
Abstract. Background/Aim: Gadolinium has been reported
to cause liver lobular necrosis and nephrogenic systemic
fibrosis. However, its toxicity to the skin remains unknown.
This study aimed to investigate the effect of a high dose of
gadolinium-based contrast agent gadodiamide on the human
keratinocyte HaCaT cell line. Materials and Methods: Cell
viability was assessed using MTT assay, and autophagy was
assessed using acridine orange and LysoTracker Red
staining. Western blotting was performed to verify the
changes in Bcl2 and Bax levels. Results: The viability of
HaCaT cells was significantly suppressed after gadodiamide
treatment. Interestingly, gadodiamide caused autophagic
vacuoles, whereas the autophagy inhibitors 3-methyladenine
and chloroquine significantly alleviated autophagic cell
death. Simultaneously, gadodiamide induced apoptosis,
which was reduced by caspase inhibitors. Gadodiamide also
inhibited Bcl-2 expression and promoted Bax expression.
Conclusion: Gadodiamide induced both autophagy and

apoptosis in HaCaT cells. Physicians should carefully assess
the gadodiamide dosage used clinically.

Magnetic resonance imaging (MRI) is a contemporary
technology that produces three-dimensional images of the
anatomical human body and helps in the detection and
diagnosis of diseases. The density of contrast agents
produces a strong contrast effect; however, patients with
severe renal failure may be at risk of a serious illness called
nephrogenic systemic fibrosis (NSF) that may be linked to
the use of certain gadolinium-based contrast agents (GBCAs)
such as gadodiamide (1, 2). GBCAs agents can be applied to
the human body, providing anatomical imaging of the head,
spinal cord, and vascular artery for doctors to determine the
condition of the entire body (3). However, its toxicity to
normal skin cells is critical, but has never been investigated. 

NSF is a serious, late adverse reaction to gadodiamide (4,
5). Thus, the Taiwan Food and Drug Administration suggests
the use of the lowest effective dose to prevent possible
adverse effects on any part of the human body (6, 7). Long-
term ionized gadolinium accumulation may cause fibrosis in
various tissues of the human body, including the skin. Early
alterations and symptoms of NSF may include pain, itching,
swelling, and erythema, which usually start in the legs. Late
lesions may include thickening of the skin and subcutaneous
tissues, visceral fibrosis, and finally severe symptoms like
limb contracture, cachexia, and death (8, 9). However, the
detailed mechanisms remain largely unknown. The main
purpose of the current study was to explore whether high
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concentrations of gadodiamide (Omniscan®) cause
irreversible damage in a human keratinocyte cell model and
to determine the mechanisms involved.

Materials and Methods
Cell culture conditions. Human keratinocyte HaCaT cells were
cultured in 10% foetal bovine serum, containing MEM,
supplemented with 100 U/ml penicillin, 0.1 mg/ml streptomycin,
and 2 mM L-glutamine, and maintained in an incubator at 37˚C, 5%
CO2, and 95% relative humidity. 

Reagents. Gadodiamide was acquired by Dr. Yuh-Feng Tsai from
the Shin-Kong Wu Ho-Su Memorial Hospital. Other necessary
chemicals, such as phosphate buffered saline (PBS), dimethyl
sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide (MTT), acridine orange (AO), 3-
methyladenine (3-MA), and chloroquine (CQ), were purchased from
Sigma Chemical Co. (St. Louis, MO, USA).

Cell viability assessment. Cell viability was assayed using the MTT
assay (10). HaCaT cells were seeded in a 96-well culture dish for
24 h of incubation to allow cell attachment. After successful
attachment, various concentrations (0.65, 1.3, 2.6, 5.2, 13, and 26
mM) of gadodiamide were added followed by incubation for 24 h.
The surviving cells were subjected to MTT assay for 4 h, and the
final absorbance at 570 nm was measured using a
spectrophotometer. The experiment was repeated at least thrice. The
half-maximal inhibitory concentration (IC50) of gadodiamide against
HaCaT cells has been previously reported (11, 12).

AO staining of autophagic vacuoles. HaCaT cells were treated with
gadodiamide, washed with PBS, and stained with 1 ml of fresh
medium containing 1 μg/ml AO for 20 min at 37˚C. Acidic
vesicular organelles and autophagy vacuoles were observed under
an inverted fluorescence microscope and analysed using a
NucleoCounter NC-3000 (ChemoMetec A/S) (13). The cytoplasm
and nucleus of AO-stained cells fluoresced bright green, whereas
the acidic autophagic vacuoles fluoresced bright red. Red
fluorescence intensity was used to quantify gadodiamide-induced
autophagy. To verify specific gadodiamide-induced autophagy, the
cells were pre-treated with 10 mM 3-methyladenine (3-MA) or 10
nM chloroquine (CQ) for 4 h and then incubated in the absence of
gadodiamide for 24 h (13-15).

LysoTracker Red staining for autophagy. Gadodiamide-treated
HaCaT cells were washed with PBS and 1 ml of fresh medium
containing LysoTracker Red (1 μg/ml) for 20 min. The appearance
of bright red small cells, a typical autophagy cell, was observed
under an inverted fluorescence microscope (14).

DAPI was used for apoptotic nuclear staining. Briefly, HaCaT cells
were seeded at a density of 2×105 in a six-well culture plate for 24
h. After attachment, HaCaT cells were treated with gadodiamide and
incubated for 24 h, followed by an ethanol 70% (v/v) fixing reaction
for 15 min. HaCaT cells were washed with PBS and stained with
DAPI (125 ng/ml) for 30 min in the dark. The apoptotic nuclei of
HaCaT cells were observed for specific morphological alterations,
such as volume reduction and chromatin condensation, directly
under a fluorescence microscope (16).

Spectrophotometric assay for caspase 3 activity. The fluorochrome-
labeled inhibitor of caspases assay (FLICA) method was applied
using the FAM-FLICA® Caspases 3 Assay Kit (ImmunoChemistry
Technologies, LLC; Bloomington, MN, USA, cat. no. 93), and
achieving the typical spectrophotometric assay at 405 nm using the
NucleoCounter NC-3000 (13).

Western blotting for the detection of translational expression. The
cells were harvested and lysed in lysis buffer. Equal amounts of
protein samples (100 μg per lane) were separated using 10% sodium
dodecyl sulphate-polyacrylamide gel electrophoresis. The bands
were transferred onto a polyvinylidene difluoride membrane,
blocked in 5% non-fat milk, and then incubated with primary
antibodies overnight at 4˚C. Bcl2 and Bax were detected using
specific horseradish peroxidase-conjugated secondary antibodies.
Finally, the proteins were visualized using an enhanced
chemiluminescence detection kit (Amersham Pharmacia Biotech,
Lawrenceville, NJ, USA). The ImageJ software was used to analyse
the expression of Bcl2 and Bax, which were both normalized to β-
actin (17, 18).

Statistical analyses. Each experiment was conducted at least thrice.
The data are presented as the mean±standard deviation. Statistical
differences were evaluated using one-way analysis of variance.
Differences were considered statistically significant at p<0.05.
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Figure 1. Gadodiamide suppressed HaCaT cell viability. (A) HaCaT
cells (5×104 cells/well) were incubated for 24 h with 0, 0.65, 1.3, 2.6,
5.2, 13, or 26 mM of gadodiamide. HaCaT cell viability was assessed
using the MTT assay. The results are normalized using the vehicle-
treated control as 100% (n=3; ***p<0.05). (B) Cell morphology of
HaCaT cells was observed after treatment with 13 mM gadodiamide
for 24 h. Left: vehicle-treated control; right: 13 mM gadodiamide-
treated cells.
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Figure 2. Gadodiamide induced autophagy in HaCaT cells. (A)
Fluorescence images of acridine orange (AO)-stained HaCaT cells after
treatment with or without 13 mM gadodiamide; left: vehicle-treated
control; right: 13 mM gadodiamide-treated cells. (B) Quantitative data
for HaCaT cells treated with or without 13 mM gadodiamide treatment.
*Statistically significant difference from vehicle-treated control cells.

Figure 3. Gadodiamide induced lysosomal membrane permeability. (A)
Fluorescence images of LysoTracker Red-stained HaCaT cells after
treatment with or without 13 mM gadodiamide; left: vehicle-treated
control; right: 13 mM gadodiamide-treated cells. (B) Quantitative data
for HaCaT cells treated with or without 13 mM gadodiamide treatment.
***Statistically significant difference from vehicle-treated control cells.

Figure 4. Autophagy inhibitors can restore HaCaT cell viability. (A) HaCaT cells were vehicle-treated, treated with 13 mM gadodiamide alone,
chloroquine (CQ) alone, or gadodiamide plus CQ. (B) HaCaT cells were vehicle-treated, treated with 13 mM gadodiamide alone, 3-methyladenine
(3-MA) alone, or gadodiamide plus 3-MA. ***Statistically significant difference from vehicle-treated control cells.



Results

Gadodiamide significantly suppressed HaCaT cell viability.
HaCaT cells were treated with gadodiamide (0, 0.65, 1.3, 2.6,
5.2, 13, and 26 mM) for 24 h and cell viability was assessed
using the MTT assay. Gadodiamide suppressed HaCaT cell
viability in a concentration-dependent manner from 2.6 to 26
mM (Figure 1A). After 24 h of treatment with 13 mM
gadodiamide, cell morphology was altered and showed cell
shrinkage and a round shape (Figure 1B). These data showed
that HaCaT cells undergo programmed cell death.

Gadodiamide induced autophagy in HaCaT cells. Both
apoptosis and autophagy are important for regulating cell
fate. Apoptosis and autophagy share similar regulatory
systems, such as p53, Bcl family proteins, FADD, and Atg
proteins (19, 20). We hypothesized that gadodiamide induces
autophagy in HaCaT cells. To this end, HaCaT cells were
treated with or without 13 mM gadodiamide, and AO

staining was conducted to assess the appearance of
autophagic vacuoles. Gadodiamide treatment resulted in the
formation of autophagic vacuoles (Figure 2A). Quantitative
data showed that gadodiamide significantly increased the
fluorescence intensity (Figure 2B). Our findings indicate that
gadodiamide also induced an autophagic response in addition
to inducing apoptosis.

To verify these new findings, we applied another
methodology called LysoTracker Red staining, which is a
fluorescent stain for acidic lysosomes. HaCaT cells were
treated with or without 13 mM gadodiamide and subjected
to LysoTracker Red staining to observe the changes in
lysosomes. Indeed, autophagy-related proteins significantly
increased in the gadodiamide-treated group (Figure 3A). The
quantitative results showed that gadodiamide significantly
increased the fluorescence intensity (Figure 3B). We have
provided evidence for the novel finding that gadodiamide
induced autophagy in HaCaT cells using both AO and
LysoTracker Red staining.
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Figure 5. Gadodiamide induced HaCaT cell apoptosis. (A) Fluorescence images of chromatin condensation in HaCaT cells after treatment with or
without 13 mM gadodiamide; left: vehicle-treated control; right: 13 mM gadodiamide-treated cells. (B) Time-dependent increase of the caspase
intensity by 13 mM gadodiamide treatment at 0, 12, 18, and 24 h. (C) Quantitative data for HaCaT cells treated with 13 mM gadodiamide at 0, 12,
18, and 24 h. ***Statistically significant difference from vehicle-treated control cells. 



Gadodiamide-induced cell death was decreased by co-
treatment with autophagy inhibitors. To demonstrate that
gadodiamide-induced autophagy is specific to gadodiamide-
mediated cytotoxicity, HaCaT cells were co-treated with the
autophagy inhibitors 3-MA or CQ and gadodiamide for 24 h.
The results showed that the gadodiamide-induced suppression
of cell viability was successfully rescued by co-treatment
with CQ (Figure 4A) and 3-MA (Figure 4B). CQ or 3-MA
alone had no effect on the viability of HaCaT cells. In
summary, gadodiamide induced autophagy in HaCaT cells.

Gadodiamide induced HaCaT cell apoptosis. Autophagy
may not be the only pathway involved in gadodiamide-
induced cell death in HaCaT cells. Next, we checked for
chromatin condensation, a morphological hallmark of
apoptotic cell death. HaCaT cells were treated with or
without 13 mM gadodiamide followed by DAPI staining.
The number of brightly fluoresced and fragmented nuclei
was higher in gadodiamide-treated HaCaT cells than in
control HaCaT cells (Figure 5A). Supporting evidence for
gadodiamide-induced apoptosis in HaCaT cells was
provided by increased caspase intensity after treatment with
13 mM gadodiamide in a time-dependent manner (Figure
5B) and increased caspase 3 activity after the same
treatment (Figure 5C).

Gadodiamide-induced cell death was decreased by co-
treatment with apoptotic inhibitors. After demonstrating that
gadodiamide also induced apoptosis in HaCaT cells, we used
the pan-caspase inhibitor (z-VAD) and caspase-3 inhibitor
(z-DEVD) to evaluate their effects on gadodiamide-induced
cell death in HaCaT cells. HaCaT cells were treated with or
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Figure 6. Apoptotic inhibitor can restore HaCaT cell viability. (A) HaCaT cells were vehicle-treated, treated with 13 mM gadodiamide alone, pan-
caspase inhibitor (z-VAD) alone, or gadodiamide plus z-VAD. (B) HaCaT cells were vehicle-treated, treated with 13 mM gadodiamide alone, caspase-
3 inhibitor (z-DEVD) alone, or gadodiamide plus z-DEVD. ***Statistically significant different from vehicle-treated control cells.

Figure 7. Gadodiamide affected the expression of mitochondrial
proteins in HaCaT cells. Gadodiamide decreased the expression levels
of Bcl-2 and increased the expression levels of Bax at 0, 12, 18, and 24
h after treatment.



without 13 mM gadodiamide in the absence or presence of
z-VAD (Figure 6A) or z-DEVD (Figure 6B), followed by a
cell viability assay. The results showed that gadodiamide
induced apoptosis, which could be alleviated by both the
pan-caspase inhibitors z-VAD and z-DEVD in HaCaT cells.

Finally, western blotting was conducted to detect the
translational levels of Bcl-2 and Bax proteins. The results
showed a significant decrease in Bcl-2 expression and an
increase in Bax expression after treating HaCaT cells with
13 mM gadodiamide (Figure 7), providing evidence for the
involvement of mitochondrial dysfunction after gadodiamide
treatment in HaCaT cells.

Discussion

GBCAs have the advantage of enhancing the image contrast
between healthy and abnormal tissues in MRI scans in
greater detail (21). Although GBCAs have been approved by
the FDA for the use in patients, gadolinium is believed to be
toxic to humans. Gadolinium has been reported to cause
central lobular necrosis in the liver and NSF in the kidney
(22). In our previous studies, we provided evidence that
gadodiamide can induce cell death in normal brain glial SVG
P12 cells (10, 23). High levels of gadodiamide (with the
same dosage used in the current study) may induce
significant cytotoxicity in the brain, although gadodiamide
has been proven by the FDA to be applied to the central
nervous system (6, 24). The current challenges with existing
GBCAs necessitate the development of multimodal contrast
agents with better biocompatibility and lower or no toxicity.

To date, NSF seems to be the most severe symptom of
gadodiamide retention in body tissues. Gadolinium metal ions
are replaced by a contrast agent compound (transmetalation)
and free gadolinium ions are deposited in various tissues, such
as the skin, leading to fibrosis (23, 25). However, the detailed
mechanisms underlying skin toxicity have not yet been
elucidated. Thus, in this study, we wanted to unveil the
underlying mechanisms.

To address this, we tested the toxicity of gadodiamide in
normal human keratinocyte HaCaT cells. First, we found that
gadodiamide treatment for 24 h suppressed HaCaT cell
viability at doses greater than 2.6 mM (Figure 1). One
highlight of this study is the finding that a high dose of
gadodiamide (13 mM) was capable of inducing autophagy in
cells (Figure 2 and Figure 3), which was further confirmed
using autophagy inhibitors (Figure 4). Although we did not
observe alterations in the levels of autophagy-specific proteins,
AO staining showed that autophagic vacuoles were indeed
formed in the gadodiamide-treated HaCaT cells (Figure 2). In
addition, loss of mitochondrial integrity was observed with
LysoTracker Red staining (Figure 3). Further investigations
are needed to determine how gadodiamide induces autophagy
and to develop useful drugs to prevent autophagy.

Another highlight is that a high dose of gadodiamide can
induce apoptosis in HaCaT cells. Currently, we can only
provide evidence that gadodiamide can cause mitochondrial
dysfunction, leading to apoptosis, and Bcl2 and Bax are
involved in this phenomenon (Figure 7). However, the
detailed mechanism remains unclear. It was hypothesized
that the cytochrome c that is released from the mitochondria
may bind to Apaf-1, which activates caspase cascade
signalling (23, 26). In the current study, we only provide
evidence that cleaved-caspase-3 (Figure 5B), together with
its activity (Figure 5C), is involved in gadodiamide-induced
cytotoxicity. The use of pan-caspase inhibitors may inform
us more about the involvement of other caspases, such as
caspase-8 and caspase-9.

In summary, this pilot study showed that 13 mM
gadodiamide induced both autophagy and apoptosis in
human skin cells. This study determined whether
gadodiamide has toxicological effects and provides safety
guidance for its application in modern MRI technology.
Physicians should pay attention to the precise and
personalized dose of gadodiamide to yield better clinical
images and simultaneously prevent any toxicity.
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