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Abstract

From the time of dietary intake to their utilization, the number of important interactions occurs among mineral elements, which
can affect their bioavailability because of similarity in physicochemical properties and common absorptive pathways. However,
the studies that have analyzed the interactions among copper, iron, and zinc have conflicting results and need further exploration.
HT-29 cells grown to confluence in 6-well plates were incubated with increasing concentrations (0 to 200 uM) of Cu, Fe, and Zn
for 3 and 6 h for uptake studies. Interaction studies involved measuring the uptake of metal in the presence of 0:1—4:1 ratio of the
other metal for 3 h using atomic absorption spectrophotometer. The concentration of metal biomarkers and cytokines was also
measured in the cell lysate following extracellular supplementation. The presence of 50 uM Zn significantly decreased (P < 0.05)
cellular Cu uptake in HT-29 cells at 0.5:1 Cu:Zn ratio and also the cellular Fe uptake at the ratios 0.5:1, 2:1, and 4:1 Fe:Zn. The
presence of 50 uM Fe significantly (P < 0.05) decreased cellular Cu uptake at the ratios 1:1, 2:1, and 4:1 Cu:Fe. The concen-
tration of metallothionein responded significantly (P < 0.05) to changes in extracellular Zn concentration (supplementation and
depletion). There was a decrease in concentration of IL-13 and TNF-« (P < 0.05) with an increasing extracellular concentration
of Cu and Fe. The results of the study indicated that the presence of one mineral in the diet and multi mineral supplement may

influence the bioavailability of the other mineral. Copper and iron may find application in promoting gut health.
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Introduction

The mineral levels in the body are kept in a state of steady
harmony and at fine-tuned ratios which ensure optimal func-
tioning of the organ system. The deficiency of minerals (Cu,
Zn, and Fe) in the body leads to an increased absorption from
the diet or vice versa, thereby correcting imbalance. In an
attempt to self-regulate, the body makes internal adjustments
due to which a surplus amount of one often creates deficiency
of other minerals. From the time of dietary intake to utilization
of mineral elements in the body, a large number of metabolic
interactions take place affecting their nutritional status [1].
Awareness of these metal-metal interactions is important to
develop effective strategies in order to improve micronutrient
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status [2]. Multi mineral supplements, which are complex for-
mulations of several minerals, do not convey the whole truth
as depicted on their labels, and an important consideration of
mineral-mineral interaction is often left unchecked.
Micronutrients with similar physicochemical characteristics
and shared absorption pathways compete for transport pro-
teins, and the bioavailability is affected [2]. The detailed in-
formation on the safe upper intake level of the nutrients is
important to minimize the adverse effects on mineral absorp-
tion caused by interactions between minerals [3]. Information
is scanty about the optimal molar ratios of the minerals for
development of different formulations. Also, a unifying hy-
pothesis is not yet established for the interactions that take
place among Cu, Zn, and Fe. Therefore, the present study
was carried out with an aim to establish the antagonistic or
synergistic interactions among Cu, Zn, and Fe at different
molar ratios.

The human colon adenocarcinoma cell line HT-29 was first
established in 1964 from a primary tumor of a 44-year-old
Caucasian female by Fogh and Trempe [4]. HT-29 is a suitable
model to depict metal bioavailability at the level of the intes-
tine since the expression of proteins characteristic to the
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human intestinal epithelium in vivo is found to be similar [5].
Identification of biomarkers that respond to metal status in the
body is difficult under in vivo conditions. However, the bio-
availability of metals can be studied using various intracellular
biomarkers that respond to extracellular metal concentration.
Ferritin—an intracellular globular protein complex consisting
of 24 protein subunits—is a primary iron storage protein in
both the eukaryotic and prokaryotic organisms. In one of the
studies carried out by Glahn et al., it was reported that the
synthesis of ferritin in Caco-2 cells is in proportion to the iron
content of the culture medium. Therefore, ferritin formation in
Caco-2 cells was considered a sensitive biomarker of Fe up-
take and a determinant of iron bioavailability [6]. Low iron
bioavailability leading to iron deficiency anemia in individ-
uals is a major nutritional problem throughout the world. Food
and mineral supplements rich in iron are used to circumvent
this nutritional disorder, and hence, measurement of iron bio-
availability in supplements becomes a necessity. The intracel-
lular ferritin levels’ response to increasing iron concentration
in the HT-29 cell line may be useful to understand the iron
homeostatic mechanisms involved in uptake, transport, and
absorption process. Metallothionein, a family of small—
molecular weight proteins with a high content of cysteine
residues, is present in many tissues, and the magnitude of its
RNA and protein expression depends on the amount of zinc
absorbed [7]. The relationship of intestinal metallothionein
synthesis in HT-29 cells to supplemented and depleted zinc
has not been explored. An intracellular mechanism operates to
regulate Zn flux by the small intestine and account for the
regulatory phase of the absorption process [8] wherein Zn
enhances the accumulation of MT. Zn homoeostasis is main-
tained in the gut through the absorption and excretion mech-
anisms operating at the level of the intestine [9].

The intestinal mucosa consists of a layer of epithelial cells
joined together by tight junctions. It is supported by a trans-
cellular pathway for the absorption of nutrients and a complex
immune system [10]. Along with their role in nutrient absorp-
tion, enterocytes play a major role in the initiation and regu-
lation of the mucosal immune response in the intestine [11,
12]. A large number of regulatory molecules like the cytokines
and growth factors are secreted by the intestinal epithelial
cells. The mucosal lining of the gut generally forms a barrier
that separates the luminal contents from the immune cells
present beneath. Any abnormal activation of the underlying
immune cells leads to an overproduction of the inflammatory
cytokines (tumor necrosis factor (TNF)-«, interleukin (IL)-
13, and IL-6) which damages the intestinal epithelial mono-
layers leading to a state of mucosal inflammation and there-
fore disturbing the overall gut health and integrity [13, 14]. We
tried to study the responsiveness of HT-29 cells to increasing
metal supplementation to see what role metals can play in
maintaining the overall gut health and integrity by influencing
the levels of pro-inflammatory cytokines. Studies in the past

@ Springer

have shown that a proper balance between the pro-
inflammatory and inflammatory cytokines is needed to pre-
vent intestinal epithelial inflammation and promote gut health
[15].

Therefore, the present study was carried out with the fol-
lowing aims and objectives: (a) to study the effect of interac-
tions between metals, (b) to study biomarkers that respond to
metal concentration in culture media which helps in maintain-
ing cellular homeostasis, and (c) to identify cytokine changes
in response to extracellular metal concentration.

Material and Methods

HT-29 Cell Lines HT-29 cells were obtained from NCCS, Pune
at passage numbers 2540, and routinely grown in DMEM
(Dulbecco’s modified Eagle’s medium) high glucose (D7777,
Sigma-Aldrich) + 10% fetal bovine serum (FBS) (HiMedia
Laboratories) in a 75-cm? tissue culture flask to provide stock
cultures of cells. The cells were incubated at 37 °C in humid-
ified air (95%) and CO, (5%). The medium was changed
every second day and cells were passaged at approximately
70% confluence. For experimental purpose, approximately,
1 x10° cells were grown in 6-well plates at 37 °C and 5%
CO, until confluency.

Cell Viability by MTT Assay The viability of cells was mea-
sured using MTT assay which is a colorimetric assay that
measures the reduction of yellow 3-(4,5-dimethythiazol-2-
y1)-2,5-diphenyl tetrazolium bromide (MTT) by a mitochon-
drial enzyme succinate dehydrogenase [16].

Dose- and Time-Dependent Treatment of Metals in Cultured
Cells Once confluent, HT-29 cells were supplemented with
different concentrations (0—200 uM concentration) of Zn
(ZnS0O47H,0), Cu (CuSO45H,0), and Fe (FeCl3;-:3H,0)
for 3 and 6 h to study dose- and time-dependent uptake of
metals by the cell. All the chemicals used were obtained from
Sigma-Aldrich, St. Louis, MO, USA.

Interaction Studies In a set of experiments, confluent HT-29
were treated with Zn at concentration of 50 uM along with
varying concentration of Cu at 25, 50, 100, and 200 pM.
Similarly, in another set, same concentrations of Cu were used
in the medium, keeping Fe at a constant level of 50 uM. In
third set of experiments with a constant 50 uM Zn, variation in
Fe concentration (25, 50, 100, and 200 uM) was made and
interactions were studied between the two metals for 3 h.

Preparation of Cellular Extracts for Metal Analysis and
Estimation of Intracellular Metal Concentration After the
treatment of metals alone or in combination with other metals,
cells were washed thrice with phosphate-buffered saline



Study of Metal-Metal Interactions and Their Biomarkers Using an Intestinal Human Cell Line 97

(PBS), treated with commercially available trypsin (0.25% (w/
v) trypsin-0.53 mM ethylenediaminetetraacetic acid (EDTA)),
and cell suspension collected in sterilized microcentrifuge
tubes. The cell suspension was then centrifuged at 3000 rpm
for 15 min. The cell pellet obtained was washed thrice with 1X
PBS and dissolved in appropriate volume of 5% HNO;. The
cell suspension was digested overnight at 95 °C to destroy the
organic matter. The concentration of Cu, Zn, and Fe in the cell
lysates obtained after digestion was determined using appro-
priate dilutions in 1% HNOs5 by flame atomic absorption spec-
trophotometer (Thermo Electron Corporation, UK M6
Spectro with integrated software SOLAR AA). The intracel-
lular concentration of Cu, Zn, and Fe was determined to mea-
sure the effect of extracellular added metal concentration (both
dose- and time-dependent metal concentration) on the uptake
of metal by the cells and also the effect of extracellular added
concentration of one metal on the cellular concentration of the
second metal (interaction studies).

Cell Culture Experiments to Determine Cellular Concentration
of Metallothionein, Ferritin, Ceruloplasmin HT-29 cells grown
in 6-well plates once confluent were treated with 10 puM,
25 uM, 50 uM, and 100 uM Zn and 1.2 mM
diethylenetriaminepentaacetic acid (DTPA) concentration for
a period of 6 h to see the effect of supplementation and deple-
tion (DTPA) of Zn (extracellular) on the metallothionein bio-
marker (studied using Human MTIE (metallothionein 1E)
ELISA Kit, Elabscience) in addition to the control. The mea-
surement of ferritin (Fe biomarker) involved supplementing
confluent HT-29 cells in 6-well plates to increasing iron con-
centration (25 uM, 50 uM, 100 uM, and 200 uM Fe) for 3 h
in addition to the control (Bio-Detect ferritin (ELISA) kit). For
ceruloplasmin (Cu biomarker) measurement, HT-29 cells
were supplemented with 25 uM and 50 uM Cu for 3 h in
addition to control cells to see the effect of supplemental cop-
per on the intracellular concentration of Cu (Euro Diagnostic
kit based on turbidimetry).

Preparation of Cell Lysate for Estimation of Ferritin,
Metallothionein, and Ceruloplasmin Cells grown to conflu-
ence were treated with extracellularly supplemented and deplet-
ed metal, washed thrice with 1X PBS, and trypsinized, and cell
suspension collected in autoclaved Eppendorf. The cell suspen-
sion was then centrifuged at 3000 rpm for 15 min. The cell
pellet obtained was washed thrice and suspended in PBS. Cell
lysates were prepared by sonicating for 2 x 10 s at 20 kHz (Ultra
Sonic Liquid Processor, SONICS & MATERIAL, USA). The
cell lysate obtained was stored at — 80 °C until analysis.

Metallothionein, Ferritin, and Ceruloplasmin Protein
Expression Metallothionein concentration in the cell lysates
was determined using Sandwich ELISA method
(Elabscience). Intracellular ferritin concentration was estimated

by quantifying ferritin protein using Sandwich ELISA at
450 nm (Bio-Detect ferritin kit). The concentration of ferritin
in cell culture lysates was determined from a suitable calibration
curve and finally expressed as nanograms of ferritin per mg
protein. The protein concentration in cell culture lysates was
determined using Bradford reagent. Ceruloplasmin was deter-
mined by turbidimetry method (Euro Diagnostic Systems).

Cellular Concentration of Pro-inflammatory Cytokines HT-29
cells were treated to increasing extracellular concentration of
Cu, Zn, and Fe for 3 h in 6-well plates. The preparation of cell
lysates for cytokines is the same as discussed above for the
biomarker studies (metallothionein, ferritin, and ceruloplas-
min). The concentration of cytokines (IL-6, IL-1(3, TNF-«,
and IFN-y) was then determined in the cell lysates after ap-
propriate dilutions using ELISA method (Elabscience).

Statistical Analysis Data analysis was performed using
GraphPad Prism 5 software. Data is presented as mean + SD.
Unpaired ¢ tests were used to study interactions between the two
metals. Analysis of differences between the different treated cell
line groups to study metal-dependent biomarkers and inflam-
matory cytokines was done using one-way analysis of variance
(ANOVA) with Bonferroni multiple comparison post hoc tests.
Statistical significance was accepted at P <0.05 for all tests.

Result

The percentage viability of cells subjected to 0-200 uM Cu,
Zn, and Fe concentrations calculated using MTT assay was
found to be 85-90%.

1. Metal uptake and interaction: Dose- and time-dependent
metal uptake by the cells is demonstrated in Fig. la—c.
There was a dose-dependent uptake of Zn, Cu, and Fe
by HT-29 cells at both 3 h and 6 h. Interaction of metals
is shown in Fig. 2a—c. Presence of Zn at 50 uM concen-
tration inhibited uptake of Cu and Fe at all ratios tested
except at equimolar concentration (Fig. 2a, c). Similarly,
Fe at 50 uM inhibited uptake of Cu if latter was present in
higher concentrations, i.e., 2 and 4 times (Fig. 2b).

2. Expression of metal biomarkers: The intracellular concen-
tration of ceruloplasmin, ferritin, metallothionein in re-
sponse to extracellular supplementation and depletion is
depicted in Fig. 3. The concentration of metallothionein in
HT-29 cells responded to extracellular Zn concentration
with significant increase being observed at 100 uM Zn in
comparison with the control (P <0.001). The concentra-
tion of metallothionein decreased significantly on addi-
tion of DTPA—an extracellular Zn chelator (1.2 mM) in
comparison with 50 uM Zn (P<0.01) and 100 uM Zn
(P<0.001) (Fig. 3a). The concentration of ceruloplasmin
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in HT-29 cells increased in response to extracellular added
Cu in HT-29 cells. When HT-29 cells were supplemented
with increasing Cu concentration (25 pM Cu and 50 uM
Cu), the concentration of ceruloplasmin in HT-29 cells
increased proportionately although the change was insig-
nificant (Fig. 3b). The concentration of ferritin in HT-29
cells also increased proportionately (although insignifi-
cantly) in response to increasing extracellular added Fe
concentration (Fig. 3c¢).

Expression of cytokines in response to extracellular metal
concentrations: The concentrations of cytokines, i.c.,
TNF-«, IFN-y, IL-1f3, and IL-6, were studied in HT-29
cells. It was observed that the cellular concentration of
TNF-o decreased significantly (P < 0.05) with increased
Fe supplementation in the medium (Fig. 4a). The concen-
tration of IL-1( also decreased with increasing Fe con-
centration with significant (P < 0.05) changes being ob-
served at 100 uM Fe with respect to 25 uM Fe (Fig. 4b).
With increasing Fe concentration, significant (P <0.05)
changes were observed at 50 uM with respect to both the
control and 25 uM Fe in case of IL-6 and with respect to
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only 25 uM Fe for IFN-y (Fig. 4¢) (Fig. 4d). The concen-
tration of both TNF-oc and IL-13 in HT-29 cells decreased
with increasing Cu concentration with significant
(P <0.05) decrease being observed at 200 uM Cu with
respect to 25 uM Cu and 50 uM Cu in case of TNF-«
(Fig. 5a) and at 200 uM Cu with respect to the control,
25 uM Cu and 50 uM Cu in case of IL-13 (Fig. 5b). No
significant change was observed in IL-6 and IFN-y con-
centration with increasing Cu concentration (Fig. 5c, d).

Discussion

Cu, Zn, and Fe are essential elements involved in various
important metabolic pathways. Although the three metals play
an important role in the body, taking an excess of one nutrient
can affect the absorption of other metals. Various studies in the
past have been carried out to study the effect of combined
supplementation of two metals, but no conclusive evidence
has been reached regarding the exact mechanism and direction
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Fig 1 Dose- (0200 uM) and time- (3 h and 6 h) dependent metal uptake in the HT-29 cell line. a Zn. b Cu. ¢ Fe
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Fig 2 Metal-metal interactions in the HT-29 cell line (0.5:1 to 4:1 molar ratio). a Cu-Zn. b Cu-Fe. ¢ Fe-Zn. Results were significant at P < 0.05

of interaction among Cu, Zn, and Fe [17], and the doses and
the ratios of these metals necessary to make these inter-
actions are still debatable. A unifying hypothesis is not
yet established for the effects or imbalances among
these elements. We have tried using different ratios of
the metals keeping the concentration of one of the
metals constant for a limited period of 3 h only which
was found sufficient enough for uptake studies using the
HT-29 cell line. Most of the studies in the past have
been carried out using radioactive isotopes of a partic-
ular metal and limited to uptake studies of single metal.

The dietary level of Cu, Zn, and Fe is known to influence
the absorption of each other over a given time frame at the
intestinal level [18]. In the present study, we have tried to
study the interaction among Cu, Zn, and Fe when the cells
were supplemented with a metal either alone or in combina-
tion with the second metal for a period of 3 h.

Dose-Dependent Cu Uptake and Its Interaction
with Zn and Fe

When HT-29 cells were supplemented with Cu alone for 3 and
6 h, we saw a dose-dependent significant increase (P < 0.05)
in the cellular concentration of Cu in HT-29 cells which shows
that as the concentration of Cu in the medium increased, the
cellular concentration of Cu increased linearly. However,
when Cu was supplemented in the presence of a fixed molar
ratio of Zn, we found a significant decrease (P < 0.05) in Cu
absorption at Cu:Zn ratio of 0.5:1 in comparison with when
Cu was supplemented alone to HT-29 cells. Studies in the past
have shown that the presence of high amount of zinc in the
diet can lead to a reduction in the copper status in humans
which can be explained on the basis of interference in Cu
absorption by Zn at the intestinal level [19, 20]. Similar results
carried out in an in vitro system by Reeves et al. (1998) [21]
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Fig 3 The concentration of metal-dependent biomarkers in response to
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have shown significantly decreased cellular concentration of
copper in Caco-2 cells in response to an increased media Zn
concentration. However, a study carried out by Arredondo
et al. [22] reported no inhibition in Cu uptake by the intestinal
cells when supplemented with increased extracellular zinc. It
is important to mention here that when Cu and Zn were pres-
ent in equimolar ratios (1:1), no significant decrease in cellular
Cu concentration was observed in the present study. Cu and
Zn might be competing for the binding sites during their up-
take, but since both of them were present in same concentra-
tions in the extracellular medium, Cu uptake was not affected
by the equal concentration of Zn in the medium.

When HT-29 cells were supplemented with a combination
of Cu and Fe, with an increasing Cu concentration and a fixed
Fe concentration, we observed a reduction in cellular Cu con-
centration at Cu:Fe ratios of 1:1, 2:1, and 4:1 with significant
reduction at 2:1 and 4:1 molar ratio only. Cu-Fe interactions
can be attributed mainly to their similar metabolic fates in
addition to the similar atomic radii and positive charges [23].
The reciprocal relationship between Cu and Fe has been stud-
ied in many tissues [24, 25]. For example, during states of iron
deficiency, Cu is known to accumulate in the liver and in the
intestinal mucosa and its concentration increases during a state
of Fe deprivation. Evidence from cell and molecular studies
indicates that the antagonistic interaction between Cu and Fe
can be explained on account of a competitive binding to a
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divalent metal transporter DMT-1 [26, 27]. The finding of
the present study in addition to previous studies reporting
decreased cellular Cu concentration in the presence of Fe
raises a question mark on the use of Fe supplements during
various diseased conditions of chronic kidney disease and
malabsorptive disorders including Crohn’s disease and colitis.

Dose-Dependent Iron Uptake and Its Interactions
with Zn and Cu

When Fe was supplemented alone at increasing concentra-
tions for a period of 3 and 6 h to HT-29 cells, we found a
significant dose-dependent increase in cellular Fe concentra-
tion. However, when Fe was supplemented in combination
with a fixed molar ratio of Zn, we observed a significant re-
duction in cellular Fe concentration at all the ratios of Fe:Zn
(0.5:1, 2: 1, and 4:1) except at 1:1 ratio.

Various studies were carried out in humans and cell culture
systems to determine the effect of Zn on Fe absorption. A
study by Donangelo et al. has reported a significant reduction
in plasma ferritin and the percentage of transferrin saturation
in young women with low iron reserves in the Zn-
supplemented group [28]. Also, Rossander-Hulten et al.
[29] reported a significant (56%) reduction in iron absorp-
tion using 5:1 ratio (Zn:Fe) when given in the form of
water. Studies carried out in in vitro systems have also
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reported similar results. A study carried out by Arredondo
et al. [22] and Iyengar et al. [30] using an in vitro cell
culture system showed decreased intracellular Fe concen-
trations in Caco-2 cells in response to an increased extra-
cellular Zn concentration in the medium. The possible
reason for the negative interactions between Fe and Zn
is the shared absorptive pathways employing DMT-1 as
a common transporter for both Zn and Fe. Iyengar et al.
[30] have also pointed to a concept of mixed inhibition of
cellular Fe uptake by the cells in the presence of Zn as it
caused a decrease in all the kinetic constants Km, Vmax,
Umax, and Ku.

Expression of Metallothionein, Ferritin,
and Ceruloplasmin as Biomarkers of Metals in HT-29
Cells

The synthesis of metallothionein is transcriptionally regulated
by molecules like Zn, Cu, and Cd, and its levels are influenced
by the nutritional status of humans. Studies carried out in the
past have shown that the synthesis of metallothionein is

induced within the intestinal cells by parenteral or oral Zn
administration [31, 32].

We have tried to study the responsiveness of metallothio-
nein to increasing and depleted Zn concentrations in HT-29
cells. We found that on increasing extracellular Zn concentra-
tion (0, 10, 20, 50, and 100 uM Zn) in the medium, the con-
centration of metallothionein in the HT-29 cells increased.
Also, the presence of DTPA (1.2 mM), an extracellular Zn
chelator of Zn, resulted in decreased metallothionein concen-
tration in the cells. We found a highly significant correlation
(P <0.001) between the cellular Zn concentration and the me-
tallothionein concentration in the cells. These findings suggest
that metallothionein directly responds to extracellular Zn con-
centration and thus can be an indicator of Zn nutritional status
in the body. Similar results have been reported in a study by
Moltedo et al. [33] showing increased accumulation of metal-
lothionein in Caco-2 cells as a response to increased Zn con-
centration in the medium.

To prove that ferritin can be used a direct marker of Fe
status, we subjected HT-29 cells to increasing Fe (0, 25, 50,
and 100 uM) concentrations for a period of 3 h. Ferritin ex-
pression increased in response to increased extracellular Fe
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Fig 5 Extracellular Cu-dependent changes in the cellular concentration of cytokines. a TNF-cc. b IL-1{3. ¢ IL-6. d IFN-y. *, significant w.r.t control
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concentration in the medium. Cellular Fe is mainly stored as
ferritin, and its expression in intestinal epithelial cells in-
creases in response to iron that has been taken up by the cell.
On increasing Fe concentration in the medium, there is an
increased uptake of Fe probably by the transporter located in
the membrane of intestinal epithelial HT-29 cells which results
in increased ferritin expression within the cells. We found a
significant correlation (P <0.05) between the cellular Fe
concentration and ferritin concentration in the cultured
HT-29 cells. A study carried out in Caco-2 cells by
Glahn et al. [6] has shown that ferritin is a sensitive
biomarker of Fe bioavailability which eliminates the
need of using radiolabeled Fe to measure bioavailability
of Fe in various foods thereby cutting cost.
Ceruloplasmin activity was tested in HT-29 cells subjected
to increasing Cu concentrations (0, 25, and 50 uM) for a
period of 3 h to establish its role as a potential biomarker
which responds to dietary Cu levels. We found that on incu-
bating HT-29 cells to increasing Cu concentration, we found a
dose-dependent increase in the cellular concentration of ceru-
loplasmin although the changes were not significant. An
in vitro study carried out in HepG2 cells have reported similar
observations of increased ceruloplasmin expression when
loaded with copper [34]. Also, a study carried out by
Ranganathan et al. [35] showed that ceruloplasmin expression
enhanced in response to higher dietary copper intake in serum.
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Levels of Pro-inflammatory Cytokines in Response
to Increasing Cu, Zn, and Fe Supplementation

A tightly regulated immune balance is required to maintain
intestinal integrity and improve overall health. Therefore, it is
important to maintain immune homeostasis within the intes-
tine, and cytokines, one of the major molecules of the immune
system, are involved in regulating such homeostasis. The cy-
tokine milieu within the intestinal epithelial cells affects the
immune regulatory processes and therefore promotes overall
health. Micronutrients and vitamins modulate cytokine secre-
tion, and their presence or absence in the diet may affect the
overall cytokine response in the intestine. In an attempt to
study the response of pro-inflammatory cytokines to increased
levels of micronutrients, we subjected HT-29 cells to in-
creased Cu, Zn, and Fe concentrations (0, 25, 50, 100, and
200 uM) for a period of 3 h. The addition of Cu in increasing
concentration to the intestinal cells resulted in decreased levels
of IL-13 and TNF-« with significant changes (P < 0.05) being
observed in case of cells supplemented with 200 uM Cu in
comparison with the control, 25 and 50 uM Cu. Also,
supplementing cells with increasing Cu concentrations result-
ed in decreased levels of IFN-y with increased Cu supplemen-
tation although the change was not significant. These findings
provide a new insight into a role that Cu may play in improv-
ing gut health by decreasing the levels of pro-inflammatory
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cytokines. Cu supplementation may prove beneficial in pa-
tients with inflammatory bowel diseases like Crohn’s disease
and ulcerative colitis. In a number of studies, it was reported
that Cu was reduced in patients with Crohn’s disease [36, 37].

As regards the role of Zn in improving gut health,
supplementing Zn in increasing concentrations to HT-29 cells
in the present study did not result in any change in the levels of
cellular pro-inflammatory cytokines. Zinc is known to have a
dual effect on the secretion of pro-inflammatory cytokines
because it is known to trigger as well as suppress the release
of these cytokines by monocytic cell lineages [38, 39].
However, we did not find any such effect of supplementing
Zn in our study. This is in contrast to the studies carried out in
various other cell lines like THP-1 and HL-6 where the levels
of pro-inflammatory cytokines like TNF- and IL-1(3 were
decreased in zinc-sufficient cells in comparison with zinc-
deficient cells [40]. Zinc is an essential trace element for living
organisms, and zinc deficiency is closely linked to the im-
paired mucosal integrity leading to induction of pro-
inflammatory response. A growing body of evidence suggests
that zinc deficiency increases the concentrations of inflamma-
tory cytokines and oxidative stress; however, the effect of zinc
on the gene expression and production of cytokines is cell
lineage—specific, and studies of the past have shown conflict-
ing data. We have used the HT-29 cell line to study cytokine
changes in response to Zn levels, and to the best of our knowl-
edge, this is the first study using this specific cell line for
cytokine changes in response to extracellular metal levels.

When HT-29 cells were supplemented with increasing Fe
concentrations (0, 25, 50, 100, and 200 uM Fe), we found a
decrease in the levels of TNF-ox and IL-1[3. Similar results
were found in a study carried out by Foster et al. [15] who
reported decreased cellular levels of TNF-« and IL-1(3 in
Caco-2 cells supplemented with increasing Fe concentration
(0.5 and 50 umol/L). These findings point to an idea that iron
supplementation may prove beneficial in inflammatory bowel
disorders where it can reduce inflammation by decreasing the
levels of pro-inflammatory cytokines. The destruction of tis-
sue in the gut occurs when there is a constitutive activation of
immune response, and Fe may help to overcome this exces-
sive activation of immune response by bringing about a de-
crease in the level of IL-13 and TNF-«. Therefore, iron may
play an important role in maintaining overall intestinal integ-
rity and needs further exploration as dietary intervention for
modulating immune response.

Summary

These findings on interactions between Cu, Zn, and Fe indi-
cate that there are shared absorption pathways employing a
common transporter for the uptake of metals, resulting in com-
petition between the metals for binding to a common

transporter. Metal-metal interactions at the intestinal level
can help in defining bioavailability of a particular element
from diet and multi mineral supplements. This part of the
study also provided evidence to suggest the role of metal-
lothionein as a biomarker for Zn which can be used to
assess its toxicity and deficiency. The cellular concentra-
tions of some of the cytokines like TNF-«, IL-1[3, IFN-y,
and IL-6 responded to extracellular Fe and Cu concentra-
tions, which implies that these metal elements may have
some important role to play in gut health. Further research
is needed to actually identify and ascertain the role of
trace elements in promoting gut health.

Limitations of the Study Besides metal-metal interaction, oth-
er factors like presence of macronutrients, trace elements, hor-
mone profile, metabolic status of organism, and gut microflora
will also affect the bioavailability. Being an in vitro study,
interactions between two metals are direct, and to confirm
the findings, in vivo studies will be required.
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