by Caco-2
cells with human iron absorption data was performed
by Au & Reddy [36]. In this study, non-heme iron
uptake in cells was compared with published hu-
man absorption data from Cook’s and Hurrell’s
laboratories [39-43], using exactly the same meal
composition, and showing a strong correlation be-
tween iron uptake in Caco-2 cells and absorption
ratios in humans. Reduced uptake of iron was found
with meals containing casein, bran, phytate, and soy
added to semi-purified meals. The observed inhibi-
tory effects were consistent with those identified in
human absorption studies, although the effect on
iron uptake of phytate was less pronounced and the
effect of casein was more pronounced. Bovine serum
albumin and ascorbic acid, having enhancing effects
in humans, did not have similar effects in these cell
experiments.
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Later, Yun et al. [14] investigated the dose-response
relationship of ascorbic acid and tannic acid in the
Caco-2 cell model in replicate meals administered in
human trials [34, 44]. They used ferritin formation as
a marker of cell iron uptake, and found similar rela-
tive responses compared to human data. The absorp-
tion ratios were strongly correlated. From the natural
logs of the absorption ratios, a conversion factor was
formulated.

In some reports in the literature there are dis-
crepancies between results from human and Caco-2
cell studies. Vitamin A (retinyl palmitate) added to
a bread meal resulted in a 2.6-fold increase in iron
uptake (*Fe) [45] in Caco-2 cells, whereas there was
no effect of vitamin A in clinical studies using meals
labeled with *Fe or stable isotopes [46]. In the Caco-2
cell study, the meal consisted of white wheat bread,
while corn bread was used in the human study. The
effects of oxalic acid in spinach have also been inves-
tigated. Rutschke et al. [47] found a negative effect
on iron uptake in Caco-2 cells with fresh spinach, in
contrast to a clinical study by Bonsmann et al. [48]
where no effect was observed in a meal of 150 g cooked
spinach served with wheat bread.

To make comparisons between Caco-2 cell stud-
ies and human absorption studies, foods should be
prepared exactly in the same ways;i. e., identical meals
must be used. So far, there is only one publication
dealing with direct comparisons; in this case with two
maize varieties, and white and colored beans [49].
Caco-2 cell iron uptake was measured as ferritin for-
mation and compared to iron isotope absorption from
single meals in humans. As the absorption was very
low from the maize and beans, orange juice was added
to improve absorption/uptake. Thus, meals with and
without ascorbic acid were tested. Thirteen healthy
women were served 100 g cooked beans extrinsically
labeled with *Fe and *Fe using a2 x 2 factorial design.
White versus colored beans with/without 250 mL or-
ange juice was studied, and 2-week isotope retention
measured.

Frozen, prepared maize and bean meals were trans-
ported to Glahn’s laboratory to assess iron uptake in
the in vitro digestion Caco-2 cell model. Orange juice
added to the meals was purchased at each location,
and the ascorbic acid content matched by addition of
this acid. Other organic acids in the juice; e.g., citric
acid, were not analyzed and therefore not matched.
The conversion factor described by Yun et al. [14]
was used to predict human absorption ratios. The
combined-digestion Caco-2 cell method accurately
predicted the relative iron absorption from the maize
meals with and without ascorbic acid. The Caco-2

cell data, however, inaccurately predicted lower iron
bioavailability from colored beans (pinto beans) as-
suming higher polyphenol content than from white
beans (Great Northern beans). It also predicted lower
magnitude of enhancing response to the addition of
orange juice.

Benefits and limitations with the use of the
Caco-2 cell model

The initial procedure in the combined digestion
Caco-2 cell method is a two-step in vitro digestion
to simulate gastric and intestinal digestion. The first
question is whether the simulated digestion reflects
the in vivo situation. There are obvious differences
compared to in vivo digestion; for example, the lack
of pH gradient, the use of a fixed stomach pH of 2,
stomach digestion time set to 1 hour, and the intestinal
pH adjusted to 7. However, according to recent data,
the stomach pH should be 4 [5S0-51]. The intestinal
pH used in the digestion is of outmost importance
because it strongly influences the iron solubility, and
furthermore NRAMP?2 in the enterocytes is strongly
proton-dependent [27].

A difference between the Caco-2 cells and the in-
testinal enterocytes is that the Caco-2 cells do not
have an outer mucous layer. Instead a dialysis mem-
brane with a cut-off of 15 kDa is used. Attempts have
been made to co-culture a mucin-secreting cell-line
(HT 29-5M21) [52] with the Caco-2 cell line, but it is
quite complicated and does not give the anticipated
response of all dietary factors influencing bioavail-
ability. The mucous layer is substantial in the human
colon but thin or absent in the duodenum (where the
main iron absorption takes place), as well as in the
ileum and jejunum [53].

Iron uptake in Caco-2 cells differs from the in vivo
situation in that the iron is accumulated in the cells as
there is no blood to be transported to. Hence, it is a
closed system, which may affect kinetics. If the cells are
grown on inserts, the transport across the basolateral
membrane can be mimicked, but there is no hepcidin-
controlled transport, which is the case in vivo.

One limitation of Caco-2 cells is that they are of co-
lon cell origin. Compared to duodenal or small intesti-
nal cells, the colon cell’s transport rates of hydrophilic
compounds paracellular are lower; colon cells are also
less leaky, and there is less discrimination among the
molecular sizes of compounds that are transported
paracellularly [54].

Another limitation of using Caco-2 cells is that
there is poor agreement in results obtained between
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different laboratories. This could be due to the fact
that quite experienced laboratories are needed to cul-
tivate Caco-2 cells and perform studies in this model.
Hence, a standardization of the digestion procedure
(pH, etc.), cell passage to measure iron uptake, time
considerations, and the choice of method to measure
iron is needed. For example, to use ferritin formation
as an endpoint for measuring iron uptake assumes that
ferritin formation is proportional to iron uptake. This
is not always the case as ascorbic acid can increase fer-
ritin formation in the absence of iron [8]. In addition,
the ferritin molecule can contain different amounts
of iron [55]. The radiolabel studies of iron uptake are
adequate for measures of intracellular iron uptake,
but for measurement of transepithelial transport the
radioisotope measurement gives an underestimation
due to intracellular dilution of dietary iron.

The Caco-2 cell model often predicts the direction
of response, but the magnitude differs from human
studies.

There are still benefits of using the Caco-2 cell
model to estimate the effects on iron absorption. A
high-throughput system has been developed, which is
useful for screening of a large number of samples [19].
Compared to in vitro dialyzability/solubility methods,
the high-throughput system includes the iron uptake
into the enterocyte, which is of importance since food
factors also have been shown to have intracellular ef-
fects. This is so far shown in Caco-2 cells but needs be
confirmed in animal studies. The Caco-2 cell model has
also been useful in identifying potential inhibitors and
enhancers of iron absorption, or at least in confirming
those already identified in human studies.

The use of the Caco-2 cell model is furthermore an
important tool to study molecular mechanisms of iron
absorption; such studies have advanced the knowledge
of regulation of iron absorption and metabolism.

Conclusions

The combined in vitro digestion Caco-2 cell method
for estimation of iron bioavailability correlates in most
cases with human iron absorption studies in predic-
tion of direction of response, and is therefore useful
for ranking foods with respect to bioavailability. But
there are exceptions; e.g., white beans compared to
colored beans. More studies are needed using direct
comparisons of identical meals to measure response
in Caco-2 cells and human trials.

To determine iron uptake in Caco-2 cells, direct
measurements of iron with mass spectrometry is

preferable to indirect measurement by use of ferritin
formation. This is also the case for estimation of tran-
sepithelial transport of iron, where direct measure-
ment using mass spectrometry would be the method
of choice.

Invitro experiments with Caco-2 cells are nonethe-
less useful to understand the measurements recorded
in vivo and to suggest future experiments that can be
performed in the whole organism. The Caco-2 cell
model has a potential for further development to more
closely correspond to in vivo conditions.

References

1. Miller, D.D., Schricker, B.R., Rasmussen, R.R.
and Campden, D. (1981) An in vitro method for
estimation of iron availability from meals. Am. J.
Clin. Nutr. 34, 2248.

2. Fairweather-Tait, S., Lynch, S., Hotz, C., Hurrell,
R., Abrahams, L., Beebe, S., Bering, S., Bukhave,
K., Glahn, R., Hambidge, M., Hunt, J., Lonnerdal,
B., Miller, D., Mohktar, N., Nestel, P., Reddy, M.,
Sandberg, A.-S., Sharp, P., Teucher, B. and Trinidad,
P. (2005) The usefulness of in vitro Models to Predict
the Bioavailability of Iron and Zinc: A Consensus
Statement from the HarvestPlus Expert Consultation.
Int. J. Vit. Nutr. Res. 75, 371-374.

3. Fairweather-Tait, S., Phillips, ., Wortley, G., Harvey,
L. and Glahn, R. (2007) The use of solubility,
dialyzability, and Caco-2 cell method to predict iron
bioavailability. Int. J. Vitam. Nutr. Res. 77, 158.

4. Sandberg, A-S. (2005) Methods and options for in
vitro Dialyzability; Benefits and Limitations. Int. J.
Vit. Nutr. Res. 75, 395.

5. Scheers, N., Andlid, T., Alminger, M. and Sandberg,
A-S. (2010) Determination of Fe * and Fe** in
aqueous solutions containing food chelators by
differential pulse anodic stripping voltammetry.
Electroanalysis 22, 1090.

6. Sharp, P.A., Tandy, S.R. and Srai, S.K.S. (2003)
Mechanisms involved in the regulation of intestinal
iron absorption. Nutr. Abstr. Rev. 73.

7. Thompson, B.A., Sharp, P.A., Elliott, R. and
Fairweather-Tait, S.J. (2010) Inhibitory effect of
calcium on non-heme iron absorption may be related
to translocation of DMT-1 at the apical membrane of
enterocytes. J. Agric. Food Chem. 58, 8414.

8. Scheers, N. and Sandberg, A.-S. (2008). Ascorbic acid
uptake affects ferritin, Dcytb and Nramp2 expression
in Caco-2 cells. Eur. J. Nutr. 47, 401.

Int. J. Vitam. Nutr. Res. 80 (4-5) © 2010 Hans Huber Publishers, Hogrefe AG, Bern



312

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

A.-S. Sandberg: Caco-2 and Iron Absorption

Hunt, J. (2003) High- but not low-bioavailability diets
enable substantial control of women’s iron absorption
in relation to body iron stores, with iron absorption in
relation to body iron stores, with minimal adaption
within several weeks. Am. J. Clin. Nutr. 78, 1168.

Fogh, J., Wright, W.C. and Loveless, J.D. (1977)
Absence of HeLa cells contamination in 169 cell lines
derived from human tumours. J. Nat. Cancer Inst. 58,
209.

Hunt, J.R. (2005) Dietary and physiological factors
that affect the absorption and bioavailability of iron.
Int. J. Vitam. Nutr. Res. 75,375.

Han, O., Failla. M.L., Hill, A.D., Morris, E.R. and
Smith, J.C., Jr. (1995) Ascorbate offsets the inhibitory
effect of inositol phosphates on iron uptake and
transport by Caco-2 cells. Proc. Soc. Exp. Biol.
Med. 210, 50.

Glahn, R.P,, Lee, O.A., Yeung, A., Goldman, M.I.
and Miller, D.D. (1998) Caco-2 cell ferritin formation
predicts nonradiolabeled food iron bioavailability
in an in vitro digestion/Caco-2 cell culture model. J.
Nutr. 128, 1555.

Yun, S., Habicht J-P., Miller, D.D. and Glahn, R.P.
(2004) An in vitro digestion/Caco-2 cell culture
system accurately predicts the effects of ascorbic acid
and polyphenolic compounds on iron bioavailability
in humans. J. Nutr. 134, 2717.

Kalgaonkar, S. and Lonnerdal, B. (2008) Effect of
dietary factors on iron uptake from ferritin by Caco-2
cells. J. Nutr. Biochem. 19, 33.

Glahn, R.P.,, Wien, E.M., Van Campen, D.R. and
Miller, D.D. (1996) Caco-2 cell iron uptake from
meat and casein digests parallels in vivo studies: use
of a novel in vitro method for rapid estimation of iron
bioavailability. J. Nutr. 126, 332.

Han, O., Failla, M.L., Hill, A.D., Morris, E.R. and
Smith, J.C., Jr. (1994) Inositol phosphates inhibit
uptake and transport of iron and zinc by a human
intestinal cell line. J. Nutr. 124, 580.

Skoglund, E., Lonnerdal, B. and Sandberg, A-S.
(1999) Inositol phosphates influence iron uptake in
Caco-2 cells. J. Agric. Food Chem. 47, 1109.

Glahn, R.P., Wortley, G.M., South, P.K. and Miller,
D.D. (2002) Inhibition of iron uptake by phytic acid,
tannic acid, and ZnCl,: Studies using an in vitro
digestion/Caco-2 cell model. J. Agric. Food Chem. 50,
390.

Jin, F. Frohman, C., Thannhauser, T.W., Welch,
R.M. and Glahn, R.P. (2009) Effects of ascorbic acid,
phytic acid and tannic acid on iron bioavailability

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

from reconstituted ferritin measured by an in vitro
digestion — Caco-2 cell model. Brit. J. Nutr. 101, 972.

Kim, E.-Y., Ham, S.K., Shigenaga, M.K. and Han, O.
(2008) Bioactive diet polyphenolic compounds reduce
nonheme iron transport across human intestinal cell
monolayers. J. Nutr. 138, 1647.

Salovaara, S., Sandberg, A.-S., and Andlid, T. (2002)
Organic acids influence iron uptake in the human
epithelial cell line Caco-2. J. Agr. Food Chem. 50,
6233.

Bergkvist, S.W., Sandberg, A.-S., Andlid, T. and
Wessling-Resnick, M. (2005) Lactic acid decreases
Fe (II) and Fe (III) retention but increases Fe (III)
transepithelial transfer by Caco-2 cells. J. Agric. Food
Chem. 53, 6919.

Garclia-Casal, M.N., Leets, I. and Larysse, M. (2000).
B-carotene and inhibitors of iron absorption modify
iron uptake by Caco-2 cells. J. Nutr. 130, 5.

Bengtsson, A., Scheers, N., Andlid, T., Larsson
Alminger, M. and Sandberg, A.-S. (2009) Impaired
uptake of beta-carotene by Caco-2 human intestinal
cells in presence of iron. Int. J. Food. Sci. Nutr. 60, 125.

Tallkvist, J., Bowlus, C.L. and Lonnerdal, B. (2000)
Functional and molecular responses of human
intestinal Caco-2 cells to iron treatment. Am. J. Clin.
Nutr. 72, 770.

Sharp, P.A., Tandy, S.R., Yamaji, S., Tennant,
J.P., Williams, M.R. and Srai, S.K.S. (2002) Rapid
regulation of divalent metal transporter (DMT1)
protein but not mRNA expression by non-heme iron
in human intestinal Caco-2 cells. FEBS Lett. 510, 71.

Yeh, K.-Y., Yeh, M., Watkins, J.A., Rodriguez-Paris,
J. and Glass, J. (2000) Dietary iron induces rapid
changes in rat intestinal divalent metal transporter
expression. Am. J. Physiol. 279, G1070.

Nunez, M.T., Tapia, V., Rojas, A., Aquirre, P.,
Gomez, F. and Nualart, F. (2010) Iron supply
determines apical/basolateral membrane distribution
of intestinal iron transporters DMT1 and ferroportin
1. Am. J. Physiol. Cell Physiol. 298, C477.

Scheers, N. and Sandberg, A.-S. (2010) Ascorbate
uptake affects the expression of NRAMP2, DCYTB,
ferritin and ferroportin in Caco-2 cells. Abstract,
Bioavailability, Asilomar, CA.

Cook, J.D. and Reddy, M.B. (2001) Effect of ascorbic
acid intake on nonheme iron absorption from a
complete diet. Am. J. Clin. Nutr. 73, 93.

Lonnerdal, B. (2010) Abstract, Bioavailability.
Calcium and iron absorption: mechanism and public

Int. J. Vitam. Nutr. Res. 80 (4-5) © 2010 Hans Huber Publishers, Hogrefe AG, Bern



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

A.-S. Sandberg: Caco-2 and Iron Absorption

health relevance. Abstract, Bioavailability 2010,
Asilomar, CA.

Hurrell, R.F. and Cook, J.D. (1999) Inhibition of
nonhaem iron absorption in man by polyphenol-
containing beverages. Br. J. Nutr. 81, 289.

Brune, M., Rossander, L. and Hallberg, L. (1989) Iron
absorption and phenolic compounds: importance of
different phenolic structures. Eur. J. Clin. Nutr. 43,
547.

Samman, S., Sandstréom, B., Toft, M.B., Bukhave, K.,
Jensen, M., Sorensen, S.S. and Hansen, M. (2001)
Green tea or rosemary extract added to foods reduces
nonheme-iron absorption. Am. J. Clin. Nutr 73, 607.

Ma, Q., Kim, E.-Y. and Han, O. (2010) Bioactive
dietary polyphenols decrease heme iron absorption
by decreasing basolateral iron release in human
intestinal Caco-2 cells. J. Nutr. 140, 1117.

Gangloff, M.B., Glahn, R.P., Miller, D.D., Norwell,
W.A. and Van Campen, D.R. (1996) Assessment of
iron availability using combined in vitro digestion and
Caco-2 cell culture. Nutr. Res. 16, 479.

Au, A.P. and Reddy, M.B. (2000) Caco-2 cells can
be used to assess human iron bioavailability from a
semipurified meal. J. Nutr. 130, 1329.

Cook, J.D., Morck, T.A. and Lynch, S.R. (1981) The
inhibitory effect of soy products on nonheme iron
absorption in man. Am. J. Clin. Nutr. 34, 2622.

Hurrell, R., Lynch, S.R., Trinidad, T., Dassenko, S.S.
and Cook, J.D. (1988) Iron absorption in humans:
bovine serum albumin compared with beef muscle
and egg white. Am. J. Clin. Nutr. 47, 102.

Hurrell, R., Lynch, S.R., Trinidad, T., Dassenko, S.S.
and Cook, J.D. (1989) Iron absorption in humans
as influenced by bovine milk proteins. Am. J. Clin.
Nutr. 49, 546.

Reddy, M.B. and Cook, J.D. (1991) Assessment of
dietary determinants of nonheme iron absorption in
humans and rats. Am. J. Clin. Nutr. 54, 723.

Reddy, M.B., Hurrell, R., Juillerat, M. and Cook,
J.D. (1996) The influence of different protein sources
on phytate inhibition of nonheme-iron absorption in
man. Am. J. Clin. Nutr. 63, 203.

Cook, J.D. and Monsen, E.R. (1977) Vitamin C,
the common cold, and iron absorption. Am. J. Clin.
Nutr. 30, 235.

Gargari, B.P., Razavieh, S.V., Mahboob, S., Niknafs,
B. and Kooshavar, H. (2006) Effect of retinol on iron
bioavailability from Iranian bread in a Caco-2 cell
culture model. Nutrition 22, 638.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

313

Walczyk, T., Davidsson, L., Rossander-Hulthen, L.,
Hallberg, L. and Hurrell, R.F. (2003) No enhancing
effect of vitamin A on iron absorption in humans.
Am. J. Clin. Nutr. 77, 144.

Rutzke, C.J., Glahn, R.P., Rutzke, M.A., Welch,
R.M., Langhans, R.-W., Albright, L.D., Combs, G.F.,
Jr. and Wheeler, R.M. (2004) Bioavailability of iron
from spinach using an in vitro/human Caco-2 cell
bioassay model.

Bonsmann, S.S., Walczyk, T., Benggli, S. and Hurrell,
R.F. (2008) Oxalic acid does not influence nonhaem
iron absorption in humans: a comparison of kale and
spinach meals. Eur. J. Clin. Nutr. 62, 336.

Beiseigel, .M., Hunt, J.R., Glahn, R.P., Welch, R.M.,
Menkir, A. and Maziya-Dixon, B.B. (2007) Iron
bioavailability from maize and beans: a comparison of
human measurements with Caco-2 cell and algorithm
predictions. Am. J. Clin. Nutr. 86, 388.

Simonian, H.P., Vo, L., Doma, S., Fisher, R.S.
and Parkman, H.P. (2005) Regional postprandial
differences in pH within the stomach and
gastroesophageal junction. Dig. Dis. Sci. 50, 2276.

Kalantzi, L., Goumas, K., Kalioras, V., Abrahamsson,
B., Dressman, JB. and Reppas, C. (2006)
Characterization of the human upper gastrointestinal
contents under conditions simulating bioavailability/
bioequivalence studies. Pharm. Res. 23, 165.

Laparra, J.M., Glahn, R.P. and Miller, D.D. (2009)
Different responses of Fe transporters in Caco-2/
HT29-MTX cocultures than in independent Caco-2
cell cultures. Cell Biol. Internat. 33, 971.

Allen, A. and Flemstrom, G. (2005) Gastroduodenal
mucus bicarbonate barrier: protection against acid
and pepsin. Am. J. Physiol. 288, 1.

Duizer, E., Penninks, A.H., Stenhuis, W.H. and
Groten, J.P. (1997) Comparison of permeability
characteristics of the human colonic Caco-2 and
rat small intestinal IEC-18 cell lines. J. Controlled
Release 49, 39.

Sunkesula, S.R., Luo, X., Das, D., Singh, A. and
Singh, N. (2010) Iron content of ferritin modulates its
uptake by intestinal epithelium: implications for co-
transport of prions. Mol. Brain 3, 14.

Prof. Ann-Sofie Sandberg

Dept of Chemical and Biological Engineering
Food Science

SE-412 96 Gothenburg

Sweden

Int. J. Vitam. Nutr. Res. 80 (4-5) © 2010 Hans Huber Publishers, Hogrefe AG, Bern



