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Abstract: Investigations about suspected tissue alterations and the role of gallbladder in Wilson’s
disease (WD)—an inherited genetic disease with impaired copper metabolism—are rare. Therefore,
tissue from patients with genetically characterised WD was investigated by microscopic synchrotron
X-ray fluorescence (LSRXRF). For two-dimensional imaging and quantification of elements, X-ray
spectra were peak-fitted, and the net peak intensities were normalised to the intensity of the incoming
monochromatic beam intensity. Concentrations were calculated by fundamental parameter-based
program quant and external standardisation. Copper (Cu), zinc (Zn) and iron (Fe) along with sulphur
(S) and phosphorus (P) mappings could be demonstrated in a near histological resolution. All these
elements were increased compared to gallbladder tissue from controls. Cu and Zn and Fe in WD-GB
were mostly found to be enhanced in the epithelium. We documented a significant linear relationship
with Cu, Zn and sulphur. Concentrations of Cu/Zn were roughly 1:1 while S/Cu was about 100:1,
depending on the selected areas for investigation. The significant linear relationship with Cu, Zn and
sulphur let us assume that metallothioneins, which are sulphur-rich proteins, are increased too. Our
data let us suggest that the WD gallbladder is the first in the gastrointestinal tract to reabsorb metals
to prevent oxidative damage caused by metal toxicity.

Keywords: Wilson’s disease; gallbladder; synchrotron X-ray fluorescence; copper; zingc; sulphur;
metallothionein

1. Introduction

Wilson'’s disease (WD) is an inherited genetic disease with an impaired hepatic copper
transport due to mutation in ATP7B which encodes the copper—transporting P-type ATPase
leading to Cu accumulation in liver and extrahepatic organs [1-3]. Trace elements such
as copper and zinc play an essential role in balancing cell metabolism. Depending on one
another they are components of many metalloproteins/metalloenzymes. In particular, for
copper (Cu) and zinc (Zn) a strong relationship is established in which metallothioneins
(MT) play a central role [4-6]. The adequate excretion of elements by the liver and into the
bile is of importance to maintain their appropriate homeostasis.

Since the major route for the excretion of copper and other trace elements is via
the bile, it was early questioned whether the imbalance of copper metabolism in WD
may affect WD gallbladder by bile [7,8]. Alterations in bile of WD have been repeatedly
reported [9-11]. It was found that copper is associated with taurochenodexoxycholate and
might be responsible for the elevated tissue copper levels of gallbladder in WD. Moreover,
acute gallbladder hydrops or cholecystolithiasis have been also described in WD and have
been assumed to be causative for an unbalanced Cu metabolism [12-16].
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To image trace elements in human tissues varied methods such as e.g., laser ablation-
inductively coupled plasma mass spectrometry [17] or electron probe microanalyser with
wavelength dispersive spectrometers [18] have been used, whereby micro Synchrotron
X-ray fluorescence (LSRXRF)—not a tissue destructing method—has been proven to be a
feasible method in imaging and determining trace elements in tissues [19-22].

Since we are not aware of any study that two-dimensionally and quantitatively in-
vestigated trace elements along with phosphorus (P) and sulphur (S) in gallbladder and
associated liver from WD patients we questioned whether gallbladder tissue is affected by
the imbalance of copper and presumable other transient elements e.g., iron or zinc in WD
using pSRXRF.

2. Materials and Methods
2.1. Control Gallbladder (C-GB)

Six archival in paraffin embedded gallbladder tissue with about 3 x 2.5 x 1.2 cm? of
size were available (C-Gb). Specimens were histologically rated as essentially unremarkable
GB tissues. Patients at time of chirurgic removal of the gallbladder were 46 + 6 years of age.
Demographic and histological data for these C-GB specimens are summarised in Table 1.

Table 1. Demographic data of control gallbladder tissue (C-GB). Age [years] at the time of chirurgical
removal. FDG: signs of fatty degeneration, SC: signs of cholestasis and Sol: signs of inflammation.

No. Age [Years] Gender Tissue Histology

FDG SC Sol
1 51 m Block no + no
2 40 m Block no no no
3 36 f Block no no ?
4 48 f Block + no no
5 53 m Block no no no
6 46 f Block no no +

2.2. Wilson’s Disease Gallbladder (WD-GB)

Gallbladder tissue from 6 patients (32 & 11 years of age) with Wilson’s disease was
investigated. Wilson’s disease was documented due to mutation in ATP7B, and the pa-
tients had to undergo liver transplantation due to severe—mostly cirrhotic—WD. Paraffin
embedded tissues blocks were of about 3 x 3 x 1.5 cm? of size. Table 2 summarises the
demographic and histological data for the six investigated WD-GB sections.

Table 2. Demographic data of WD gallbladder tissue (C-GB). Age [years] at the time of chirurgical
removal of liver and gallbladder. FDG: signs of fatty degeneration, SC: signs of cholestasis and Sol:
signs of inflammation.

No. Age [Years] Gender Tissue Histology

FDG SC Sol
1 29 f Block no + +
2 40 m Block + no ?
3 18 f Block no no ?
4 32 f Block + no no
5 48 m Block no no no
6 25 f Block + + +

2.3. Tissue Preparation for u-SRXRF Investigations

Sections of 10 pm of thickness were cut from the paraffin embedded tissues by a
metal-free microtome knife and mounted by adhesion on a trace element free Ultralene
Kapton foil® 4 um of thickness. These parallel tissue sections were about 20-30 um apart
from those used for histological comparisons.



J. Imaging 2021, 7, 261

30f10

2.4. Microscopic Synchrotron Radiation X-ray Fluorescence Analysis

Since the technical setup was nearly identical with the one used for the investigations
of WD liver [20] and which moreover was extensively described in [23], we summarise the
conditions briefly. All microscopic synchrotron radiation X-ray fluorescence (u-SRXRF)
measurements were done at beamline L at the DORIS III storage ring at HASYLAB/DESY
in Hamburg. The white beam of a bending magnet was monochromatised at 17 keV by
a Multilayer monochromator and focussed to a spot of 15 x 15 um? by a polycapillary
half-lens. The photon flux was about 10!! photons/s. Measurements were done at room
temperature and in air environment. Tissue sections mounted on a XYZ-sample stage were
raster scanned with an increment of 15 pum in horizontal and 15 um in vertical direction,
respectively at a sample time of 1.25 s per investigated scan point.

In counts/channel Figure 1 demonstrates exemplarily accumulated spectra after
summation over all scan points in C-GB (red) and WD-GB (black) with characteristic
elemental peaks.
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Figure 1. Accumulated spectra after summation over all pixels with peaks of the investigated
elements. Red colour: Control-GB. Black colour: Wilson’s Disease-GB.

2.5. Quantification of Elements

As described before each individual spectrum was peak-fitted by the AXIL program
package [24]. The net intensities of fluorescence lines were normalised to the primary beam
intensity. A germanium reference foil of homogeneous Ge area density of 2.6 x 1077 g/cm?
(3.4% standard deviation) was used for external standardisation. The Ge reference film
was generated by sputtering pure germanium (purity 99.999%) on a polycarbonate foil of
2 um thickness [25]. Element concentrations of the sample were calculated from elemental
peak intensities applying the fundamental parameter-based program package ‘quant’.
Since the sample can be considered as a single layer thin film of known thickness for all
detected elements but P and S, the calculation can be purely based on theoretical equations
and a fundamental parameter database with normalisation in response to the known
germanium reference. Only mean concentration values within the measurement voxel
of 15 x 15 x 10 um3 can be given. The voxel extends through the complete thickness of
the thin sample section which allows a simple conversion of areal densities into (mean)
concentrations. For the light elements P and S the given concentration, values should be
considered as qualitative only.

2.6. Statistical Analysis

Mean and standard deviations were calculated, and Student’s t-test was applied for
comparison. Results are reported as mean + SD. A value of p < 0.05 was considered to be
statistically significant. Relationship between elements are tested by the nonparametric
Spearmen’s—Rank correlation. Spearmen’s—Rank correlation rs measures the strength and
direction of association between two ranked variables (SigmaStat®© 3.5).
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3. Results
3.1. Control Gallbladder (C-GB)

Demographic and histological data are shown for control gallbladder (C-GB) tissues
in Table 1. From the histological point of view, only minor pathological abnormalities
existed. Figure 2 exemplarily shows the distribution of different elements in a C-GB in
comparison with the microscope image of the histological section (Figure 2a) that was about
at a distance of 20-30 um apart from the pSRXRF-investigated section. Histological features
like epithelium, laminar propria, smooth muscles and adventitia with vessels (Figure 2a)
are very similar resolved in the uSRXRF elemental images (Figure 2b—f). In all scans, Cu
and Zn like S were mostly found in epithelium and smooth muscles. P predominantly
characterises epithelium. Altogether, more than 200,000 single measurements (i.e., analysed
single spectra) were used for elemental distribution resulting in a near histological image
(Figure 2b—f). Obvious associations between elements in C-GB are given for Cu/S, Cu/Zn
and Zn/S as documented in Figure 3a—c. Significant correlations were calculated for Cu/Zn
with rg = 0.92 or rg = 0.88. For Cu/S with rg = 0.92 or rg = 0.75, and Zn/S with rs= 0.88 or
rs = 0.82.
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Figure 2. (a—f) Element distribution in a control gallbladder. (a) Microscope recording of the investigated gallbladder tissue
with epithelium (columnar cells), beneath the epithelium the laminar propria (connective tissue) and smooth muscular

fibres for contraction. Adventitia (Adv): perimuscular connective tissue that is very dense and connects with the liver.
(b—f) copper (Cu), iron (Fe), zinc (Zn), phosphorous (P) and sulphur (S) distribution. The histological section is about 30-um
apart from the investigated one for SRXRF.
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Figure 3. Correlations between elements in ppm for C-GB (Figure 2). (a) Cu:Zn = 1.28; rs = 0.92.
(b) S:Cu =70; rs = 0.92. (c) Correlations between S:Zn = 79, rs = 0.88. For all p < 0.001.

Lol
0 10

3.2. Wilson’s Disease Gallbladder (WD-GB)

For comparison, element concentrations in C-GB and in WD-GB are shown in Table 3,
demonstrating that all investigated elements were found to be increased in WD gallbladder.

Table 3. Mean element concentrations in ppm =+ SD in control gallbladder (C-GB) and WD-GB
(N = 6). Significant differences are indicated by * for p < 0.05, or ** for p < 0.01.

N=6 P S Cu Fe Zn
C-GB 849 1250 10 8 12 [ppm]
SD 261 148 4 4 3 [ppm]
WD-GB 1796 * 2350 ** 23 ** 67 * 30 ** [ppm]
SD 912 651 9 28 11 [ppm]

Element imaging of WD-Gb tissue reveals high Cu and Zn concentrations in the area
of presumable GB epithelium and in smooth muscles (Figure 4a,b). The distribution of
elements, also Cu, Zn and P (Figure 4c—e), in this sample are very similar.

To demonstrate associations between elements, scattergrams were drawn and associa-
tions were calculated, showing significant correlations between Cu/Zn (Figure 2b), Cu/S
(Figure 2c) and Zn/S. Correlations between elements are shown in Figure 5.

To compare elemental levels with those of the corresponding WD livers (GB and liver
were for these cases surgically together removed due to the severity of the WD illness)
data are given in Table 4. Data resemble nearly those found in 12 WD patients previously
investigated [20]. In contrast to WD-liver mean P and S were decreased while Fe and Zn
were unaffected. Only Cu in WD liver was exorbitantly increased.

Table 4. Mean element concentrations in ppm =+ SD in control liver (C-L) and WD-L. For WD-L data
were stratified into fibrotic areas (Fibr.) and hepatocytes (Hep.). Significant differences between C-L
and WD-L, (fibrotic area and hepatocytes, respectively) are indicated by * for p < 0.05, or by ** for
p<0.01.

N=6 P S Cu Fe Zn
C-L 1818 2699 20 299 64
SD 497 457 5 34 19

WD-L Fibr. 1269 * 1687 ** 83 ** 293 55

SD 319 275 14 99 12
Hep. 1301 2121 % 434 ** 381 71

SD 401 369 107 151 12




J. Imaging 2021, 7, 261

6 of 10

£ L 3
= '- -
e L o -
g -
T T
zoo ‘, o - -
Fe - - ‘h'

[ppm]

o

o 200 400 o00 800

um

(d)

1000 1200

4000

3000

[Apm]

2500
2000
1500
1000

500

Figure 4. Distribution of elements in a WD gallbladder. (a) copper (Cu), (b) zinc (Zn), (c) iron (Fe),
(d) sulphur (S) and (e) phosphorus (P).
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Figure 5. Correlations between elements for a WD-GB. (a) Cu/Zn = 1.28; rs = 0.94. (b) S/Cu = 119;
rs = 0.91. (c) Correlations between S/Zn = 81, rs = 0.93. For all p < 0.001.
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4. Discussion

In this report we used micro synchrotron X-ray fluorescence (USRXRF) to image
and analyse elements in gallbladder from patients with genetically documented Wilson's
disease in which Cu overload in liver cells are characteristic for their impaired hepatic
copper transport due to mutation in ATP7B [1-3]. Since pSRXRF simultaneously allows
the detection of different elements, their two-dimensional maps facilitate comparisons
with histological structures as seen in microscope recordings and may in addition be
used for patho/physiological interpretations. We showed that mean concentrations of
all determined elements in WD gallbladder (WD-GB) tissue were increased. This is in
contrast to prior results in WD-liver [20] in which P and S were lower while Fe and Zn
remained unaffected. As expected only Cu in WD liver was increased and exorbitantly in
hepatocytes. Data in Table 3 belong to six WD-livers explanted together with the WD-GBs
due to severe liver failure.

Under physiological conditions plasmatic hepatic tissue removes Cu from the cir-
culation by rapidly trapping the metal in chelating Cu proteins, whereas Cu excess is
excreted in bile and into the gallbladder [26,27]. Bile is a major route for the excretion
of heavy metals [27]. The gallbladder lumen is covered by tall columnar epithelial cells,
which are specialised for absorption. Although they are mostly adapted for salt and water
resorption [28] we assume that they thereby incorporate metals like Cu and Zn and Fe
from the bile. In particular a strong relationship between copper and Zn has been repeat-
edly shown in Wilson’s disease, a finding that was also documented in animal models
of WD [29-31]. Therefore, zinc acetate was applied for the treatment of WD. Zinc in ex-
cess upregulates copper-binding metallothionein in the gut mucosa, leading to increased
elimination of copper and negative Cu balance [32,33]. Both copper and zinc are bound
to various proteins, but they are preferentially bound to MT [4,34]. Metallothioneins are
sulphur-rich proteins. Therefore, sulphur concentrations were also considered in this
investigation, assuming sulphur can indirectly mimic MT. A significant linear relationship
between Cu, Zn and S could be demonstrated in Figure 3a—c. The striking correlations
between Cu/S and Zn/S, may underline their relationship to metallotionein [27,35].

Depending on the investigated tissue regions, calculated ratios of Cu/Zn ranged
between 0.89 and 1.28 in C-GB with correlations coefficients rg between 0.7 and 0.9. Al-
though the affinity for copper to MTs is greater than for Zn, the Cu/Zn ratio in WD-GB
was nearly identical (Table 3). We may assume that the relatively small increase in Cu and
Zn in WG-GB was compensated by the MT buffer capacity since S was likewise increased,
speculating that the increased sulphur/MT is caused to detoxify accumulated metals or to
prevent oxidative damage caused by metal toxicity [36-38].

Concerning Fe, there are no data about its tissue content in WD-GB. Studies of copper
proteins (ceruloplasmin and hephastin) have provided links connecting the pathways
of copper and iron [26,29,39,40]. Clinical results documented that in WD patients an
increased intestinal mucosal Fe concentration existed which was similar in controls with
duodenitis [37]. This seems to be plausible. Reabsorbing similarities between GB and small
intestine epithelium do exist [41] and an enhanced Fe would be in line with our finding in
WD-GB.

As a side aspect in this context, we may mention that focal iron accumulation in the
brain plays a crucial role in neurodegenerative diseases [42,43]. In particular, in Wilson’s
disease, Fe-accumulation in the putamen or nucleus dentatus in parallel to Cu increase
is described [44-46]. The metabolism and the interplay between iron and copper in this
genetic disease depends on various causative genes. Up to 15 genes have been identified to
date [42,43]. As stated earlier, epithelial cells of the GB are specialised for absorption and
thus quite different to neuronal cells. We may assume that the high Fe-absorption rate of
the Gb and small intestine promotes the (focal) cellular uptake in specialised brain areas.

In the upper small intestine phosphorus (P) is predominantly absorbed as inorganic
phosphate which is transported into the epithelial cells by cotransport with sodium. Ex-
pression of this (or these) transporters is promoted by vitamin D [28]. It may be argued,
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since both the endothelium of GB and small intestine are composed of large cuboidal cells
with in parts similar functional properties, that the nearly exclusive P distribution in the
epithelium of GB-e.g., seen in Figures 2e and 4e is the result of inorganic P absorption.

The principal limitations of this study are that only six genetically characterised WD-
GB were accessible, and the tissue was only available as embedded in paraffin-blocks. That
means they were fixed in 4% buffered formalin for at least 24 h, dehydrated in ethanol
and ethanol cleared with xylene before waxing. Such procedure alters elemental tissue
concentrations. Previous investigations at the same beamline comparing tissue fixation
by formalin or paraformaldehyde with paraffin-embedded brain sections observed lower
concentrations of most elements [47]. Paired brain specimens one conserved by formalin
while the other was rapidly frozen, showed a decrease of iron and zinc with fixation.
Iron was reduced by 40% (p < 0.01), and zinc by 77% (p < 0.0001), but Cu concentrations
increased by 37%. The increase in copper is likely due to contamination from trace copper
in the formalin [48]. Nevertheless, Chwiej et al. [47] stated that comparison between
analogous areas of two independent samples, as sample and control in our case, seems
valid. In own studies on paired liver tissue (shock-frozen/paraffin) we found chloride,
potassium increased while Cu in paraffin sections was 20-30% increased and Fe and Zn
only 10-15% reduced (personal communication W.O. and G.F). Slight differences may
depend on the tissue type. Shock-frozen-hydrated tissue probes are now the generally
accepted and recommended method to preserve the chemical and structural integrity of
the cells [49-51].

However, the paraffin embedded tissue of the GB-C and GB-WD was processed by
the same method and on the same tissue type so that the processes of partially washing
out of their elements were similar. The main interest in this study was focused on Cu, Zn
and Fe, metals that are normally bound to proteins in tissue. Thus, we may assume that on
the tissue level their distribution is maintained. Another limitation of the study may be
that the access to SRXRF devices is rare.

5. Conclusions

In comparing histological sections with the bio-metal imaging by uSRXRF and addi-
tional quantification of elements, we could show that Cu and Zn and Fe are predominantly
increased in the epithelium of WD-Gallbladder. These concentrations are relatively low
compared to those in WD hepatocytes. The significant linear relationship with Cu, Zn and
sulphur let us assume that metallothioneins, which are sulphur-rich proteins, are increased
too. We suggest that GB is the first in the intestinal tract to reabsorb metals to prevent
oxidative damage caused by metal toxicity.

Author Contributions: W.O.: conceptualisation, SRXRF-measurements at DESY, statistics, writing—
original draft; G.F.: SRXRF-measurements at DESY, data curation, statistics, manuscript editing; EW.:
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published version of the manuscript.
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Abbreviations

The following abbreviations are used in this manuscript:
WD Wilson’s disease

GB Gallbladder
SRXRF  Synchrotron X-ray fluorescence
MT Metallothionein

References

1.  Gitlin, ].D. Wilson disease. Gastroenterology 2003, 125, 1868-1877. [CrossRef]

2. Ferenci, P. Wilson’s disease. Clin. Gastroenterol. Hepatol. 2005, 3, 726-733. [CrossRef]

3.  European Association for the Study of the Liver, EASL. Clinical Practice Guidelines: Wilson’s disease. ]J. Hepatol. 2012, 56,
671-685. [CrossRef]

4. Evans, G.W. Copper homeostasis in the mammalian system. Physiol. Rev. 1973, 53, 535-570. [CrossRef]

5. Richards Mark, P. Recent Developments in Trace Element Metabolism and Function: Role of Metallothionein in Copper and Zinc
Metabolism. J. Nutr. 1989, 119, 1062-1070. [CrossRef] [PubMed]

6. Krezel, A.; Maret, W. The Functions of Metamorphic Metallothioneins in Zinc and Copper Metabolism. Int. ]. Mol. Sci. 2017,
18, 1237. [CrossRef]

7. Frommer, D.]. Defective biliary excretion of copper in Wilson’s disease. Gut 1974, 15, 125-129. [CrossRef]

8. Gupta, M.S,; Singh, S.P; Shukla, VK. Copper, zinc, and Cu/Zn ratio in carcinoma of the gallbladder. J. Surgical. Oncol. 2005, 91,
204-208. [CrossRef] [PubMed]

9. Hotz, C.; Lowe, N.M.; Araya, M.; Brown, K.H. Assessment of the trace element status of individuals and populations: The
example of zinc and copper. ] Nutr. 2003, 133 (Suppl. 1), 15635-1568S. [CrossRef]

10. Osredkar, J.; Sustar, N. Copper and Zinc, Biological Role and Significance of Copper/Zinc Imbalance. J. Clin. Toxicol. 2011,
53, 0495. [CrossRef]

11. Iakovidis, I; Delimaris, I.; Piperakis, S.M. Copper and its complexes in medicine: A biochemical approach. Mol. Biol. Int. 2011,
2011, 594529. [CrossRef]

12.  Davis, W.; Chowrimootoo, G.E; Seymour, C.A. Defective biliary copper excretion in Wilson’s disease: The role of caeruloplasmin.
Eur. |. Clin. Investig. 1996, 26, 893-901. [CrossRef] [PubMed]

13.  Gucev, Z.S.; Pop-Jordanova, N.; Calovska, V.; Tasic, V.; Slavevska, N.; Laban, N.; Noli, M.C.; Lepori, M.B.; Loudianos, G. Acute
Gallbladder Hydrops and Arthritis: Unusual initial manifestations of Wilson’s Disease (WD): Case Report. Prilozi 2011, 32,
307-315.

14. Basu, S.; Singh, M.K; Singh, T.B.; Bhartiya, S.K.; Singh, S.P.; Shukla, V.K. Heavy and trace metals in carcinoma of the gallbladder.
World J. Surg. 2013, 37, 2641-2646. [CrossRef]

15. Rosenfield, N.; Grand, R.J.; Watkins, ].B.; Ballantine, T.V.; Levey, R.H. Cholelithiasis and Wilson disease. J. Pediatr. 1978, 92,
210-213. [CrossRef]

16. Debray, D.; Franchi-Abella, S.; Irtan, S.; Girard, M. Lithiase biliaire du nourrisson, de I'enfant et de I'adolescent [Cholelithiasis in
infants, children and adolescents]. Presse Med. 2012, 41, 466—473. [CrossRef]

17.  Kindness, A.; Sekaran, C.N.; Feldmann, J. Two-dimensional mapping of copper and zinc in liver sections by laser ablation-
inductively coupled plasma mass spectrometry. Clin. Chem. 2003, 49, 1916-1923. [CrossRef]

18.  Watanabe, K.; Miyakawa, O.; Kobayashi, M. New method for quantitative mapping of metallic elements in tissue sections by
electron probe microanalyser with wavelength dispersive spectrometers. J. Electron. Microsc. (Tokyo) 2001, 50, 77-82. [CrossRef]

19. Osterode, W.; Falkenberg, G.; Hoftberger, R.; Wrba, F. Iron, copper, zinc and bromine mapping in cirrhotic liver slices from
patients with hemochromatosis studied by pSRXRF in continuous scanning mode, Spectrochim. Acta Part B Atom. Spectrosc. 2007,
62, 682-688. [CrossRef]

20. Osterode, W.; Falkenberg, G.; Ferenci, P.; Wrba, F. Quantitative trace element mapping in liver tissue from patients with Wilson’s
disease determined by micro X-ray fluorescence. J. Trace Elem. Med. Biol. 2019, 51, 42-49. [CrossRef] [PubMed]

21. Osterode, W.; Falkenberg, G.; Regele, H. Gadolinium distribution in kidney tissue determined and quantified by micro synchrotron
X-ray fluorescence. Biometals 2021, 34, 341-350. [CrossRef] [PubMed]

22. Hachmoller, O.; Buzanich, A.G.; Aichler, M.; Radtke, M.; Dietrich, D.; Schwamborn, K.; Lutz, L.; Werner, M.; Sperling, M.;
Walch, A; et al. Elemental bioimaging and speciation analysis for the investigation of Wilson’s disease using uXRF and XANES.
Metallomics 2016, 8, 648-653. [CrossRef] [PubMed]

23. Falkenberg, W. Osterode, Rdumliche Abbildung der Verteilung von Spurenelementen auf mikorskopischem Niveau: Wo sitzt
das Blei in menschlichen Knochen? Mikroskopische Rontgenfluoreszenzanalyse. In Forschung mit Synchrotronstrahlung, Eine
Einfithrung in die Grundlagen und Anwendungen; Falta, J., Moller, T., Eds.; Vieweg + Teubner: Wiesbaden, Germany, 2010.

24. Vekemans, B.; Janssens, K.; Vince, L.; Adams, F.; Van Espen, P. Analysis of X-ray spectra by iterative least squares (AXIL). New

Dev. 1994, 23, 278-285.


http://doi.org/10.1053/j.gastro.2003.05.010
http://doi.org/10.1016/S1542-3565(05)00484-2
http://doi.org/10.1016/j.jhep.2011.11.007
http://doi.org/10.1152/physrev.1973.53.3.535
http://doi.org/10.1093/jn/119.7.1062
http://www.ncbi.nlm.nih.gov/pubmed/2666602
http://doi.org/10.3390/ijms18061237
http://doi.org/10.1136/gut.15.2.125
http://doi.org/10.1002/jso.20306
http://www.ncbi.nlm.nih.gov/pubmed/16118778
http://doi.org/10.1093/jn/133.5.1563S
http://doi.org/10.4172/2161-0495.S3-001
http://doi.org/10.4061/2011/594529
http://doi.org/10.1111/j.1365-2362.1996.tb02135.x
http://www.ncbi.nlm.nih.gov/pubmed/8911863
http://doi.org/10.1007/s00268-013-2164-9
http://doi.org/10.1016/S0022-3476(78)80006-7
http://doi.org/10.1016/j.lpm.2011.09.018
http://doi.org/10.1373/clinchem.2003.022046
http://doi.org/10.1093/jmicro/50.1.77
http://doi.org/10.1016/j.sab.2007.03.031
http://doi.org/10.1016/j.jtemb.2018.09.007
http://www.ncbi.nlm.nih.gov/pubmed/30466937
http://doi.org/10.1007/s10534-020-00284-8
http://www.ncbi.nlm.nih.gov/pubmed/33486677
http://doi.org/10.1039/C6MT00001K
http://www.ncbi.nlm.nih.gov/pubmed/26999628

J. Imaging 2021, 7, 261 10 of 10

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Feuerborn, J.; Knochel, A.; Meyer, A K.; Lechtenberg, F.; Falkenberg, G.; Rickers, K. Sputtered Germanium Films as an Internal
Standard for Quantitative X-ray Fluorescence Analysis of Thin Film Samples, in Hasylab Annual Report. 2002. Available online:
https:/ /hasyweb.desy.de/science/annual_reports/2002_report/index.html (accessed on 30 November 2021).

Arredondo, M.; Cambiazo, V.; Tapia, L.; Gonzalez-Agtiero, M.; Nufiez, M.T.; Uauy, R.; Gonzalez, M. Copper overload affects
copper and iron metabolism in Hep-G2 cells. Am. |. Physiol. Gastrointest. Liver Physiol. 2004, 287, G27-G32. [CrossRef]

Harris, E.D.; Qian, Y.; Tiffany-Castiglioni, E.; Lacy, A.R.; Reddy, M.C. Functional analysis of copper homeostasis in cell culture
models: A new perspective on internal copper transport. Am. J. Clin. Nutr. 1998, 67 (Suppl. 5), 9885-995S. [CrossRef]
Thiagarajah, ].R.; Verkman, A.S. Water Transport in the Gastrointestinal Tract. In Physiology of the Gastrointestinal Tract, 6th ed.;
Said, H.M., Ed.; Academic Press: San Diego, CA, USA, 2018; pp. 1249-1272. [CrossRef]

Santon, A.; Giannetto, S.; Sturniolo, G.C.; Medici, V.; D’Inca, R.; Irato, P.; Albergoni, V. Interactions between Zn and Cu in LEC
rats, an animal model of Wilson's disease. Histochem. Cell Biol. 2002, 117, 275-281. [CrossRef] [PubMed]

Irato, P; Albergoni, V. Interaction between copper and zinc in metal accumulation in rats with particular reference to the synthesis
of induced-metallothionein. Chem. Biol. Interact. 2005, 155, 155-164. [CrossRef]

Tapiero, H.; Tew, K.D. Trace elements in human physiology and pathology: Zinc and metallothioneins. Biomed. Pharmacother.
2003, 57, 399-411. [CrossRef]

Brewer, G.J. Zinc acetate for the treatment of Wilson’s disease. Expert Opin Pharmacother. 2001, 2, 1473-1477. [CrossRef]

Wu, L.M.; Ekladious, A.; Wheeler, L.; Mohamad, A.A. Wilson disease: Copper deficiency and iatrogenic neurological complica-
tions with zinc therapy. Intern. Med. J. 2020, 50, 121-123. [CrossRef]

Dijkstra, M.; Vonk, R.J.; Kuipers, F. How does copper get into bile? New insights into the mechanism(s) of hepatobiliary copper
transport. J. Hepatol. 1996, 24 (Suppl. 1), 109-120.

Hidalgo, J.; Dingman, A.; Garvey, ]J.S. Role of extracellular zinc and copper on metallothionein regulation in cultured rat
hepatocytes. Hepatology 1991, 14, 648—654. [CrossRef] [PubMed]

Mulder, T.P,; Janssens, A.R.; Verspaget, H.W.; van Hattum, J.; Lamers, C.B. Metallothionein concentration in the liver of patients
with Wilson’s disease, primary biliary cirrhosis, and liver metastasis of colorectal cancer. J. Hepatol. 1992, 16, 346-350. [CrossRef]
Sturniolo, G.C.; Mestriner, C.; Irato, P.; Albergoni, V.; Longo, G.; D’Inca, R. Zinc therapy increases duodenal concentrations of
metallothionein and iron in Wilson’s disease patients. Am. J. Gastroenterol. 1999, 94, 334-338. [CrossRef] [PubMed]
Ruttkay-Nedecky, B.; Nejdl, L.; Gumulec, J.; Zitka, O.; Masarik, M.; Eckschlager, T.; Stiborova, M.; Adam, V.; Kizek, R. The role of
metallothionein in oxidative stress. Int. J. Mol. Sci. 2013, 14, 6044-6066. [CrossRef] [PubMed]

Garrick, M.D.; Nufiez, M.T.; Olivares, M.; Harris, E.D. Parallels and contrasts between iron and copper metabolism. Biometals
2003, 16, 1-8. [CrossRef] [PubMed]

Fox, P.L. The copper-iron chronicles: The story of an intimate relationship. Biometals 2003, 16, 9-40. [CrossRef] [PubMed]
Lalioti, V.; Muruais, G.; Tsuchiya, Y.; Pulido, D.; Sandoval, I.V. Molecular mechanisms of copper homeostasis. Front. Biosci.
(Landmark Ed.) 2009, 14, 4878-4903. [CrossRef] [PubMed]

Levi, S.; Cozzi, A.; Santambrogio, P. Iron Pathophysiology in Neurodegeneration with Brain Iron Accumulation. Adv. Exp. Med.
Biol. 2019, 1173, 153-177. [CrossRef]

Tello, C.; Darling, A.; Lupo, V.; Pérez-Duefias, B.; Espinds, C. On the complexity of clinical and molecular bases of neurodegenera-
tion with brain iron accumulation. Clin. Genet. 2018, 93, 731-740. [CrossRef]

Faa, G.; Lisci, M.; Caria, M.P.; Ambu, R.; Sciot, R.; Nurchi, V.M,; Silvagni, R.; Diaz, A.; Crisponi, G. Brain copper, iron, magnesium,
zinc, calcium, sulfur and phosphorus storage in Wilson’s disease. J. Trace Elem. Med. Biol. 2001, 15, 155-160. [CrossRef]

Litwin, T.; Gromadzka, G.; Szpak, G.M.; Jablonka-Salach, K.; Bulska, E.; Czlonkowska, A. Brain metal accumulation in Wilson’s
disease. J. Neurol. Sci. 2013, 329, 55-58. [CrossRef]

Dusek, P; Bahn, E.; Litwin, T.; Jabtonka-Salach, K.; Luciuk, A.; Huelnhagen, T.; Madai, V.I.; Dieringer, M.A.; Bulska, E.; Knauth,
M.; et al. Brain iron accumulation in Wilson disease: A post mortem 7 Tesla MRI—Histopathological study. Neuropathol. Appl.
Neurobiol. 2017, 43, 514-532. [CrossRef]

Chwiej, J.; Szczerbowska-Boruchowska, M.; Lankosz, M.; Wojcik, S.; Falkenberg, G.; Setkowicz, Z.; Stegowski, Z. Preparation of
tissue samples for X-ray fluorescence microscopy. Spectrochim. Acta Part B At. Spectrosc. 2005, 60, 1531-1537. [CrossRef]

Schrag, M.; Dickson, A.; Jiffry, A.; Kirsch, D.; Vinters, H.V.; Kirsch, W. The effect of formalin fixation on the levels of brain
transition metals in archived samples. Biometals 2010, 23, 1123-1127. [CrossRef] [PubMed]

Perrin, L.; Carmona, A.; Roudeau, S.; Ortega, R. Evaluation of sample preparation methods for single cell quantitative elemental
imaging using proton or synchrotron radiation focused beams. J. Anal. At. Spectrom. 2015, 30, 2525-2532. [CrossRef]

Surowka, A.D.; Gianoncelli, A.; Birarda, G.; Sala, S.; Cefarin, N.; Matruglio, A.; Szczerbowska-Boruchowska, M.; Ziomber-Lisiak,
A.; Vaccari, L. Soft X-ray induced radiation damage in thin freeze-dried brain samples studied by FTIR microscopy. J. Synchrotron
Radiat. 2020, 27, 1218-1226. [CrossRef]

Jin, Q.; Paudesku, T.; Lai, B.; Gleber, S.C.; Chen, S.; Finney, L.; Vine, D.; Vogt, S.; Woloschak, G.; Jacobsen, C. Preserving elemental
content in adherent mammalian cells for analysis by synchrotron-based X-ray fluorescence microscopy. J. Microscopy 2017, 265,
81-93. [CrossRef]


https://hasyweb.desy.de/science/annual_reports/2002_report/index.html
http://doi.org/10.1152/ajpgi.00297.2003
http://doi.org/10.1093/ajcn/67.5.988S
http://doi.org/10.1016/B978-0-12-809954-4.00055-4
http://doi.org/10.1007/s00418-002-0380-8
http://www.ncbi.nlm.nih.gov/pubmed/11914925
http://doi.org/10.1016/j.cbi.2005.06.005
http://doi.org/10.1016/S0753-3322(03)00081-7
http://doi.org/10.1517/14656566.2.9.1473
http://doi.org/10.1111/imj.14694
http://doi.org/10.1002/hep.1840140412
http://www.ncbi.nlm.nih.gov/pubmed/1916665
http://doi.org/10.1016/S0168-8278(05)80667-1
http://doi.org/10.1111/j.1572-0241.1999.851_w.x
http://www.ncbi.nlm.nih.gov/pubmed/10022625
http://doi.org/10.3390/ijms14036044
http://www.ncbi.nlm.nih.gov/pubmed/23502468
http://doi.org/10.1023/A:1020735401734
http://www.ncbi.nlm.nih.gov/pubmed/12572661
http://doi.org/10.1023/A:1020799512190
http://www.ncbi.nlm.nih.gov/pubmed/12572662
http://doi.org/10.2741/3575
http://www.ncbi.nlm.nih.gov/pubmed/19482593
http://doi.org/10.1007/978-981-13-9589-5_9
http://doi.org/10.1111/cge.13057
http://doi.org/10.1016/S0946-672X(01)80060-2
http://doi.org/10.1016/j.jns.2013.03.021
http://doi.org/10.1111/nan.12341
http://doi.org/10.1016/j.sab.2005.10.002
http://doi.org/10.1007/s10534-010-9359-4
http://www.ncbi.nlm.nih.gov/pubmed/20582563
http://doi.org/10.1039/C5JA00303B
http://doi.org/10.1107/S1600577520010103
http://doi.org/10.1111/jmi.12466

	Introduction 
	Materials and Methods 
	Control Gallbladder (C-GB) 
	Wilson's Disease Gallbladder (WD-GB) 
	Tissue Preparation for -SRXRF Investigations 
	Microscopic Synchrotron Radiation X-ray Fluorescence Analysis 
	Quantification of Elements 
	Statistical Analysis 

	Results 
	Control Gallbladder (C-GB) 
	Wilson’s Disease Gallbladder (WD-GB) 

	Discussion 
	Conclusions 
	References

