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Curcumin Effect on Copper Transport in HepG2 Cells
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Abstract: Background and Objective: In Wilson’s disease, copper metabolism is impaired due to
defective copper transporting protein ATP7B, resulting in copper accumulation in liver and brain and
causing damage to liver and brain tissues. Published data suggest that one of the possible treatments
for Wilson’s disease is curcumin—a compound found in the root of Curcuma longa. In this study,
we tested whether curcumin affects copper transport and excretion in HepG2 hepatocytes carrying
wildtype ATP7B. Materials and Methods: We examined the impact of 5 µM and 25 µM curcumin on
the transport of copper in HepG2 cells incubated with 20 µM and 100 µM CuCl2, as well as copper
excretion from cells. First, immunofluorescent staining and co-localization analysis were carried
out in HepG2 cells using confocal laser scanning microscope and Nikon NIS Elements software.
Second, a concentration of copper extracted into cell culture medium was determined using atomic
absorption spectrometry. Results: The analysis of the co-localization between Golgi complex and
ATP7B revealed that both 5 µM and 25 µM doses of curcumin improve the ability of liver cells to
transport copper to plasma membrane at 20 µM CuCl2, but not at 100 µM CuCl2 concentration.
However, atomic absorption spectrometry showed that curcumin rather promotes copper absorption
into liver cell line HepG2 than excretion of it. Conclusions: Curcumin accelerates the transport of
copper within liver cells, but does not promote copper excretion from HepG2 cells.
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1. Introduction

Copper is an important microelement necessary for the functioning of several cellular processes [1–4].
However, excessive accumulation of copper in tissues leads to oxidative stress, cell death [5–7] and
damage of cellular proteins, lipids and nucleic acids [8,9]. Copper is absorbed from food by intestinal
epithelium ATPase ATP7A [9,10]. Fifteen percent of the absorbed copper is delivered to tissues,
while 85% is excreted from the body through gall (98%) or urine (2%), indicating that liver is the main
organ for copper homeostasis [11].

Heavy metal transport protein ATP7B [11,12] plays an important role in copper transmembrane
transport in hepatocytes. Copper is first bound by CTR1 protein [13–15] and then delivered to
ATP7B by copper chaperone ATOX1 through copper-dependent protein–protein interaction [13,16]
in hepatocytes. Physiological hepatocyte ATP7B transport mechanisms, directly affected by copper,
have not been completely explained to date [17].

Mutations in ATP7B gene cause Wilson’s disease [11,18], a genetic disease inherited by 1 in
30,000 to 100,000 people [13]. Several biochemical abnormalities are observed in the case of ATP7B
defects: less copper is released in liver bile ducts, affecting the binding of copper and ceruloplasmin,
and leading to the increase in the free copper levels in blood and subsequent accumulation in tissue
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causing cell apoptosis [19–21]. In Wilson’s disease patients, copper can accumulate in liver, eye cornea,
kidneys, brain, etc. [5–7]. The accumulation of copper in liver causes different alterations, from small
abnormalities in functional liver tests to chronic hepatitis, liver cirrhosis and fulminant hepatitis [9,22].

ATP7B is an essential protein for the maintenance of copper homeostasis and excretion of copper
excess from a body. In a cell, ATP7B protein is located in the trans part of Golgi complex [9,23].
The protein exercises two functions in liver: (1) it takes part in the copper transport to trans Golgi
complex where copper binds with ceruloplasmin; and (2) it is involved in copper excretion through
gall [9,10]. To perform these functions, membrane ATPases use vesicles for the transport between
different cell compartments [24].

Upon the elevation of copper levels in a cell, ATP7B transports it from trans Golgi complex
to vesicles where copper is stored temporarily. When copper levels exceed 20 µM concentration,
the excretion of vesicles containing copper and ATP7B takes place at the apical surface of hepatocytes,
and copper is excreted through gall [25].

Curcumin is a hydrophobic polyphenol compound extracted from the roots of Curcuma longa
plant [26,27]. Curcumin is a common spice and is used as a coloring agent in food and textiles [27–29];
however, it is also used in medical applications for the treatment of gall, liver, rheumatic diseases,
etc. [27,30,31].

Zhang et al. [32] have found that in Wilson’s disease model of hepatocyte-like cells obtained
from fibroblast-derived pluripotent stem cells carrying ATP7B mutation R778L, curcumin was able
to partially restore the missing ATP7B copper transport function and correct localization in a cell.
However, it was not clear whether curcumin could accelerate copper transport in hepatocytes without
Wilson’s disease phenotype.

The aim of this study was to verify whether the experimental settings described by Zhang et al. [32]
would also result in a similar mechanism in standard liver hepatoma cell line HepG2. To do that,
we tested the effect of different copper and curcumin concentrations (normal and relatively toxic
level) on ATP7B localization in non-mutant HepG2 cells as well as the excreted copper levels after
curcumin treatment.

2. Materials and Methods

2.1. Cell Culturing, Treatment and Sample Collection

HepG2 cells were grown on Poly-L-Lysine-coated (Boster Biological Technology, Pleasanton, CA,
USA) glass coverslips in MEM cell culture medium supplemented with 10% FCS, glutamine (2 mM),
penicillin and streptomycin (all from Thermo Scientific, Waltham, MA, USA) until they reached
90% confluence. After that, they were pre-treated with 25 µM or 5 µM curcumin (Dr. Elmenstofer
GmbH, Ammerbuch-Entringen, Germany) for 24 h and then incubated with 20 µM or 100 µM
CuCl2 (Alfa Aesan, Karlsruhe, Germany) for 4 h before immunostaining (protocol adapted from
Zhang et al. [32]).

For copper measurements, cells were cultured in 25 cm2 flasks (BD Falcon, San Jose, CA, USA)
until 90% confluence, then treated with 25 µM or 5 µM curcumin for 24 h and then incubated with
100 µM or 20 µM CuCl2 for additional 24 h, respectively. After that, cells were washed with PBS and
fresh MEM medium added. Samples for atomic absorption spectrometry measurements were collected
after 1.5, 3, 4.5, 6, 7.5 and 9 h and cells counted using Bürker chamber and standard Trypan Blue
(Sigma Aldrich, Steinheim, Germany) staining for evaluation of dead cell proportion at the end of the
experiment. Before temporary freezing, medium samples were centrifuged to remove cell debris.

2.2. Immunofluorescent Stainings, Confocal Microscopy and Co-Localization Analysis

Cells were fixed with 4% formaldehyde (Sigma Aldrich, Steinheim, Germany), immunostained with
primary antibodies (Golgi complex marker: mouse α p230 (Becton Dickinson, Franklin Lakes, NJ, USA)
at 1:1000 dilution and rabbit α ATP7B (Proteintech, Chicago, IL, USA) at 1:500 dilution), and incubated
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overnight at +4 ◦C. Secondary polyclonal antibodies included Goat α Mouse IgG (H + L), Alexa Fluor
488 (AbCam, Cambridge, MA, USA) and Donkey α Rabbit IgG (H + L), Dylight 550 (AbCam,
Cambridge, MA, USA), diluted at 1:500, and were incubated for 1 h at room temperature. Fluoroshield
mounting medium with DAPI (Sigma Aldrich, Steinheim, Germany) was used.

The samples were analyzed with Nikon A1R+ (Nikon, Tokyo, Japan) confocal microscope using
lasers with 405 nm, 488 nm and 561 nm wavelengths. A 100× oil immersion objective with numerical
aperture 1.45 (Nikon, Japan) was used.

NIS Elements (Nikon, Japan) software was used for co-localization analysis. The co-localization
analysis between Golgi complex marker p230 ant ATP7B was carried on following method described
by Manders [33]. Results were expressed using Manders overlap coefficient. Number of pictures n = 3
was considered the minimal number of replication for data analysis.

2.3. Atomic Absorption Spectrometry Measurements

The analysis was performed using atomic absorption spectrometer Varian Spectra AA 200 Z
(Varian, Palo Alto, CA, USA) with graphite furnace and electrothermal atomizers as better described
in [34,35]. Zeeman background correction at copper-specific wavelength (Cu—327.4 nm) was applied.
Values were normalized to the number of cells in each sample. Medium taken from cells not exposed to
copper was used as a negative control accounting for the basal level of copper released by HepG2 cells.

2.4. Statistical Analysis

All the graphs, calculations, and statistical analyses were performed using GraphPad Prism
software version 7.0 for Mac (GraphPad Software, San Diego, CA, USA). To test whether the collected
numerical data are normally distributed, the D’Agostino and Pearson and Shapiro-Wilk normality
tests were applied. The comparison of means between different groups of numerical variables
was performed using one-way or two-way ANOVA. Homogeneity of variances was tested using
Brown-Forsythe and Bartlett’s tests. If data were not normally distributed, the comparison of medians
between different groups was switched to non-parametric one-way ANOVA on ranks or Kruskal-Wallis
test followed by post-hoc analysis. Changes of measured copper and differences among the groups
were assessed with RM two-way ANOVA (considering two main sources of variation—time and
treatment) followed by two-stage step-up method of Benjamini, Krieger and Yekutieli as post-hoc test.
Influence of curcumin was assessed by Multiple t tests with correction for multiple comparisons using
Holm-Sidak method. Results are expressed as median and interquartile range (IQR) as dispersion
characteristic. p-Value less than 0.05 (p < 0.05) was considered as statistically significant.

3. Results

We performed a co-localization study between ATP7B and p230 to test the translocation of ATP7B
away from Golgi complex in HepG2 cells upon copper treatment. First, we tested the basic effect of
increasing copper concentrations on translocation of ATP7B (Figure 1). The co-localization of ATP7B
with Golgi complex marker p230 decreased from the value of 0.19 (0.11–0.32) (number of images n = 14)
detected in not exposed cells to 0.11 (0.06–0.17) (n = 25) and 0.06 (0.04–0.12) (n = 20) at 20 µM and
100 µM CuCl2, respectively (at 20 µM p = 0.03, at 100 µM p < 0.0001).

We then tested the effect of 25 µM curcumin treatment on the 20 µM and 100 µM CuCl2-treated
HepG2 cells. We registered significantly different (0.05 (0.04–0.09) co-localization, n = 20,
vs. 0.11 (0.06–0.17), n = 25, p = 0.013, Figure 2) in curcumin-preincubated cells only at CuCl2
concentration of 20 µM (0.09 (0.05–0.11), n = 8, vs. 0.06 (0.04–0.12) (n = 20), p = 0.97, Figure 2).
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Figure 1. Effect of copper concentration on co-localization of Golgi complex protein p230 and ATP7B.
Data are displayed as scatter graph with median and interquartile range (IQR); Kruskal–Wallis test
(K-W statistic 16.4, p = 0.0002), between group comparison by two-stage step-up method of Benjamini,
Krieger and Yekutieli as post-hoc test. Gray line connects medians.

Figure 2. Co-localization of ATP7B and Golgi complex marker p230 with or without pre-treatment with
25 µM curcumin in HepG2 cells incubated in the culture medium with different copper concentration.
Data are displayed as scatter graph with median and interquartile range (IQR); p-value adjusted
with approach of Multiple t-tests for grouped data with correction for multiple comparisons using
Holm-Sidak method.
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After that, we decided to test the effect of a lower curcumin concentration (5 µM) on 20 µM
copper-treated HepG2 cells since it had been shown as a relevant concentration at which curcumin
could start to affect ATP7B translocation. In this case, we also observed significant decrease in ATP7B
co-locallization with Golgi complex in cells exposed to 20 µM CuCl2 when pre-incubated to 5 µM
curcumin (0.23 (0.21–0.29), n = 10, vs. 0.45 (0.31–0.64), n = 9, p = 0.0187, Figure 3).

Figure 3. Co-localization of ATP7B and Golgi complex marker p230 with or without pre-treatment with
5 µM curcumin in HepG2 cells incubated in the culture medium with different copper concentration.
Data are displayed as scatter graph with median and interquartile range (IQR); p-value adjusted
with approach of Multiple t-tests for grouped data with correction for multiple comparisons using
Holm–Sidak method.

To evaluate the potential curcumin effect on copper excretion from hepatocytes, we performed
atomic absorption spectrometry measurements in samples collected after incubation of cells exposed
to 100 or 20 µM CuCl2 with or without 5 µM curcumin pre-incubation (Figures 4 and 5). When cells
were incubated with 100 µM CuCl2, we observed rapid excretion of copper as measured 1.5 h after
cell washing and medium change, after which the concentration of copper gradually decreased in
the medium (Figure 4). At all time points, except 4.5 h, there were no significant differences between
curcumin-treated and control samples (Figure 4).

In the 20 µM CuCl2-treated samples, a smaller increase in copper levels was observed right after
the medium change which dropped until 6 h but then started to increase again (Figure 5). Moreover,
the excreted copper levels differed significantly between curcumin-treated and non-treated samples,
except 7.5 h time point when the gradual decrease of copper levels in the medium stopped and started
to increase again (Figure 5).
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Figure 4. Copper levels in culture medium after incubation of HepG2 cells with curcumin (0 or
5 µM) and CuCl2 (100 µM). The atomic absorption spectrometry measurements were adjusted for
background values of the cell culture medium, making 0 h reference measurement to equal 0 µg
copper/million cells after measuring copper-free HepG2 medium in control experiments (data not
shown). Curcumin concentration 5 µM. Data are displayed as box-plot graph with median, interquartile
range (IQR) and range min-max; two-way RM ANOVA (time, F (5.80) = 293.1 (p < 0.0001); treatment,
F (1.16) = 3.49 (p = 0.08), between group comparison by two-stage step-up method of Benjamini,
Krieger and Yekutieli as post-hoc test; * p < 0.05.

Figure 5. Copper levels in culture medium after incubation of HepG2 cells with curcumin (0 or
5 µM) and CuCl2 (20 µM). The atomic absorption spectrometry measurements were adjusted for
background values of the cell culture medium, making 0 h reference measurement to equal 0 µg
copper/million cells after measuring copper-free HepG2 medium in control experiments (data not
shown). Curcumin concentration 5 µM. Data are displayed as box-plot graph with median, interquartile
range (IQR) and range min-max; two-way RM ANOVA (time, F (5.80) = 246.2 (p < 0.0001); treatment,
F (1.16) = 9.15 (p = 0.0081), between group comparison by two-stage step-up method of Benjamini,
Krieger and Yekutieli as post-hoc test; * p < 0.05, ** p < 0.01, *** p < 0.001.
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4. Discussion

Our observation of ATP7B translocation away from Golgi complex to cytoplasmic vesicular
compartment upon elevated copper levels (Figure 1) is consistent with data in literature [3,36–39].
This indicates that ATP7B function is similar in different cell lines and organisms. However, almost nothing
is known about the curcumin effect on ATP7B function: such data in literature are missing. In 2009,
van den Berghe et al. found that curcumin can partially restore function of several human ATP7B
mutants in HEK293T cells [40]. Later, Zhang et al. demonstrated that curcumin can improve
ATP7B function carrying Wilson’s disease mutation in murine induced pluripotent stem cell-derived
hepatocyte-like cells [32]. However, since these are the only publications, it has not been clarified
whether curcumin has an effect on wild-type ATP7B function in healthy human hepatocytes. Therefore,
we chose HepG2 cell line as a model for human hepatocytes with intact copper transport and we
treated the cells with different copper concentrations and different curcumin doses.

At first, we used relatively high curcumin dose, 25 µM (Figure 2). The results show that
curcumin enhances ATP7B translocation only at medium non-toxic [41] copper concentration, 20 µM.
At a relatively toxic [41] 100 µM copper level, there is a decrease in co-localization of ATP7B and
p230, which is induced by copper alone and not enhanced by curcumin. Thus, we conclude that
curcumin cannot affect copper transport in cells treated with toxic copper levels but can contribute to
ATP7B-mediated copper transport to plasma membrane at relatively medium copper levels.

However, there are published data that curcumin concentration over 20 µM can cause cytotoxic
effect [42–44], thus it should not be used clinically as a treatment agent at this dose. Therefore,
although we did not observe curcumin toxicity in our experiments with HepG2 cells, we also tested
curcumin effect on 20 µM CuCl2-treated cells at a concentration of 5 µM. We demonstrated that, even at
5 µM dose, curcumin can improve ATP7B-mediated copper transport in cells making it suitable for
testing in vivo, followed by clinical trials in humans, since the dose is not cytotoxic.

To estimate the curcumin effect on copper excretion from liver cells, we performed repeated,
time-controlled atomic absorption spectrometry measurements of copper in cell culture medium.
We observed that HepG2 cells treated with both 100 and 20 µM CuCl2 released copper into cell culture
medium, which might be explained by medium change (Figures 4 and 5). In the 100 µM CuCul2,
copper re-absorption rate was similar in curcumin-treated and non-treated cells confirming that
curcumin has no effect on cells treated with toxic copper levels (Figure 4). In contrast, curcumin-treated
cells showed significantly faster copper re-absorption at lower copper levels (Figure 5) as indicated by
significantly lower medium copper levels at each time-point. After re-absorption of copper into the
20 µM CuCl2-treated cells had stopped at 7.5 h, cells started to excrete copper again (Figure 5).
Significantly less copper was excreted in the curcumin-treated cells. Thus, although curcumin
stimulates intracellular copper transport, it results in more copper accumulated in HepG2 cells.

Despite the lack of research on curcumin potential to influence copper transport in hepatocytes,
a plethora of data has been collected on different biological properties of curcumin. A variety of
curcumin properties has been listed in relation to different diseases [45–49]. Naturally, we may
inquire whether the effects of curcumin on copper transport are related to some of the mechanisms
described. Obviously, the antioxidant potential of curcumin may not be involved since this state
is present only during copper deficiency, not toxicity [50]. The reduction of lipid accumulation
and cross-talk with immune system could be considered in vivo experiments but not in our in vitro
hepatoma cell line model where intracellular effect of curcumin on copper transport and export was
demonstrated. However, indirect curcumin effect through secondary messenger pathways cannot be
excluded, as pro-inflammatory cytokine expression can be altered through NF-κB [51]. Additional
studies might clarify exact mechanisms involved in the positive effect of curcumin on ATP7B function—
it is the chaperone effect, indirect NF-κB action or some other mechanism which results in improved
copper transport.

We suggest that, although curcumin has shown positive effect on stimulation of copper excretion
from induced pluripotent and embryonic stem cell-derived liver-like cells [32], there is a different
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copper absorption/excretion balance in hepatocyte cell-line HepG2. We observed more copper being
absorbed than excreted at the given copper levels in HepG2 cells. Curcumin is contributing to a
faster absorption rate of copper under these conditions. In our experimental conditions, we observe
that hepatocytes are more accumulating copper than excreting it. The initial copper excretion peak
observed at 1.5 h measurement is most likely the consequence of a shock after changing medium
for copper-free medium and dramatic drop of copper concentration gradient on plasma membrane.
However, the precise mechanism responsible for such an effect of curcumin on copper transport must
be studied further.

5. Conclusions

Curcumin at both 25 and 5 µM doses accelerates intracellular copper transport from Golgi complex
to cytoplasm in HepG2 hepatocytes. This effect is observed at 20 µM, but not at the relatively toxic
100 µM copper level. In HepG2 cells, rather copper absorption than excretion takes place at 20 µM and
100 µM copper concentrations. Moreover, curcumin accelerates absorption of copper into HepG2 cells
unless the cells have already absorbed toxic levels of copper.

Acknowledgments: The authors appreciate the support and advice of Uldis Berkis. The authors gratefully
acknowledge the financial support from EU 7th Framework program project “Unlocking infectious disease
research potential at Rı̄ga Stradin, š University” (BALTINFECT) (grant agreement No. 316275).

Author Contributions: A. Berzina performed most of the experimental work, while I. Martinsone tested
copper levels using atomic absorption spectrometry. M. Kalis designed the study and analyzed the data.
M. Kalis and M. Murovska wrote the manuscript and contributed reagents and materials. S. Svirskis performed
statistical analysis.

Conflicts of Interest: We wish to confirm that there are no known conflicts of interest associated with
this publication.

References

1. Huang, H.C.; Lin, C.J.; Liu, W.J.; Jiang, R.R.; Jiang, Z.F. Dual effects of curcumin on neuronal oxidative stress
in the presence of Cu(II). Food Chem. Toxicol. 2011, 49, 1578–1583. [CrossRef] [PubMed]

2. Linder, M.C.; Hazegh-Azam, M. Copper biochemistry and molecular biology. Am. J. Clin. Nutr. 1996,
63, 797s–811s. [PubMed]

3. Roelofsen, H.; Wolters, H.; Van Luyn, M.J.; Miura, N.; Kuipers, F.; Vonk, R.J. Copper-induced apical trafficking
of ATP7B in polarized hepatoma cells provides a mechanism for biliary copper excretion. Gastroenterology
2000, 119, 782–793. [CrossRef] [PubMed]

4. Voskoboinik, I.; Camakaris, J. Menkes copper-translocating P-type ATPase (ATP7A): Biochemical and cell
biology properties, and role in Menkes disease. J. Bioenerg. Biomembr. 2002, 34, 363–371. [CrossRef] [PubMed]

5. Coffey, A.J.; Durkie, M.; Hague, S.; McLay, K.; Emmerson, J.; Lo, C.; Klaffke, S.; Joyce, C.J.; Dhawan, A.;
Hadzic, N.; et al. A genetic study of Wilson’s disease in the United Kingdom. Brain 2013, 136, 1476–1487.
[CrossRef] [PubMed]

6. Czlonkowska, A.; Rodo, M.; Gromadzka, G. Late onset Wilson’s disease: Therapeutic implications.
Mov. Disord. 2008, 23, 896–898. [CrossRef] [PubMed]

7. Kegley, K.M.; Sellers, M.A.; Ferber, M.J.; Johnson, M.W.; Joelson, D.W.; Shrestha, R. Fulminant Wilson’s
disease requiring liver transplantation in one monozygotic twin despite identical genetic mutation.
Am. J. Transplant. 2010, 10, 1325–1329. [CrossRef] [PubMed]

8. Rossi, L.; Lombardo, M.F.; Ciriolo, M.R.; Rotilio, G. Mitochondrial dysfunction in neurodegenerative diseases
associated with copper imbalance. Neurochem. Res. 2004, 29, 493–504. [CrossRef] [PubMed]

9. Wu, F.; Wang, J.; Pu, C.; Qiao, L.; Jiang, C. Wilson’s disease: A comprehensive review of the molecular
mechanisms. Int. J. Mol. Sci. 2015, 16, 6419–6431. [CrossRef] [PubMed]

10. Chen, D.S.; Chan, K.M. PCR-cloning of tilapia ATP7A cDNA and its mRNA levels in tissues of tilapia
following copper administrations. Aquat. Toxicol. 2011, 105, 717–727. [CrossRef] [PubMed]

11. Wijmenga, C.; Klomp, L.W. Molecular regulation of copper excretion in the liver. Proc. Nutr. Soc. 2004,
63, 31–39. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.fct.2011.04.004
http://www.ncbi.nlm.nih.gov/pubmed/21501647
http://www.ncbi.nlm.nih.gov/pubmed/8615367
http://dx.doi.org/10.1053/gast.2000.17834
http://www.ncbi.nlm.nih.gov/pubmed/10982773
http://dx.doi.org/10.1023/A:1021250003104
http://www.ncbi.nlm.nih.gov/pubmed/12539963
http://dx.doi.org/10.1093/brain/awt035
http://www.ncbi.nlm.nih.gov/pubmed/23518715
http://dx.doi.org/10.1002/mds.21985
http://www.ncbi.nlm.nih.gov/pubmed/18311837
http://dx.doi.org/10.1111/j.1600-6143.2010.03071.x
http://www.ncbi.nlm.nih.gov/pubmed/20346064
http://dx.doi.org/10.1023/B:NERE.0000014820.99232.8a
http://www.ncbi.nlm.nih.gov/pubmed/15038597
http://dx.doi.org/10.3390/ijms16036419
http://www.ncbi.nlm.nih.gov/pubmed/25803104
http://dx.doi.org/10.1016/j.aquatox.2011.09.011
http://www.ncbi.nlm.nih.gov/pubmed/21996258
http://dx.doi.org/10.1079/PNS2003316
http://www.ncbi.nlm.nih.gov/pubmed/15099406


Medicina 2018, 54, 14 9 of 10

12. Bull, P.C.; Thomas, G.R.; Rommens, J.M.; Forbes, J.R.; Cox, D.W. The Wilson disease gene is a putative copper
transporting P-type ATPase similar to the Menkes gene. Nat. Genet. 1993, 5, 327–337. [CrossRef] [PubMed]

13. Ala, A.; Walker, A.P.; Ashkan, K.; Dooley, J.S.; Schilsky, M.L. Wilson’s disease. Lancet 2007, 369, 397–408.
[CrossRef]

14. Lee, J.; Pena, M.M.; Nose, Y.; Thiele, D.J. Biochemical characterization of the human copper transporter Ctr1.
J. Biol. Chem. 2002, 277, 4380–4387. [CrossRef] [PubMed]

15. Lee, J.; Prohaska, J.R.; Thiele, D.J. Essential role for mammalian copper transporter Ctr1 in copper homeostasis
and embryonic development. Proc. Natl. Acad. Sci. USA 2001, 98, 6842–6847. [CrossRef] [PubMed]

16. Van Dongen, E.M.; Klomp, L.W.; Merkx, M. Copper-dependent protein-protein interactions studied by yeast
two-hybrid analysis. Biochem. Biophys. Res. Commun. 2004, 323, 789–795. [CrossRef] [PubMed]

17. Nyasae, L.K.; Schell, M.J.; Hubbard, A.L. Copper directs ATP7B to the apical domain of hepatic cells via
basolateral endosomes. Traffic 2014, 15, 1344–1365. [CrossRef] [PubMed]

18. Payne, A.S.; Gitlin, J.D. Functional expression of the menkes disease protein reveals common biochemical
mechanisms among the copper-transporting P-type ATPases. J. Biol. Chem. 1998, 273, 3765–3770. [CrossRef]
[PubMed]

19. Behari, M.; Pardasani, V. Genetics of Wilsons disease. Parkinsonism Relat. Disord. 2010, 16, 639–644. [CrossRef]
[PubMed]

20. Squitti, R.; Siotto, M.; Bucossi, S.; Polimanti, R. In silico investigation of the ATP7B gene: Insights from
functional prediction of non-synonymous substitution to protein structure. Biometals 2014, 27, 53–64.
[CrossRef] [PubMed]

21. Squitti, R. Copper subtype of Alzheimer’s disease (AD): Meta-analyses, genetic studies and predictive value
of non-ceruloplasmim copper in mild cognitive impairment conversion to full, A.D. J. Trace Elem. Med. Biol.
2014, 28, 482–485. [CrossRef] [PubMed]

22. Beinhardt, S.; Leiss, W.; Stattermayer, A.F.; Graziadei, I.; Zoller, H.; Stauber, R.; Maieron, A.; Datz, C.;
Steindl-Munda, P.; Hofer, H.; et al. Long-term outcomes of patients with Wilson disease in a large Austrian
cohort. Clin. Gastroenterol. Hepatol. 2014, 12, 683–689. [CrossRef] [PubMed]

23. Lutsenko, S. Modifying factors and phenotypic diversity in Wilson’s disease. Ann. N. Y. Acad. Sci. 2014,
1315, 56–63. [CrossRef] [PubMed]

24. Braiterman, L.; Nyasae, L.; Leves, F.; Hubbard, A.L. Critical roles for the COOH terminus of the Cu-ATPase
ATP7B in protein stability, trans-Golgi network retention, copper sensing, and retrograde trafficking. Am. J.
Physiol. Gastrointest. Liver Physiol. 2011, 301, G69–G81. [CrossRef] [PubMed]

25. Polishchuk, E.V.; Concilli, M.; Iacobacci, S.; Chesi, G.; Pastore, N.; Piccolo, P.; Paladino, S.; Baldantoni, D.;
van IJzendoorn, S.C.; Chan, J.; et al. Wilson disease protein ATP7B utilizes lysosomal exocytosis to maintain
copper homeostasis. Dev. Cell 2014, 29, 686–700. [CrossRef] [PubMed]

26. Altenburg, J.D.; Bieberich, A.A.; Terry, C.; Harvey, K.A.; Vanhorn, J.F.; Xu, Z.; Jo Davisson, V.; Siddiqui, R.A.
A synergistic antiproliferation effect of curcumin and docosahexaenoic acid in SK-BR-3 breast cancer cells:
Unique signaling not explained by the effects of either compound alone. BMC Cancer 2011, 11, 149. [CrossRef]
[PubMed]

27. Garcia-Nino, W.R.; Pedraza-Chaverri, J. Protective effect of curcumin against heavy metals-induced liver
damage. Food Chem. Toxicol. 2014, 69, 182–201. [CrossRef] [PubMed]

28. Aggarwal, B.B.; Sundaram, C.; Malani, N.; Ichikawa, H. Curcumin: The Indian solid gold. Adv. Exp. Med. Biol.
2007, 595, 1–75. [PubMed]

29. Basnet, P.; Skalko-Basnet, N. Curcumin: An anti-inflammatory molecule from a curry spice on the path to
cancer treatment. Molecules 2011, 16, 4567–4598. [CrossRef] [PubMed]

30. Ammon, H.P.; Wahl, M.A. Pharmacology of Curcuma longa. Planta Med. 1991, 57, 1–7. [CrossRef] [PubMed]
31. Chainani-Wu, N. Safety and anti-inflammatory activity of curcumin: A component of tumeric (Curcuma

longa). J. Altern. Complement. Med. 2003, 9, 161–168. [CrossRef] [PubMed]
32. Zhang, S.; Chen, S.; Li, W.; Guo, X.; Zhao, P.; Xu, J.; Chen, Y.; Pan, Q.; Liu, X.; Zychlinski, D.; et al. Rescue of

ATP7B function in hepatocyte-like cells from Wilson’s disease induced pluripotent stem cells using gene
therapy or the chaperone drug curcumin. Hum. Mol. Genet. 2011, 20, 3176–3187. [CrossRef] [PubMed]

33. Manders, E.M.M.; Verbeek, F.J.; Aten, J.A. Measurement of co-localization of objects in dual-colour confocal
images. J. Microsc. 1993, 169, 375–382. [CrossRef]

http://dx.doi.org/10.1038/ng1293-327
http://www.ncbi.nlm.nih.gov/pubmed/8298639
http://dx.doi.org/10.1016/S0140-6736(07)60196-2
http://dx.doi.org/10.1074/jbc.M104728200
http://www.ncbi.nlm.nih.gov/pubmed/11734551
http://dx.doi.org/10.1073/pnas.111058698
http://www.ncbi.nlm.nih.gov/pubmed/11391005
http://dx.doi.org/10.1016/j.bbrc.2004.08.160
http://www.ncbi.nlm.nih.gov/pubmed/15381069
http://dx.doi.org/10.1111/tra.12229
http://www.ncbi.nlm.nih.gov/pubmed/25243755
http://dx.doi.org/10.1074/jbc.273.6.3765
http://www.ncbi.nlm.nih.gov/pubmed/9452509
http://dx.doi.org/10.1016/j.parkreldis.2010.07.007
http://www.ncbi.nlm.nih.gov/pubmed/20708958
http://dx.doi.org/10.1007/s10534-013-9686-3
http://www.ncbi.nlm.nih.gov/pubmed/24253677
http://dx.doi.org/10.1016/j.jtemb.2014.06.018
http://www.ncbi.nlm.nih.gov/pubmed/25066791
http://dx.doi.org/10.1016/j.cgh.2013.09.025
http://www.ncbi.nlm.nih.gov/pubmed/24076416
http://dx.doi.org/10.1111/nyas.12420
http://www.ncbi.nlm.nih.gov/pubmed/24702697
http://dx.doi.org/10.1152/ajpgi.00038.2011
http://www.ncbi.nlm.nih.gov/pubmed/21454443
http://dx.doi.org/10.1016/j.devcel.2014.04.033
http://www.ncbi.nlm.nih.gov/pubmed/24909901
http://dx.doi.org/10.1186/1471-2407-11-149
http://www.ncbi.nlm.nih.gov/pubmed/21510869
http://dx.doi.org/10.1016/j.fct.2014.04.016
http://www.ncbi.nlm.nih.gov/pubmed/24751969
http://www.ncbi.nlm.nih.gov/pubmed/17569205
http://dx.doi.org/10.3390/molecules16064567
http://www.ncbi.nlm.nih.gov/pubmed/21642934
http://dx.doi.org/10.1055/s-2006-960004
http://www.ncbi.nlm.nih.gov/pubmed/2062949
http://dx.doi.org/10.1089/107555303321223035
http://www.ncbi.nlm.nih.gov/pubmed/12676044
http://dx.doi.org/10.1093/hmg/ddr223
http://www.ncbi.nlm.nih.gov/pubmed/21593220
http://dx.doi.org/10.1111/j.1365-2818.1993.tb03313.x


Medicina 2018, 54, 14 10 of 10

34. Makino, T.; Takahara, K. Direct determination of plasma copper and zinc in infants by atomic absorption
with discrete nebulization. Clin. Chem. 1981, 27, 1445–1447. [PubMed]

35. Rothery, E. Analytical Methods for Graphite Tube Atomizers; Varian Australia Pty Ltd.: Mulgrave, Australia, 1988.
36. Cater, M.A.; La Fontaine, S.; Shield, K.; Deal, Y.; Mercer, J.F. ATP7B mediates vesicular sequestration of

copper: Insight into biliary copper excretion. Gastroenterology 2006, 130, 493–506. [CrossRef] [PubMed]
37. Hung, I.H.; Suzuki, M.; Yamaguchi, Y.; Yuan, D.S.; Klausner, R.D.; Gitlin, J.D. Biochemical characterization of

the Wilson disease protein and functional expression in the yeast Saccharomyces cerevisiae. J. Biol. Chem.
1997, 272, 21461–21466. [CrossRef] [PubMed]

38. Huster, D.; Hoppert, M.; Lutsenko, S.; Zinke, J.; Lehmann, C.; Mossner, J.; Berr, F.; Caca, K. Defective cellular
localization of mutant ATP7B in Wilson’s disease patients and hepatoma cell lines. Gastroenterology 2003,
124, 335–345. [CrossRef] [PubMed]

39. Yang, X.L.; Miura, N.; Kawarada, Y.; Terada, K.; Petrukhin, K.; Gilliam, T.; Sugiyama, T. Two forms of Wilson
disease protein produced by alternative splicing are localized in distinct cellular compartments. Biochem. J.
1997, 326, 897–902. [CrossRef] [PubMed]

40. Van den Berghe, P.V.; Stapelbroek, J.M.; Krieger, E.; de Bie, P.; van de Graaf, S.F.; de Groot, R.E.;
van Beurden, E.; Spijker, E.; Houwen, R.H.; Berger, R.; et al. Reduced expression of ATP7B affected
by Wilson disease-causing mutations is rescued by pharmacological folding chaperones 4-phenylbutyrate
and curcumin. Hepatology 2009, 50, 1783–1795. [CrossRef] [PubMed]

41. Aston, N.S.; Watt, N.; Morton, I.E.; Tanner, M.S.; Evans, G.S. Copper toxicity affects proliferation and viability
of human hepatoma cells (HepG2 line). Hum. Exp. Toxicol. 2000, 19, 367–376. [CrossRef] [PubMed]

42. Burgos-Moron, E.; Calderon-Montano, J.M.; Salvador, J.; Robles, A.; Lopez-Lazaro, M. The dark side of
curcumin. Int. J. Cancer 2010, 126, 1771–1775. [CrossRef] [PubMed]

43. Cao, J.; Jia, L.; Zhou, H.M.; Liu, Y.; Zhong, L.F. Mitochondrial and nuclear DNA damage induced by curcumin
in human hepatoma G2 cells. Toxicol. Sci. 2006, 91, 476–483. [CrossRef] [PubMed]

44. Nair, J.; Strand, S.; Frank, N.; Knauft, J.; Wesch, H.; Galle, P.R.; Bartsch, H. Apoptosis and age-dependant
induction of nuclear and mitochondrial etheno-DNA adducts in Long-Evans Cinnamon (LEC) rats:
Enhanced DNA damage by dietary curcumin upon copper accumulation. Carcinogenesis 2005, 26, 1307–1315.
[CrossRef] [PubMed]

45. He, Y.; Yue, Y.; Zheng, X.; Zhang, K.; Chen, S.; Du, Z. Curcumin, inflammation, and chronic diseases: How are
they linked? Molecules 2015, 20, 9183–9213. [CrossRef] [PubMed]

46. Hewlings, S.J.; Kalman, D.S. Curcumin: A Review of Its’ Effects on Human Health. Foods 2017, 6, 92.
[CrossRef] [PubMed]

47. Panda, A.K.; Chakraborty, D.; Sarkar, I.; Khan, T.; Sa, G. New insights into therapeutic activity and anticancer
properties of curcumin. J. Exp. Pharmacol. 2017, 9, 31–45. [CrossRef] [PubMed]

48. Serafini, M.M.; Catanzaro, M.; Rosini, M.; Racchi, M.; Lanni, C. Curcumin in Alzheimer’s disease: Can we
think to new strategies and perspectives for this molecule? Pharmacol. Res. 2017, 124, 146–155. [CrossRef]
[PubMed]

49. Tizabi, Y.; Hurley, L.L.; Qualls, Z.; Akinfiresoye, L. Relevance of the anti-inflammatory properties of curcumin
in neurodegenerative diseases and depression. Molecules 2014, 19, 20864–20879. [CrossRef] [PubMed]

50. Uriu-Adams, J.Y.; Keen, C.L. Copper, oxidative stress, and human health. Mol. Asp. Med. 2005, 26, 268–298.
[CrossRef] [PubMed]

51. Singh, S.; Aggarwal, B.B. Activation of transcription factor NF-kappa B is suppressed by curcumin
(diferuloylmethane) [corrected]. J. Biol. Chem. 1995, 270, 24995–25000. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://www.ncbi.nlm.nih.gov/pubmed/7273408
http://dx.doi.org/10.1053/j.gastro.2005.10.054
http://www.ncbi.nlm.nih.gov/pubmed/16472602
http://dx.doi.org/10.1074/jbc.272.34.21461
http://www.ncbi.nlm.nih.gov/pubmed/9261163
http://dx.doi.org/10.1053/gast.2003.50066
http://www.ncbi.nlm.nih.gov/pubmed/12557139
http://dx.doi.org/10.1042/bj3260897
http://www.ncbi.nlm.nih.gov/pubmed/9307043
http://dx.doi.org/10.1002/hep.23209
http://www.ncbi.nlm.nih.gov/pubmed/19937698
http://dx.doi.org/10.1191/096032700678815963
http://www.ncbi.nlm.nih.gov/pubmed/10962511
http://dx.doi.org/10.1002/ijc.24967
http://www.ncbi.nlm.nih.gov/pubmed/19830693
http://dx.doi.org/10.1093/toxsci/kfj153
http://www.ncbi.nlm.nih.gov/pubmed/16537656
http://dx.doi.org/10.1093/carcin/bgi073
http://www.ncbi.nlm.nih.gov/pubmed/15790590
http://dx.doi.org/10.3390/molecules20059183
http://www.ncbi.nlm.nih.gov/pubmed/26007179
http://dx.doi.org/10.3390/foods6100092
http://www.ncbi.nlm.nih.gov/pubmed/29065496
http://dx.doi.org/10.2147/JEP.S70568
http://www.ncbi.nlm.nih.gov/pubmed/28435333
http://dx.doi.org/10.1016/j.phrs.2017.08.004
http://www.ncbi.nlm.nih.gov/pubmed/28811228
http://dx.doi.org/10.3390/molecules191220864
http://www.ncbi.nlm.nih.gov/pubmed/25514226
http://dx.doi.org/10.1016/j.mam.2005.07.015
http://www.ncbi.nlm.nih.gov/pubmed/16112185
http://dx.doi.org/10.1074/jbc.270.42.24995
http://www.ncbi.nlm.nih.gov/pubmed/7559628
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Culturing, Treatment and Sample Collection 
	Immunofluorescent Stainings, Confocal Microscopy and Co-Localization Analysis 
	Atomic Absorption Spectrometry Measurements 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

