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Chemical imaging and assessment of cadmium distribution
in the human body

The image shown is an overlay of light microscopy of
haematoxylin—eosin stained sections of human testis (left)

and cadmium bioimaging of the same tissue (right). The low
concentrations of Cd (blue) within the seminiferous tubules
(white-grey zones) and the higher concentrations of cadmium
(green and yellow) in the Leydig and Sertoli cells (purple tissue
surrounding the seminiferous tubules) indicates the function
of the blood-testis barrier i.e. to protect sperm from hazardous
agents.
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The scientific interest in cadmium (Cd) as a human health damaging agent has significantly increased over
the past decades. However, particularly the histological distribution of Cd in human tissues is still scarcely
defined. Using inductively coupled plasma-mass spectrometry (ICP-MS), we determined the concentration
of Cd in 40 different human tissues of four body donors and provided spatial information by elemental
imaging on the microscopic distribution of Cd in 8 selected tissues by laser ablation (LA)-ICP-MS. ICP-MS
results show that Cd concentrations differ by a factor of 20 000 between different tissues. Apart from the
well know deposits in kidney, bone, and liver, our study provides evidence that muscle and adipose tissue
are underestimated Cd pools. For the first time, we present spatially resolved Cd distributions in a broad
panel of human soft tissues. The defined histological structures are mirrored by sharp cut differences in
Cd concentrations between neighboring tissue types, particularly in the rectum, testis, and kidneys. The
spatial resolution of the Cd distribution at microscopic level visualized intratissue hot spots of Cd
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accumulation and is suggested as a powerful tool to elucidate metal based toxicity at histological level.

New deposits of Cd in human bodies were discovered by analyzing 40 tissue types per body donor. Cd bioimaging of tissues being involved in the
pharmacokinetics and pharmacodynamics (rectum, aorta, liver, and kidney) as well as in the formation of protective barriers (testis) identified the histological
structures which are suited best for further studies on the toxicity of Cd at the cellular level.

Introduction

Due to the detrimental effects of cadmium on health, it is of
growing scientific and medical interest. The distribution of Cd
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in human tissues and organs - being the basis for relevant
in vitro and in vivo animal studies - is still not sufficiently
characterized. Particularly, the Cd concentrations in different
cell types and layers of tissues are insufficiently analyzed.

A limited number of studies have assessed the total human
body burden of Cd. Pioneering work in this field stems from
studies published from the late 1950ies,"™ and an excellent
overview was given by Kjellstrém in 1979.° Total body burden
and Cd turnover was previously estimated in subjects being
chronically exposed to Cd for a long term or experienced acute
intoxication. Thus, the concentration of Cd was determined in
air, tobacco, nutrition, faeces, etc., and tissues, like kidney, liver,
muscle, blood, and pancreas. The total non-occupationally
exposed body burden of Cd was estimated to be 30 mg in the
“standard American man”, 10-18 mg in the European man, and
40-48 mg in Japanese men in “non-polluted areas”.® Relevant
studies were performed on bodies of persons who died from
sudden or accidental deaths.>” An important summary on Cd

This journal is © The Royal Society of Chemistry 2019
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concentrations in organs and tissues by country was provided by
Elinder in 1985.” Saltzman et al. investigated Cd (as well as Cu,
Zn, and Pb) in 26 human cadavers and significantly extended the
number of tissues studied to 29.% Highest concentrations of Cd
were found in the kidney, followed by liver, thyroid, and adrenals
as has been shown in previous studies. An interesting outcome
of this study was that blood Cd determination must not be
performed after death, as blood Cd increases dramatically due to
cell lysis or release phenomena.

In addition to the above-mentioned examples of more general-
ized studies, there exist a number of reports where Cd concentra-
tions were determined in more specific and disease-oriented
settings. Mortada et al. investigated the role of Cd (as well as Pb
and Hg) in cigarette smoke on markers of nephrotoxicity in a
relatively young study group (mean age 30 years). They concluded
that metal concentrations in cigarette smoke are too low to induce
toxicity. However, it was suggested that smoking may be a problem
in the presence of other risk factors or pre-damaged kidneys.’ Cd is
well known to damage kidney proximal tubule cells and to be a
significant risk factor for kidney failure, given a high level of
exposure.'”'" Cd is also known to be a carcinogen'” and to reduce
bone mineral density. While high levels of Cd exposure cause
itai-itai disease,® slight increases in environmental exposure to
Cd are not thought to reduce bone mineral density."* Interestingly,
Cd deposition in kidneys of Japanese people who died of itai-itai
disease (95 individuals) was significantly lower than in Japanese
people who died of other reasons (cortex: 31.5 vs. 82.7 ug g ',
respectively) while the concentration in the liver was higher in the
exposed group (60.2 vs. 8.1 pg g *)."> Abu-Hayyeh et al. reported on
the concentration of Cd in the aorta of smokers, and found the Cd
levels to correlate with packyears smoked."®"” The Cd concentra-
tions were found to induce morphological changes and cell death in
primary endothelial cells.'® In the same study, a slight increase in
per se low levels of serum Cd in young study subjects increased the
odds ratio for early atherosclerotic changes in the carotid artery.'®*?

In order to better understand the underlying mechanisms
causing this multitude of adverse effects of Cd on human
health, detailed knowledge on the distribution of Cd in tissue
is important. So far, the total Cd body burden and the concen-
tration of Cd in organs and tissues have been studied. However,
the cell and tissue type specificity of Cd accumulation remains
essentially unknown. Only few organs have been analyzed with
respect to cell layer specific Cd accumulation, for instance, the
well know difference in the concentration of Cd between kidney
medulla and cortex (e.g. ref. 8), or the differences between the
layers of the aortic vessel wall.®

Modern techniques have become available to obtain spatially
resolved elemental distributions without the need to mechani-
cally separating cell layers. Instead, tissue sections can be
analyzed by synchrotron X-ray fluorescence (SXRF) imaging or
laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) imaging to record elemental distributions in the pm
scale.>®?’ Up to now, there are only few examples for mass
spectrometric Cd imaging: studies on Cd deposition in human
teeth®® and in human fibrotic and cirrhotic liver tissue,?* and an
investigation of rat placenta to track Cd uptake of the fetus.>*

This journal is © The Royal Society of Chemistry 2019
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With this study we seek to define relevant and potentially
new Cd pools in the human body by extending the number and
selection of tissues analyzed for their Cd content and to resolve
the spatial distribution of Cd at microscopic levels in testis,
liver, kidney, rectum, ovary, aorta, and pancreas.

Methods

Study design

The present study is a cadaveric study on four human bodies
(2 males/2 females) by people who had given their informed
consent prior to death for the use of their bodies for scientific
and educational purposes by the Division of Clinical and Func-
tional Anatomy, Department for Anatomy, Histology, and Embry-
ology of the Medical University of Innsbruck, Austria.**® The
signed informed consent forms are on hand at the above institu-
tion, and this study is in line with the Helsinki-declaration.

This study used non-embalmed fresh bodies with a maxi-
mum post mortem time of 48 hours. Body donor characteristics
are given in Table 1. Extracted tissue pieces had an approximate
size of 5 x 5 x 5 mm. After extraction of tissues, the samples
were snap frozen in liquid nitrogen and stored at —80 °C. Tissue
samples were further subjected to ICP-MS, LA-ICP-MS, and
histological analyses.

Extraction of tissue pieces

Organs were removed and weighed prior to sample excision
using a commercially available floor scale (Uwe, Bullseye Scale
Company, Sylmar, CA).

Nervous system. After skull trepanation, grey matter from
the anterior area of the frontoparietal lobe was obtained. Spinal
cord tissue was extracted after diversion of cervical vertebrae.
Femoral triangle was dissected for obtaining the femoral nerve
distally from its passage through the muscular lacuna.

Skin. Skin tissue was sampled from the ventral side of the
forearm. For obtaining mucosa, samples from the respiratory
nasal part as well as oral cavity proper were obtained.

Cardiovascular system. Tissue from the anterior wall of the
left ventricle was extracted. Arterial samples were obtained
from the aortic root, abdominal aorta (next to renal arteries),
and femoral artery in the femoral triangle. In addition, tissue
from the inferior vena cava in proximity to the right atrium and
femoral vein in the femoral triangle was sampled.

Respiratory system. Regarding the trachea, cartilage as well
as mucosa proximal of its bifurcation was obtained. In addi-
tion, samples from the right upper pulmonary lobe were taken.

Genitourinary system. Kidneys were sampled for cortex as
well as medulla. Urinary bladder tissue was obtained from its
apex. Testicular tissue was extracted after the dissection of its
layers and the scrotum. Ovarian tissue was obtained from the
medulla and cortex. Anterior wall of the uterine corpus was
sampled.

Gastrointestinal system. Stomach tissue from its corpus was
extracted along the greater curvature. Jejunal tissue was obtained
distal of the duodenaljejunal junction. Colon samples were

Metallomics, 2019, 11, 2010-2019 | 2011
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Table 1 Biomedical characteristics of body donors
Donor 1 Donor 2 Donor 3 Donor 4
Sex Male Male Female Female
Race Caucasian Caucasian Caucasian Caucasian
Age at death [years] 66 64 93 74
Constitution Obese Cachectic Obese Athletic
Body height [cm] 175 195 160 171
Body weight [kg] 120 85 80 85
Total cholesterol [mg dI”']  Unknown 167 223 257
HDL cholesterol [mg dI”']  Unknown 39 51 Unknown
LDL cholesterol [mg dI"']  Unknown 112 143 Unknown
Smoking status Unknown Unknown Non-smoker Non-smoker
Profession Unknown Unknown Ward nurse Housewife
Cause of death Multi organ failure Myocardial infarction Myocardial infarction Bladder
in hepatic-renal syndrome carcinoma
Other characteristics/ History of tuberculosis; History of tuberculosis; liver Peripheral artery disease; =~ Metastatic
indications hepatocellular carcinoma;  cirrhosis; history of subarachnoidal clostridial bladder
liver failure; hepatorenal bleeding; chronic obstructive pulmonary  infection; lower leg carcinoma.
syndrome. disease; history of gastric surgery. amputation.

taken from the transverse colon oral to the splenic flexure.
Rectum samples were extracted aboral to the sigmoidrectal
junction. Tissue from the right hepatic lobe was sampled next
to the inferior margo. Gall bladder tissue was obtained from its
body. Tissue from the head of pancreas was extracted.

Skeletomuscular system. Bone samples were taken from the
ribs, whereas cartilage was obtained from costal cartilage.
Muscular tissue was taken from the vastus medialis.

Further tissue. The lens was extracted for further analysis.
Finger nail samples were obtained sampling index finger nail.
Lymph node samples were taken from the femoral triangle
area. In addition, spleen tissue was obtained laterally of the
splenic hilum. Thoracic fat samples were taken laterally of the
mammary glands. Abdominal fat was obtained from the para-
umbilical area. Bone marrow was sampled from ribs.

Quantification of tissue Cd concentrations by ICP-MS

After sample extraction, samples were stored at —20 °C and
quantification of Cd was conducted as follows: the wet sample
tissue (approx. 30 mg) was digested in quartz vessels with 2 ml
of 32.5% HNO; (Sigma Aldrich, analytical grade further puri-
fied with subPUR/duoPUR, MLS GmbH, Leutkirch, Germany)
using a microwave irradiation unit (Discover SP-D, CEM Micro-
wave Technology, Germany). The microwave parameters were
as follows: temperature and maximal power were set to 200 °C
and 300 W, respectively, with a ramp time of 4 min, a hold time
of 6 min and 3.5 min cooling time until the temperature
reached 80 °C. Only a single digestion was feasible for finger-
nail and eye lens due to very low sample amounts. All other
samples were prepared in duplicates or triplicates (see below).
The digested samples and the microwave blanks were diluted
with high-purity water (Milli-Q Advantage A10, Merck Millipore,
Darmstadt, Germany) to a total weight of approx. 10 g. The
quantification of cadmium was performed on an ICP-MS
instrument (QQQ 8800, Agilent Technologies, Tokyo, Japan)
registering the isotopes '''Cd (analyte) and '“’In (internal
standard). A detailed list of instrumental setup and parameters
is given in Table S1 (ESIf). Standard stock solutions were

2012 | Metallomics, 2019, 11, 2010-2019

purchased from CPI International (Santa Rosa, USA) and
diluted with 3.2% HNO; yielding final concentrations in the
range of 0.01-25 ng g~ Cd for the calibration curve. If the two
determinations deviated by more than 25% from each other the
samples were considered inhomogeneous and a third digestion
was conducted. In that case, all three values were used to
calculate the Cd concentration (arithmetic mean) of each
sample.

The limit of detection was determined by measurement of
n =10 digestion blanks, resulting in a procedural limit of detection
(3s-criterion) and quantification (10s-criterion) of 9 pg g * and
13 pg g ' in solution. After 12 samples a solution blank and a
standard were measured to monitor the stability of the instrument
which showed reproducible results (2% RSD) throughout all
measurements. Additionally, a Clincheck® Controls serum for
trace elements (Recipe, Munich, Germany) was prepared according
to the instructions and treated as the samples. The concentration
found was within the control range.

In order to check the accuracy of the entire method, a
certified reference material (human hair, NIES, CRM No. 13,
Environmental Agency, Japan) underwent the same procedure
as the samples (n = 3). The Cd concentration determined in the
CRM was 220 + 8 ug kg™ " (n = 3) which equals a recovery of 96%
(certified value: 230 + 30 ug kg™ ).

Assessment of the relative distribution of Cd in four human
cadavers

To assess the relative distribution of Cd in the cadavers, results from
ICP-MS analysis were combined with corresponding organ weights
as follows: organs, with a defined weight (not for all cadavers — see
below), included heart, kidneys, liver, lung, and spleen. Organ/tissue
weight calculations were performed according to the algorithms
developed by Young et al. and Luecke et al>”*® and covered the
following organs and tissues: adipose, bone marrow, brain, breast,
heart, intestines, kidneys, liver, lung, mammary, muscles, pancreas,
skin, spleen, stomach, and testis. For donor 4, all organ weights
were calculated, as was the weight of the spleen of donor 2.
To obtain the total amount of Cd in an organ/tissue (calculated or

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9mt00178f

Open Access Article. Published on 08 Diteli 2019. Downloaded on 25/10/2025 1:07:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

weighed), the individual organ/tissue mass (in kg) was multiplied by
the Cd concentration of the organ/tissue (ug kg~' - data from
Table 2). Further, the sum of weights of all the organsitissues
mentioned above was set relative to the body weight of the donor
and is expressed as percent of the body weight.

Spatially-resolved Cd distribution by LA-ICP-MS

Sample preparation. LA-ICP-MS was conducted on cryo-
sections (20 um) embedded in Tissue-Tek® (Sakura Finetek,
The Netherlands) of representative samples originating from
liver, kidney (cortex and cortex-medulla border zone), aorta, ovary,
pancreas, rectum, and testis. LA-ICP-MS imaging was conducted on
the tissue samples with the highest Cd concentration (as determined

Table 2 Cd concentrations in tissue samples. All concentrations are given
in [ng kg™%. Cd concentrations of the four donors (#1-#4) are average
values of at least two independent measurements (except finger nail and
lens). Kidney medulla and cortex of donor 4 were not separated. See
material and methods for details of the sample preparation

Tissue concentration, pg kg *

Tissue type Median #1,m #2, m #3,f  #4,f
Lens 6.5 1.35%  18.4 n.a. 6.48
Fingernail 20 16.6 45 24.3 12.3
Bone (rib) 24 229  92.0 254 10.2
Spinal marrow 25 22.3 n.a. n.a. 26.7
Cerebral cortex 25 38.9 43.2 65.6 13.2
Skin 26 17.9 95.1 22.6 28.7
Nerve (ischiadicus) 31 31.6 167 n.a. 22.5
Adipose tissue (breast) 32 47.2 45.4 18.7  7.29
Heart muscle 35 22.7 72.6 21.8 46.4
Nasal mucosa 36 30.8 142 27.9 414
Cartilage (rib) 36 7.32 38.2 345 412
Oral mucosa 40 36.2 141 44.0 26.0
Bladder 41 n.a. n.a. 59.0 23.0
Adipose tissue (waist) 42 9.60 74.5 785  9.71
Cartilage (trachea) 46 n.a. n.a. n.a. 46.4
Spleen 48 22.3 n.a. n.a. 73.7
Prostate 55 54.6 n.a. — —
Bone marrow 55 20.5 86.2 199 24.1
Lymph node 56 31.4 160 80.6 24.5
Vein (radial) 62 16.0 130 62.7 n.a.
Artery (radial) 63 24.6 222 90.2  35.7
Trachea 64 68.3 254 60.3 51.4
Retina 73 n.a. n.a. 73.0 n.a.
Vein (cava) 76 75.8 n.a. 52.3 915
Diaphragm 88 95.9 296 81.4 49.9
Aorta (ascendens) 94 n.a. 160 52.3  94.7
Small intestine 100 63.1 566 145 52.9
Rectum 106 106 369 35.3 n.a.
Large intestine 110 106 301 55.8 108
Uterus 120 — — 118 n.a.
Stomach 120 52.1 255 82.8 153
Lung 130 53.5 377 51.4 208
Skeletal muscle 170 n.a. 242 n.a. 107
Aorta (abdominal) 200 237 52.3 562 165
Pancreas 240 7.54 n.a. n.a. 466
Ovary 270 — — 267 n.a.
Testis 340 110 565 — —
Liver 750 106 1030 483 1230
Kidney medulla 5100 3970 28600 2400 6280°
Kidney cortex 6800 6170 28300 7300

“ Indicates a detectable amount of Cd (but below limit of quantifica-
tion). It is still stated to retrace the calculation of the median. ” Medulla
and cortex were not separated in donor 4. n.a. not available. — sex
specific organ.

This journal is © The Royal Society of Chemistry 2019
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by acid digestion). In order to correlate the Cd distribution with
histologic features, a consecutive section (5 um) was stained with
haematoxylin and eosin and mounted in Eukitt quick hardening
mounting medium. Images were produced using a Zeiss microscope
equipped with the Axio-Software to produce MosaiX images of the
organs.

LA-ICP-MS. Laser ablation was performed with a Nd:YAG solid
state laser (NWR213, ESI, Fremont, CA, USA) at a wavelength of
213 nm, equipped with a 2 volume ablation cell to reduce the
wash out time. The laser was operated at 10 Hz, with a fluence in
the range of 3.0 to 3.2 ] cm™?, a square-shaped spot size of 70 um,
a scan speed of 40 pm s~ ', a warm up time of 10 s and a wash out
delay of 12-15 s. The spacing between the parallel line scans was
10 pm.

Helium (5.0) at a flow rate of 400 mL min~" was used to
transfer the ablated material to the ICP-MS. The ICP-MS was
operated in Single Quad mode at an RF-power of 1350 W, argon
plasma gas of 15 L min~", and carrier gas of 1.07 L min™" to
record '*'Cd and ''*Cd with dwell times of 0.1 and 0.2 s,
respectively. The eight samples were measured within two con-
secutive days in order to ensure stable LA-ICP-MS conditions.

Data analysis. The software Igor Pro (Wavemetrics, Igor Pro
6.34A) together with the add-on Iolite (Iolite Version 2.5, Uni-
versity of Melbourne) was used for generating "**Cd distribu-
tion maps.”® The data reduction scheme ‘Trace_Elements’
including blank subtraction was applied. The reliability of the
LA-ICP-MS data was verified by calculating the median counts
per second (cps) of each tissue section via histograms and
corresponding box-plots of a greyscale Cd distribution, using
Image] (Version 1.48v) and Matlab (Version 2014a), respectively
(Fig. S1, ESIt). These values were plotted against quantitative
data (ug kg™ ') of the same sample obtained from microwave-
assisted digestion followed by ICP-MS analysis (Fig. 2).

1

Results and discussion
Cd concentrations in human organs and tissues

The pattern of Cd deposition in the body of non-occupationally
exposed humans in central Europe (province of Tyrol, Austria) was
studied. Samples of 40 different tissues from 4 bodies (2 males,
2 females) with a median age of 70.5 years (range 64-93) were
collected as described above. Microwave-assisted digestions of the
tissue samples were followed by ICP-MS analysis to quantify Cd.
Some samples were either small in size (e.g. retina or lens) and/or
possessed only low concentrations of Cd that challenged quanti-
fication (Table 2).

The lowest concentration of Cd in all tissues analyzed was
found in the lens of donor 1 (approx. 1.35 pg kg™', <LOQ).
Generally, tissues with low blood perfusion, like lens, finger nail,
bone, cartilage, nerve, and adipose, showed low concentrations
of Cd. Interestingly, tissues like brain, nasal and oral mucosa,
heart muscle, and skin were also among the tissues with low
Cd concentration (median <50 ug kg™ '). An intermediate Cd
concentration (median between 50 and 150 pg kg™ ') was found,
in ascending order, in immune-relevant organs/tissues, blood

Metallomics, 2019, 11, 2010-2019 | 2013
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vessel, the gastro-intestinal system, and lung. High concentra-
tions of Cd (median >150 pg kg~ ') were found in skeletal
muscle (170 pg kg '), abdominal aorta (200 pg kg™ '), ovary
(270 pg kg, and testis (340 pug kg '). The median concen-
tration of Cd in liver was 750 ug kg~ '. By far the highest
concentration of Cd was found in kidney tissue (median concen-
tration kidney medulla 5100 pg kg™, cortex 6800 pg kg ).
The highest Cd concentration of all analyzed tissues was found
in the kidney cortex of donor 2 and was 20000-fold higher
(28300 pg kg™ ") than the lowest concentration in the lens of
donor 1, showing a wide bandwidth of Cd concentrations in
different tissue types. Previous studies of organs indicate that
epidemiologically relevant Cd concentrations are defined by
gender, age, smoking habit, and disease.>*"

The interconnection between high serum cholesterol levels,
which multiply Cd deposition in kidney and myocardium observed
in mice, may also be of interest.>* In our study, donors 3 and 4 had
high levels of cholesterol (223 and 257 mg dl™", respectively).
However, Cd concentration in heart muscle (21.8 and 46.4 g kg™ ’,
respectively) and kidney cortex (7300 and 6280 pg kg™, respec-
tively) as well as total Cd in the respective tissues (see next
section, Fig. 1) were lower compared to donor 2 (serum cholesterol
167 mg dI~", Cd concentration in heart muscle and kidney cortex
72.6 and 28300 pg kg™, respectively).

In a next step we calculated individual Cd distribution
patterns for each donor aiming to discover new Cd pools. We
also determined spatially resolved Cd distribution patterns of
selected tissue types by means of LA-ICP-MS.

Relative Cd distribution in the human body

The relevance of a Cd pool is defined by concentration and size.
Based on measurements of organ weight and algorithm-based
organ weight estimations,”””*® (see Experimental section for
details) major deposits of Cd in the donors could be identified
(see Fig. 1). Importantly, the size of Cd pools has a significant
variability between the donors, which may in part be caused by
organ size estimations. A high degree of variability between
individuals can also be caused by their history in terms of

1.7mg Cd Adipose
m Bone marrow
donor 1, m I I . i Brain
Breast
32.1mg Cd Heart
Intestine
donor 2,m '
’ II I Kidneys
4.7mg Cd m Liver
- Lung
donor 3, f . I -I = Muscle
m Ovary
8mg Cd Pancreas
| Skin
donor4, f 7] I -
m Stomach
0 10 20 30 40 50 60 70 go MTestis

relative distribution of Cd / % of body weight covered by analysis *

Fig. 1 Relative distribution of Cd in four body donors. Relative distribution
of Cd in various organs and tissues of four human bodies based on Cd
concentration values (measured by ICP-MS) multiplied by measured or
calculated organ weights. The maximum extent of the bars on the x-axis
gives the sum of the weight of all organs and tissues covered by the analysis
as % of the donor's body weight. The sum of Cd amounts of all organs/
tissues, which are covered by the analysis, is given on top of each bar.
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smoking habits as this is a known source for Cd exposure, for
example.** Unfortunately no information on the smoking sta-
tus was available in the records of donor 1 and 2. We refrained
from histological evaluation, e.g. of lung tissue, as there are
many other environmental impacts such as exhaust fumes
causing similar depositions as smoking.’>® Nevertheless, the
most important Cd pools in the donors were identified as the
kidneys, muscle, adipose tissue, liver, and bone marrow. As no
samples were available for muscle in the case of donors 1 and 3,
the covered analysed body weight is reduced to approx. 50% in
these two cases. The amount of Cd in kidney is high compared
to its size. Muscle and adipose tissue are very large in size but
hold only a low Cd concentration, underestimating their rele-
vance as a Cd pool. Based on our own and the data reported by
Saltzman et al.,® bone has similar or less Cd concentrations
compared to skeletal muscle. Since body muscle mass is almost
three times higher compared to body bone mass, it can be
estimated that the body bone Cd pool makes up <8% of the
total human body Cd.

Depending on the individual donor, relations between organ
Cd pools differ significantly. The largest Cd pool in donors 1
and 3 was adipose tissue, followed by kidneys (in the absence
of data for Cd in muscle). The central Cd pool was kidney in
donor 2, who also possessed by far the highest body burden of
Cd (32 mg) in 75% body weight covered by analysis. In the case
of the other donors, 50-80% of the total body weight was
covered yielding to a total Cd burden of <10 mg within this
fraction. In donor 4, approximately equally sized Cd pools were
found for kidney, liver, and muscle. Previous studies already
suggested that muscle may form an important Cd pool.>*
However, the relevance of these pools in the genesis and
progression of Cd-dependent diseases and age-related pro-
cesses is still unclear.

Especially the discovery of adipose tissue as a potentially
relevant Cd pool in the human body is an important finding of
this study and should be further investigated. This pool may
have been underestimated in the past due to its low Cd
concentration. However, with an increasing mass of adipose
tissue (e.g. caused by nutritional behaviours, physical inactivity,
or ageing) adipose tissue turns into one of the biggest Cd pools
of the entire body as already observed in our study for the obese
donors 1 and 3 compared to the non-obese individuals 2 and 4.
In addition, humans develop signs of Cd related diseases
already at many-fold lower concentrations compared to mice
and rats,* indicating the importance to focus on tissue with
low concentrations of Cd in human studies.

Clearly, the form in which Cd is applied and present in vivo,
shall be a subject of intensive research of the coming years as
intracellular Cd concentrations are dependent on the equilibrium
between cellular/tissue uptake, storage, and export.

It is well known that in biological systems Cd is almost
completely bound to and transported by proteins, like albu-
min or metallothioneins.>® A significant number of studies
have been published showing the enormous complexity and
cell type specificity of Cd-binding proteins, channels, and
transporters.>¢~3°

This journal is © The Royal Society of Chemistry 2019
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Therefore, we were interested in the spatial distribution of
Cd within tissue sections at microscopic level and analysed
tissue sections using a bioimaging approach by means of
LA-ICP-MS.

Bioimaging of Cd and correlation with histology

Eight tissues were additionally subjected to LA-ICP-MS analysis:
abdominal aorta, kidney medulla, kidney cortex (all taken from
donor 1), rectum, testis, liver (all taken from donor 2), ovary
(donor 3), and pancreas (donor 4). These organs are typically
involved in pharmacokinetics and contain a high average
concentration of Cd. First, the LA-ICP-MS data (cps) was
correlated with the absolute Cd concentration (ug kg )
obtained by analysis of digested samples (Fig. 2). The resulting
“calibration” (R*> = 0.9924) revealed that averaging over the
entire distribution in a tissue section provides comparable data
to the average concentration determined by microwave-assisted
digestion followed by ICP-MS analysis. We found the following
correlation to estimate the spatially resolved Cd concentration
(in pug kg™ ) in tissue samples:

c(Cd, pg kg™") = 1.23 x cps(Cd) — 9.1 (1)

Next, we correlated the Cd distributions with histologic features
of the tissue sections: Fig. 3 and 4 depict the Cd distribution
(left), the grey scale image of the sample prior to ablation
(middle), and a consecutive, HE-stained slice (right). The
rectum sample (Fig. 3, top) allows clear distinction between
three histological layers in the HE stained section (from left to
right): the mucosa, the submucosa, and the tunica muscularis.
The corresponding LA image shows that the tunica muscularis
contains approximately twice the amount of Cd compared to
the other two layers. This finding may be of interest for future
examinations of Cd transport and deposition in the rectum.
The aortic wall specimens (Fig. 3, 2nd row) did not show clear
wall layer-dependent differences in Cd deposition (left to right:
adventitia, media, and intima). Even though an increased
concentration of Cd in the media of the infra renal aorta was
reported in the literature, we could not observe this.'® The ovary
(Fig. 3, 3rd row) which displayed a menopausal state (rich in
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Fig. 2 Correlation of LA-ICP-MS median cps values and microwave-
assisted digestion ICP-MS. Identical tissue samples (ie. from the same
donor) were analysed by both methods.

This journal is © The Royal Society of Chemistry 2019

View Article Online

Metallomics

connective tissue, no clear signs of cyclic activity) was charac-
terized by a relatively even spatial distribution of Cd. Similarly,
we could not observe differences in Cd deposition which would
reflect the architecture of the pancreas (Fig. 3, bottom row). The
lobes of the exocrine pancreas did not differ from connective
tissue, interlobular excretion ducts, or Langerhans islets. Only
larger blood vessels in the connective tissue outside the pan-
creas showed increased levels of Cd. The upper row images in
Fig. 4 show the analysis of the testis of donor 2. LA-ICP-MS
analysis (left side) gave a good impression on the functions of
the blood-testis barrier regarding Cd transition and deposition.
The convoluted seminiferous tubules displayed relatively low
Cd levels (200-250 cps) while the surrounding Sertoli cells
(blood-testis barrier) had significantly higher levels of Cd
(~750 cps). Intermediate Cd levels were found in connective
tissue (surrounding the Sertoli cells) containing blood vessels
and Leydig cells (500-600 cps). Cd has been shown to reduce
the function of Sertoli cells (Cd reduces the production of
inhibinB, AMH, and FSH***'), leading to a gradual loss of
Sertoli barrier function and at very high concentration can
cause haemorrhage.

Out of the three tissues with the highest Cd concentration,
i.e., the liver, kidney medulla, and kidney cortex, the liver showed
a relatively homogenous distribution of Cd (Fig. 4, 2nd row).
Histological structures were hardly reflected by differences in Cd
deposition. The kidney, as the organ comprising by far the
highest concentration of Cd, was analysed twice using LA-ICP-
MS. Row 3 of Fig. 4 shows the border zone between the kidney
medulla and the cortex, where significant differences in Cd
concentrations between cell layers were observed. It has to be
mentioned here, that we could previously show an influence of
tissue type on LA-ICP-MS signals; i.e. in a LA-ICP-MS study of
platinum deposition it was found that concentrations in adipose
tissue are underestimated.*> Whether or not this finding is also
applicable to Cd analyses in adipose tissue remains to be
determined. The analysis of kidney cortex (Fig. 4 bottom row)
showed that the cortex had by far the highest concentrations of
Cd and also that Cd was evenly distributed throughout the
sample.

It was previously reported that Cd is enriched in the kidney
cortex which can be approximated by multiplying the Cd
concentration of the whole kidney by a factor of 1.25.*> Our
study is in accordance with this finding, as the average concen-
tration in the cortex is approx. 1.32 higher than in the medulla.
Generally, the Cd concentration in the kidney cortex was higher
than in the medulla or other kidney compartments because Cd
which is protein bound in the circulation like other metals, can
freely pass into the glomerular filtrate. Protein-Cd complexes
are then absorbed into the cells of the proximal convoluted
tubules where Cd is released and consequently binds to e.g.
metallothioneins, which leads to an accumulation of Cd in the
kidney cortex.**

Our study covered the largest number of tissue samples per
body donor so far, i.e. 38 to 40 tissues per donor. Quantification
of Cd with ICP-MS and additional imaging of organs involved
in uptake (intestine), transport (aorta), metabolism (liver),
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Fig. 3 Cadmium bioimaging in tissue sections of rectum (donor 2), aorta (donor 1), ovary (donor 3) and pancreas (donor 4). Left column: LA-ICP-MS for
cadmium, middle row: unstained sections prior to ablation, right column: HE-stained consecutive sections. Scale bars indicate 1 mm. Top row (rectum),
right image: mucosa (1), submucosa (2), tunica muscularis (3). The boarders between these layers are indicated by drawn lines. Second row (aorta), right
image: adventia (1), media (2), vessel lumen (3), vascular endothelium (intima, —). Third row (ovary), right image: menopausal state, mostly characterized
by connective tissue. Bottom row (pancreas), right image: connective tissue (+), glandular lobes of the exocrine pancreas (*), interlobular excretion duct
(A), blood vessels in connective tissue (—).
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Fig. 4 Cadmium bioimaging in tissue sections of testis (donor 2), liver (donor 2), kidney medulla-cortex boarder (donor 1), and the kidney cortex (donor
1). Left column: LA-ICP-MS of cadmium, middle row: unstained sections prior to ablation, right column: HE-stained consecutive sections. Scale bars
indicate 1 mm. Top row (testis): convoluted seminiferous tubules (+), tunica albuginea (*), Leydig cells (A), Sertoli cells (—). Third row (medulla): § — this
section shows the medulla/cortex boarder zone; bowman capsule with glomeruli (O), blood vessels (—), adipose and connective tissue (*).
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excretion (kidney), reproduction (testis, ovary) provide a first
impression on the intratissue distribution of Cd within one body.

Conclusions

Quantitative determination of the average Cd concentration in
human body tissue combined with spatially resolved visualiza-
tion of the Cd distribution in tissue sections gave a compre-
hensive picture on the location of Cd in four human body
donors. We ranked the identified Cd pools by the concentration
in the respective tissue and by their mass. We concluded that
adipose tissue or muscle tissue — despite bearing low concen-
trations of Cd - represent an important pool for the total Cd
burden due to their large fraction on the total body weight.

Laser ablation ICP-MS bioimaging experiments were under-
taken for the first time on a broader panel of human tissues
and we obtained new insights into the intra-tissue distribution
of Cd. Unevenly distributed patterns in rectum, kidney, and
testis were discovered. These tissues are responsible for uptake,
excretion, and formation of barriers (e.g. blood-testes barrier).
The discovered areas of Cd accumulation are the corner stone
for subsequent (sub)cellular imaging of Cd (e.g. glomerula of
kidneys) to further extend the knowledge on processes involved
in Cd metabolism and toxicity.
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