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Gadolinium exposure disrupts iron homeostasis in cultured cells

Andrew J. Ghio • Joleen M. Soukup •

Lisa A. Dailey • Judy Richards • Zhongping Deng •

Jerrold L. Abraham

Received: 20 August 2010 / Accepted: 4 January 2011 / Published online: 26 January 2011

� SBIC (outside the USA) 2011

Abstract Human exposure to gadolinium-based contrast

agents can be complicated by nephrogenic systemic fibrosis

(NSF). Demonstration of significant quantities of insoluble

gadolinium in the skin of NSF patients suggested transmet-

allation as a mechanism of toxicity of this injury. An alter-

native pathway for the biological effect of gadolinium is a

disruption of iron homeostasis. We tested the postulate that

cell exposure to gadolinium increases iron uptake to disrupt

intracellular metal homeostasis and impact inflammatory

events. Alveolar macrophages, THP1 cells, NHBE cells, and

BEAS-2B cells all demonstrated a capacity to import gado-

linium from both GdCl3 and Omniscan. All four cell types

similarly imported iron following exposure to ferric

ammonium citrate (FAC). Exposure of all cell types to

gadolinium and iron resulted in increased iron import rela-

tive to cell concentrations following incubation with FAC

alone. To analyze for further evidence of changes in iron

homeostasis, cell ferritin concentration was determined.

Relative to incubation with FAC alone, co-incubation of

BEAS-2B cells with gadolinium and FAC resulted in sig-

nificant increases in ferritin level. Finally, potential effects of

gadolinium uptake and associated changes in iron homeo-

stasis on the inflammatory response were evaluated by

measuring IL-8. Co-incubation of BEAS-2B cells with both

gadolinium and iron resulted in diminished release of IL-8

relative to levels of the cytokine following incubation with

gadolinium alone. We conclude that gadolinium impacts cell

iron homeostasis to change import and storage of the metal

and biological effects of exposure.
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Abbreviations

BEGM Bronchial epithelial growth medium

FAC Ferric ammonium citrate

FCS Fetal calf serum

HBSS Hank’s balanced salt solution

ICPOES Inductively coupled plasma optical emission

spectroscopy

IRP1 Iron regulatory protein 1

KGM Keritinocyte growth medium

NSF Nephrogenic systemic fibrosis

Introduction

Human exposure to gadolinium-based contrast agents can

be complicated by nephrogenic systemic fibrosis (NSF).
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Since the first observation of this relationship [1, 2], there

have been over 200 cases of NSF reported following the

use of such contrast agents [3]. NSF was initially consid-

ered a cutaneous disorder present almost exclusively in

patients with end-stage renal disease and characterized by

the development of (1) pruritic skin plaques over the

extremities and trunk, (2) contractures of joints, and (3)

loss of range of motion [4–7]. However, clinical and

autopsy data now suggest that NSF is a systemic fibrogenic

process that involves many tissues other than the skin,

including the liver, lungs, muscles, heart, myocardium,

testes, and dura [8]. Onset of the disease can vary from

days to months following exposure to the contrast agent.

Cases can follow multiple exposures but NSF has also been

observed after a single dose [6]. The diagnosis is confirmed

by a deep dermal biopsy from affected skin areas showing

significant deposition of collagen, thickening of the dermis,

an accumulation of histiocytes, and specific histopathologic

features (e.g., identification of CD34-positive spindle cells

as bone-marrow-derived fibrocytes) [4, 9]. Estimates of the

prevalence of NSF are inaccurate because of underdiag-

nosis and underreporting [10, 11].

Demonstration of significant quantities of insoluble

gadolinium in the skin of NSF patients [12] after use of a

gadolinium-based contrast agent suggested that transmet-

allation followed gadolinium exposure. This transmetalla-

tion theory proposes that gadolinium is released from its

chelating agent, imported into cells and tissues, and

exchanged with other metals to affect a biological response

[3]. Supporting a possible participation of transmetallation

in the injury, all NSF cases reported thus far have been

associated with linear contrast agents that have inferior

thermodynamic stability and a kinetic or conditional sta-

bility which would favor this process [10].

An alternative mechanism to explain gadolinium toxic-

ity in NSF is a disruption of iron homeostasis. A mobili-

zation of host iron has been described following exposure

to gadolinium-based contrast agents, with the levels of

serum iron, transferrin saturation, and ferritin all increasing

after the provision of Omniscan to two patients [13]. In a

second study, the heart, blood vessels, and skin of three

NSF patients who had died of cardiac and/or vascular

complications were examined and these tissues showed

significantly elevated levels of iron as well as gadolinium

[14]. In support of an effect of gadolinium on iron

homeostasis, other trivalent metal cations have been pre-

viously demonstrated to affect iron metabolism with sig-

nificant increases in cell and tissue import [15–18]. It is

proposed that increased cell and tissue concentrations of

biologically active iron could result after introduction of a

gadolinium-based contrast agent. Injury would be associ-

ated with elevated levels available via a catalysis of an

oxidative stress (Fenton reaction). We subsequently tested

the postulate that cell exposure to gadolinium increases

iron uptake to disrupt intracellular metal homeostasis and

impact inflammatory events.

Materials and methods

Materials

Gadolinium chloride hexahydrate and Omniscan (gado-

linium diethylenetriaminepentaacetate bismethylamide)

were obtained from Sigma (St. Louis, MO, USA) and GE

Healthcare, respectively. Omniscan was provided as a

0.4848 M solution. Ferric ammonium citrate (FAC; Sigma)

was employed in cell exposures to iron.

Cell culture

Four different cell types were employed in the studies.

These included alveolar macrophages, THP1 cells, primary

human bronchial epithelial cells, and BEAS-2B cells.

For the acquisition of alveolar macrophages, the proto-

col and consent form were approved by the University of

North Carolina School of Medicine Committee on the

Protection of the Rights of Human Subjects. Healthy

nonsmoking volunteers (18–40 years of age) underwent

fiber-optic bronchoscopy with bronchoalveolar lavage. The

fiber-optic bronchoscope was wedged into a segmental

bronchus of the lingula and then the right middle lobe.

Aliquots of sterile saline were instilled and immediately

aspirated, centrifuged, and stored at -70 �C. Macrophages

from aliquots were pooled and washed twice. Incubations

were in RPMI-1640 (Invitrogen, Carlsbad, CA, USA)

supplemented with 10% fetal calf serum (FCS; Invitrogen,

Carlsbad, CA, USA) and gentamicin solution (20 lg/ml;

Sigma, St. Louis, MO, USA).

THP1 cells are derived from a monocyte-like cell line.

These were cultured in 75-cm2 tissue culture flasks using

RPMI-1640 (Invitrogen, Carlsbad, CA, USA) supple-

mented with 10% FCS (Invitrogen, Carlsbad, CA, USA)

and gentamicin solution (20 lg/ml; Sigma, St. Louis, MO,

USA). Incubations were in RPMI-1640 supplemented with

FCS and gentamicin.

The protocol for acquiring human bronchial epithelial

cells was approved by the University of North Carolina

School of Medicine Committee on Protection of the Rights

of Human Subjects and by the US EPA. Subjects were

informed of the procedure and its potential risks, and each

subject signed an informed consent form. Airway epithelial

cells were obtained from healthy individuals through

bronchoscopy with bronchial brushings. Cells were

expanded to passage 3 in bronchial epithelial growth

medium (BEGM; Clonetics, San Diego, CA, USA) and
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plated at a density of 1 9 105 cells/well into 12-well cul-

ture plates (Trans-CLR, Costar, Cambridge, MA, USA).

The cells were maintained in BEGM with supplements.

Fresh medium was provided every 48 h. Exposures were in

1.0 ml Hank’s balanced salt solution (HBSS) with calcium

and magnesium. These specific cells have been employed

and characterized in numerous previous studies [19, 20].

Finally, BEAS-2B cells were used. This is an immortal-

ized line of normal human bronchial epithelium derived by

transfection of primary cells with SV40 early-region genes.

Cells were grown to 90–100% confluence on uncoated

plastic 12-well plates in keratinocyte growth medium

(KGM; Clonetics, San Diego, CA, USA), which is essen-

tially MCDB 153 medium supplemented with 5 ng/ml

human epidermal growth factor, 5 mg/ml insulin, 0.5 mg/ml

hydrocortisone, 0.15 mM calcium, bovine pituitary extract,

0.1 mM ethanolamine, and 0.1 mM phosphoethanolamine.

Fresh medium was provided every 48 h.

Gadolinium and iron concentrations

For gadolinium and iron uptake studies, alveolar macro-

phages and THP1 cells were exposed for 4 h while sus-

pended in polypropylene tubes at 1.0 9 106 cells/1.0 ml

medium (n = 4 per exposure). Human bronchial epithelial

and BEAS-2B cells were cultured on 12-well plates and

exposed for 4 h to metals in HBSS with calcium and

magnesium included in the buffer. After the exposure was

complete, alveolar macrophages and THP1 cells were

centrifuged, the medium was removed, the cells were

washed with HBSS twice, and 1.0 ml of 3 N HCl/10%

trichloroacetic acid was added to the pellet. At the end of

the exposure of both human bronchial epithelial and

BEAS-2B cells to metal, the buffer was removed from the

well and the cells were washed twice with HBSS. Epithe-

lial cells were then scraped into 1.0 ml of 3 N HCl/10%

trichloroacetic acid. All cells were then hydrolyzed in the

acid at 70 �C for 18 h. After centrifugation at 20,800g for

5 min, gadolinium and iron concentrations in the super-

natant were determined using inductively coupled plasma

optical emission spectroscopy (Optima 4300D; PerkinEl-

mer, Norwalk, CT, USA) at wavelengths of 342.247 and

238.204 nm, respectively. A multielement standard

(Fisher, Pittsburgh, PA, USA) was used to calibrate the

instrument. The limits of detection for gadolinium and iron

were 0.1–1.0 ppb and less than 0.1 ppb, respectively.

Previous investigation has confirmed intracellular transport

of metal using this method [21].

Ferritin and IL-8

BEAS-2B cells were exposed to gadolinium and iron for

24 h. After completion of the exposure, the medium was

removed and the cells were washed twice with HBSS. They

were then scraped into 0.50 ml HBSS and disrupted using

repeated aspirations through a 25-gauge needle. Ferritin

concentrations in these cell lysates were determined using

an enzyme immunoassay (Microgenics, Concord, CA,

USA). This assay was modified for use in the Cobas

Fara II centrifugal spectrophotometer (Hoffman-LaRoche,

Branchburg, NJ, USA).

BEAS-2B cells were again exposed to gadolinium and

iron for 24 h and the medium was taken. After centrifu-

gation, IL-8 in the supernatant was quantified using a

commercially available ELISA kit (R&D, Minneapolis,

MN, USA).

Statistics

Data are expressed as mean values plus the standard error.

The minimum number of replicates for all measurements

was six. Differences between multiple groups were com-

pared using one-way analysis of variance. The post hoc test

employed in analysis of variance was Duncan’s multiple

range test. Two-tailed tests of significance were employed.

Significance was assumed at p \ 0.05.

Results

Gadolinium was not detectable in any cell type prior to

exposure to either GdCl3 or Omniscan. Alveolar macro-

phages, THP1 cells, NHBE cells, and BEAS-2B cells all

demonstrated a capacity to import gadolinium from GdCl3
(Fig. 1). The buffer for the human bronchial epithelial and

BEAS-2B cells (HBSS with calcium and magnesium)

contained little to no transferrin; therefore, in these specific

cell types, uptake was likely to be via a non-transferrin-

dependent pathway. Comparable to exposure to GdCl3,

incubation with Omniscan resulted in elevation of cell

gadolinium concentrations (Fig. 1). In incubations with

GdCl3, approximately 10–30% of the available gadolinium

appeared to be imported by cells. There were differences

among cell types in the uptake of gadolinium, with BEAS-

2B cells showing the greatest capacity. Import of this metal

by all cell types following GdCl3 exposure was signifi-

cantly greater than that after Omniscan, likely reflecting the

strong complexation by the diethylenetriaminepentaacetate

chelate present in the latter. Cell gadolinium concentration

increased linearly within the range of exposures employed;

no saturation was observed.

Iron was measurable in all cell types prior to exposure to

FAC. Comparable to the situation with gadolinium, all four

cell types similarly imported iron following exposure to

FAC (Fig. 2). Those cells with the greatest capacity for

iron uptake were the BEAS-2B cells. However, relative to
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gadolinium, far less iron was imported into any of the cells.

Cell iron concentrations showed no evidence of saturation

following FAC exposure.

Co-incubation of cells with GdCl3 and FAC resulted in

significantly elevated concentrations of cell gadolinium in

alveolar macrophages and BEAS-2B cells relative to the

concentrations following incubation of the cells with GdCl3
alone (Fig. 3a, d). However, no such elevations were

observed in THP1 and human bronchial epithelial cells

(Fig. 3b, c). Relative to cells incubated with FAC alone,

the exposure of all cell types to both gadolinium and iron

resulted in increased iron import (Fig. 4). Co-incubation of

cells with Omniscan and FAC showed smaller elevations in

cell metal concentrations; however, cell iron concentra-

tions remained significantly increased following co-

incubation.

Incubation of BEAS-2B cells in 100 lM GdCl3 with

increasing concentrations of FAC (0–100 lM) for 4 h was

associated with increased cell import of gadolinium

(Fig. 5a). In a similar manner, incubation of 100 lM FAC

with various concentrations of GdCl3 (0–100 lM) was

associated with elevated iron import in BEAS-2B cells

(Fig. 5b). BEAS-2B cells were also exposed first to

100 lM GdCl3 for 4 h, washed twice with HBSS, and then

exposed to 100 lM FAC in HBSS for 4 h. Prior gadolin-

ium exposure increased iron import even after the GdCl3
had been removed from the buffer (data not shown).

The measurement of cell metal concentrations supported

a disruption of iron homeostasis following gadolinium

exposure. Cell ferritin concentration was determined to

analyze for further evidence of changes in iron homeosta-

sis. Exposure of BEAS-2B cells for 24 h to gadolinium in

KGM did not show any changes in cell ferritin concen-

tration (Fig. 6a). In contrast, incubation of the same cells

with FAC in KGM for 24 h showed significantly elevated

cell concentrations of ferritin (Fig. 6b). Finally, co-incu-

bation of gadolinium and FAC was associated with sig-

nificant increases in ferritin levels, relative to levels

following incubation with FAC alone, likely reflecting the

higher cellular iron levels (Fig. 6b).

IL-8 was utilized as an end point of biological effect

relevant to inflammation. IL-8 is considered proinflam-

matory and increases in IL-8 levels are frequently observed

in tissue injuries complicated by both inflammation and

fibrosis. Potential effects of gadolinium uptake and asso-

ciated changes in iron homeostasis on the cell

Fig. 1 Cell gadolinium

concentration following

exposure to GdCl3 and

Omniscan. Alveolar

macrophages (a), THP1 cells

(b), bronchial epithelial cells

(c), and BEAS-2B cells (d) were

exposed to 0–100 lM GdCl3
and Omniscan. There was no

measurable gadolinium in any

cell type prior to exposure. All

cell types demonstrated

concentration-dependent uptake

of gadolinium. Asterisk
significant difference relative to

cells exposed to 0 lM

gadolinium
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inflammatory response were evaluated by measuring IL-8

release. Exposure of BEAS-2B cells to GdCl3 for 24 h

resulted in increased IL-8 release into the cell supernatant

(Fig. 7). Comparable exposure of the same cell type to

FAC did not show such an increase in the release of pro-

inflammatory mediator (Fig. 7). Finally, co-incubation of

gadolinium and iron resulted in diminished release of IL-8

relative to levels of the cytokine following incubation with

gadolinium alone (Fig. 7).

Discussion

Gadolinium concentrations in those tissues affected by

NSF can range up to hundreds of parts par million

(micrograms per gram of tissue) [22–24]. The highest in

vitro cell exposure to gadolinium in this investigation was

100 ppm. Consequently, the concentrations employed in

this in vitro investigation are considered relevant to the in

vivo tissue injury.

Gadolinium significantly impacts iron homeostasis in

cultured cells. Exposure of four different cell types to both

GdCl3 and Omniscan increased iron import. GdCl3

incubations increased cell iron concentration to a higher

value relative to Omniscan; this may reflect the stron-

ger complexation of gadolinium by the diethylene-

triaminepentaacetate in Omniscan. The inhibition of metal

import by a chelator has been previously demonstrated

with deferoxamine decreasing iron uptake by several cell

types [25]. The molecular basis for elevations in the cell

import of iron with gadolinium exposure was not deter-

mined. However, such an elevation in the uptake of non-

transferrin-bound iron has also been shown after exposure

to Ga3? with gallium nitrate stimulating iron uptake in a

time- and concentration-dependent manner [15]. Compa-

rable to our investigation using Gd3?, pre-exposure of cells

to gallium followed by its removal also resulted in sus-

tained stimulation of iron uptake. Consequently, gallium

and iron are considered to likely share the same cellular

uptake system. Aluminum is another trivalent metal cation

which has been observed to elevate iron import via non-

transferrin uptake pathways [16, 18]. Comparable to Ga3?

and Al3?, divalent cations (i.e., copper and zinc) can

impact iron transport to increase import [26]. However,

there is an investigation which shows a lack of an effect of

divalent metal cations on iron homeostasis [18]. Results of

Fig. 2 Cell iron concentration

following exposure to ferric

ammonium citrate (FAC).

Alveolar macrophages (a),

THP1 cells (b), bronchial

epithelial cells (c), and

BEAS-2B cells (d) were

exposed to 0–100 lM FAC for

4 h. Iron in all cells was

measurable prior to exposure.

All cell types demonstrated

concentration-dependent uptake

of iron
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this previous investigation suggest a mechanism of trans-

porter activation dependent on the presence of the iron

atom itself or a metal ion with atomic similarities to iron

(e.g., gallium) [17]. Finally, exposure to iron in specific

cell types appears to have increased Gd3? uptake, which is

comparable to its increasing the import of other trivalent

metal cations (e.g., gallium) via the non-transferrin-

dependent pathway [15]. This increase in gadolinium

import following iron co-incubation was observed in

alveolar macrophages and BEAS-2B cells but not in THP1

and human bronchial epithelial cells.

To decrease oxidative stress potentially presented by

iron, it benefits the host to sequester available iron. The

intracellular sequestration of iron limits its potential to

generate free radicals and prevents cellular injury resulting

from its exposure. The storage of iron in a chemically less

reactive form within intracellular ferritin confers an anti-

oxidant function to this protein and, in certain cells, pro-

vides cytoprotection in vitro against oxidants [27, 28].

Ferritin synthesis is known to be regulated by a posttran-

scriptional mechanism [29, 30]. A specific sequence at the

50-untranslated end of ferritin messenger RNA called the

iron responsive element binds a cubane iron–sulfur cluster,

iron regulatory protein 1 (IRP1), when it exists in the

apoprotein form. Available iron reacts with IRP1 to alter its

conformation. This decreases the affinity of IRP1 for the

messenger RNA and it is displaced, allowing translation of

ferritin to proceed. This regulation of ferritin allows the

cell to respond rapidly to increased concentrations of iron

by increasing the amount of metal sequestered in this

protein. In our investigation, co-incubation of iron and

gadolinium increased cell ferritin concentrations relative to

iron exposure alone. This elevation in cell ferritin levels

reflects the greater import of the metal following coexpo-

sure to the two metals. Gadolinium exposure alone did not

impact cell ferritin concentration. This is comparable to the

action of other trivalent metal cations (e.g., gallium) which

similarly increase iron uptake into the cell but do not

increase the ferritin levels themselves [31].

Finally, the effects of gadolinium on iron homeostasis

could potentially impact inflammatory events. We dem-

onstrated that cell exposure to gadolinium increased the

release of IL-8 by BEAS-2B cells, whereas incubation with

FAC had little effect. The co-incubation of gadolinium and

FAC actually resulted in a diminished release of the

inflammatory cytokine IL-8 relative to that following
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Alveolar macrophages (a),
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epithelial cells (c), and

BEAS-2B cells (d) were
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asterisk significant difference

relative to cells exposed to

gadolinium alone
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cells were then exposed to 100 lM FAC and various concentrations
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100 lM GdCl3 demonstrated the greatest cell concentration of iron.

Single asterisk significant difference relative to cells exposed to
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incubation with gadolinium alone. This diminished release

of a mediator may reflect some modification in the

inflammatory response after co-incubation of the two

metals. Such interaction is not unique to gadolinium but

also occurs following coexposure of several metals with

iron [32]. This relationship between gadolinium and iron

predicts a potential interaction of the two metals in clinical

injury. In NSF following exposure to gadolinium-based

contrast agents, iron mobilization may increase the risk of

inflammatory conditions such as cardiovascular disease

[33–35].

As a result of their interactions with O2, transition

metals were selected in molecular evolution to carry out a

wide range of biological functions. These metals are

essential micronutrients utilized in almost every aspect of

normal cell function. As a result of its abundance in nature,

iron has a greater participation in the normal physiological

processes of a living system relative to other transition

metals. Those same chemical properties which allow iron

to function as a catalyst in the numerous reactions of

molecular oxygen also make it a threat to life via the

generation of oxygen-based free radicals. Although nearly

all living systems depend on iron to catalyze homeostatic

and synthetic functions, oxidative stress generated by this

metal has a capacity to damage biological molecules. The

increased cell and tissue exposures to catalytically active

iron after exposure to gadolinium-based contrast agents can

potentially result in a systemic fibrosis characteristic of

NSF. Prolyl and lysyl hydroxylases are enzymes which

both play a central role in collagen synthesis [36]. These

dioxygenases couple the oxidative decarboxylation of

2-oxoglutarate to the hydroxylation of prolyl and lysyl

residues, respectively. Both enzymes use molecular oxygen

as a substrate and require ascorbate and iron as cofactors

[37]. Prolyl hydroxylase may not contain stoichiometric

amounts of iron [38] but rather the metal is loosely bound

in a non-heme form. Elevations in the concentration of

available iron following gadolinium exposure with contrast

use could increase the activity of prolyl and lysyl

hydroxylases, resulting in collagen deposition and fibrosis.

In support of a relationship between iron availability and

collagen synthesis, exposure to iron chelates, such as the

ferrous–bleomycin coordination complex, can directly

increase prolyl hydroxylase activity [39]. In further
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Fig. 6 Cell ferritin levels after exposure to FAC and co-incubation of

gadolinium and FAC. BEAS-2B cells exposed to various concentra-

tions of FAC (0–100 lM) showed increased concentrations of cell

ferritin (a). Co-incubation of GdCl3 and FAC significantly increased

cell ferritin levels relative to levels of this storage protein following

incubation with iron alone (b). Single asterisk significant difference

relative to cells exposed to 0 lM or medium/buffer, double asterisk
significant difference relative to cells exposed to 50 lM FAC or iron

alone
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Fig. 7 IL-8 release after exposure to GdCl3 and co-incubation of

gadolinium and FAC. BEAS-2B cells exposed to various concentra-

tions of GdCl3 (0–100 lM) showed increased release of IL-8. Co-

incubation of GdCl3 and FAC significantly decreased IL-8 release

relative to levels following incubation with gadolinium alone. Single
asterisk significant difference relative to cells exposed to 0 lM or

medium/buffer, double asterisk significant difference relative to cells

exposed to gadolinium alone
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support, iron chelators, including 2,20-dipyridyl and

deferoxamine [40–42], can inhibit prolyl hydroxylase. In

contrast, dietary depletion of iron [43] and metal chelation

[44] can inhibit fibrosis after exposure to such chelates.

We conclude that gadolinium impacts cell iron homeo-

stasis to change import, storage, and biological effects of

the metal. A dependence of both (1) NSF following

exposure to gadolinium-based contrast agents and (2) ani-

mal models of this injury on elevated concentrations of iron

can be explained by the interactions of the two metals

observed in our results [1, 45]. Caution is warranted when

using gadolinium-based contrast agents for patients but

especially those with clinical or laboratory evidence of iron

overload.
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