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Highlights
¢ Following i.v. injection, %4Cu quickly leaves the
blood and is distributed to a number of tissues.

Extrahepatic tissues account for 45-58% of 54Cu 10
minutes after injection.

Skeletal muscle may protect more sensitive organs
from spikes in the non-ceruloplasmin-bound cop-
per fraction.

Kinetic analysis shows that exchange of ®*Cu from
the blood to the brain is a very slow process.

Better understanding of the exchange of copper

between the blood and brain may reveal new tar-
gets for therapy.

https://doi.org/10.1016/j.jhepr.2023.100916

Impact and implications

Maintaining non-ceruloplasmin-bound copper within
the normal range is an important treatment goal in
WD as this “free” copper is considered toxic to the
liver and brain. We found that intravenously injected
non-ceruloplasmin-bound copper quickly distributed
to a number of tissues, especially skeletal muscle,
subcutaneous fat, and the liver, while uptake into the
brain was slow. This study offers new insights into the
mechanisms of copper control, which may encourage
further research into potential new treatment targets.
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Background & Aims: In Wilson disease (WD), copper accumulation and increased non-ceruloplasmin-bound copper in
plasma lead to liver and brain pathology. To better understand the fate of non-ceruloplasmin-bound copper, we used PET/CT
to examine the whole-body distribution of intravenously injected 64-copper (8*Cu).

Methods: Eight patients with WD, five heterozygotes, and nine healthy controls were examined by dynamic PET/CT for
90 min and static PET/CT up to 20 h after injection. We measured $*Cu activity in blood and tissue and quantified the kinetics
by compartmental analysis.

Results: Initially, a large fraction of injected ®4Cu was distributed to extrahepatic tissues, especially skeletal muscle. Thus,
across groups, extrahepatic tissues accounted for 45-58% of the injected dose (%ID) after 10 min, and 45-55% after 1 h. Kinetic
analysis showed rapid exchange of 4Cu between blood and muscle as well as adipose tissue, with ®*Cu retention in a sec-
ondary compartment, possibly mitochondria. This way, muscle and adipose tissue may protect the brain from spikes in non-
ceruloplasmin-bound copper. Tiny amounts of cerebral 4Cu were detected (0.2%ID after 90 min and 0.3%ID after 6 h), sug-
gesting tight control of cerebral copper in accordance with a cerebral clearance that is 2-3-fold lower than in muscle.
Compared to controls, patients with WD accumulated more hepatic copper 6-20 h after injection, and also renal copper at 6 h.
Conclusion: Non-ceruloplasmin-bound copper is initially distributed into a number of tissues before being redistributed
slowly to the eliminating organ, the liver. Cerebral uptake of copper is extremely slow and likely highly regulated. Our findings
provide new insights into the mechanisms of copper control.

Impact and implications: Maintaining non-ceruloplasmin-bound copper within the normal range is an important treatment
goal in WD as this “free” copper is considered toxic to the liver and brain. We found that intravenously injected non-
ceruloplasmin-bound copper quickly distributed to a number of tissues, especially skeletal muscle, subcutaneous fat, and
the liver, while uptake into the brain was slow. This study offers new insights into the mechanisms of copper control, which
may encourage further research into potential new treatment targets.

Clinical trial number: 2016-001975-59.

© 2023 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Wilson disease (WD) is a rare inherited disease in which muta-
tions of the ATP7B gene cause dysfunction of the ATP7B protein.!
The ATP7B protein is most abundantly expressed in the liver
where it delivers copper to the trans-Golgi network and medi-
ates either the irreversible incorporation of copper into cerulo-
plasmin or the export of excess copper into the bile which is the
only way for the organism to remove excess copper.” ATP7B
dysfunction leads to disease-causing accumulation of copper in
the liver and elevated levels of non-ceruloplasmin-bound copper
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in the blood. This fraction of plasma copper (=10% in healthy
individuals) is loosely bound to albumin, other peptides, or
amino acids® and is exchanged between blood and tissues. With
time, elevated non-ceruloplasmin-bound copper in WD results
in accumulation of copper in non-hepatic organs resulting in
tissue injury, especially in the brain where the basal ganglia are
most commonly affected. Clinically, patients with WD typically
present with hepatic, neurologic and/or psychiatric symptoms.*>
Treatment of WD classically has two aims: removing excess
copper from the body and maintaining non-ceruloplasmin-
bound copper within the normal range.° Control of non-
ceruloplasmin-bound copper is generally achieved in adherent
patients,”° and is used to monitor treatment efficacy in WD.!%!!

While excess copper is toxic for cells,'”” the metal is also
essential for numerous enzymatic processes in the human body,
not least in the mitochondria.'®> The necessary tight control of
plasma-organ exchange of copper is maintained by specific
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copper-transporting proteins, such as copper transporter 1
(CTR1), ATP7A and ATP7B, with large variation between tissues.'*
The result is a carefully orchestrated distribution of non-
ceruloplasmin-bound copper between blood and tissues. Even
though the dynamics and Kkinetics of this distribution are
important for our understanding of the pathophysiology of WD
and the action of current and future treatments, a comprehensive
description is not available.

Our aim was to study the distribution kinetics of non-
ceruloplasmin-bound copper using the positron-emitting tracer
84CuCl, (®4Cu) and PET/CT scans.'” The tracer has a half-life of
12.7 h allowing for both short and medium-term in vivo imaging
of copper metabolism in cells, animals, and humans. The present
study is a re-analysis of data from an earlier trial'® that focused
on the diagnostic aspects of 5*Cu PET/CT. Here, we specifically
examined the distribution of non-ceruloplasmin-bound copper
during the initial 90 min after intravenous injection of %4Cu, i..
before incorporation of the tracer into ceruloplasmin. We further
examined the whole-body distribution 1.5, 6 and 20 h after in-
jection. All analyses were performed in patients with WD,
healthy controls and healthy persons who were heterozygous for
a disease-causing ATP7B mutation. The study is the first of its
kind in humans, including patients with WD.

Materials and methods

Ethics

All data was collected as part of the clinical trial “The patho-
physiology of Wilson disease visualised: A human ®*Cu PET
study” (EudraCT 2016-001975-59)."° The study was approved by
the Regional Ethics Committee in Central Denmark Region and
the Danish Medicines Agency, conducted in accordance with the
Helsinki II Declaration, and monitored by the Unit for Good
Clinical Practice at Aarhus and Aalborg University Hospitals.

Study design

The trial involved three groups: patients with Wilson disease
(WDP), healthy persons who were heterozygotes for a disease-
causing ATP7B mutation (parents, children, or heterozygote sib-
lings to WDP [HZ]) and healthy controls who were assumed not
to be carriers of a disease-causing ATP7B mutation (CON). The
study design has been described in detail elsewhere.'® Briefly,
participants fasted for a minimum of 8 h before the first scan
(water allowed). WDP abstained from WD treatment for 3 days
prior to the first scan. After intravenous (i.v.) administration of
55-75 megabecquerel (MBq) of ®4Cu, its distribution was fol-
lowed in one dynamic (continuous) PET scan of 90 min, then
three static scans each lasting 10 min after 1.5, 6 and 20 h.

Participants

Nine WDP diagnosed according to the Leipzig criteria®> were
recruited at the Department of Hepatology, Aarhus University
Hospital at outpatient visits. Five HZ were recruited among
WDP relatives, and eight CON through a local newspaper
advertisement.

Inclusion criteria were age >18 and safe contraception for fe-
males. Exclusion criteria for WDP were decompensated cirrhosis,
model for end-stage liver disease score >11 or modified Nazer
score >6.'!7 Exclusion criteria for all participants were known
hypersensitivity to ®*Cu or other ingredients in the tracer for-
mula, pregnancy, breastfeeding, or a desire to become pregnant
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before the end of the trial. All participants signed informed
consent before enrolling in the study.

Radiochemistry

The %4Cu radioisotope was obtained from a commercial source
(Hevesy Laboratory, DTU Nutech, Risg, Roskilde, Denmark). The
64Cu tracer solution (a sterile acetate-buffered solution of
64CuCl,) was subsequently prepared and quality controlled at our
centre, as previously described."”

PET/CT scans

The scanning methods have been described elsewhere.'® Briefly,
participants were placed supinely in a Siemens Biograph™ 64
TruePoint™ PET/CT camera with the liver within the 21.6 cm
axial field-of-view. A low dose CT scan was performed before
each PET scan for definition of anatomical structures and atten-
uation correction of the PET recordings. The %4Cu solution was
administered as an intravenous bolus injection over the course of
10 s (median dose 72.9 MBq, range 53-77 MBq) followed by a 90-
minute dynamic PET scan of the liver. Then, three consecutive
whole-body PET/CT scans of 10-minute duration were performed
at 1.5, 6, and 20 h after tracer administration. The PET images
were reconstructed using 3D ordered-subset expectation maxi-
mization with four iterations and 21 subsets, 4-mm Gauss filter,
and 168 x 168 matrix with voxel size 4 x 4 x 5 mm?>.

Image analysis

PET data was assessed using PMOD (version 4.0, PMOD Tech-
nologies LLC). The amount of %*Cu in an organ was measured by
the mean radioactivity (kBq/ml) in a volume of interest (VOI)
with a size appropriate for the organ, i.e. VOIs of 30-40 cm? in
muscle, 15 cm® in the brain, and 0.5 cm? in pancreas. In organs
with large heterogeneity of tracer distribution (e.g., the colon
lumen), the mean of 3-4 VOIs was used, because large VOIs were
difficult to define. Within the field-of-view for the dynamic
scans, it was possible to assess activity in blood (aorta), liver,
gallbladder, kidneys, pancreas, colon, skeletal muscle, subcu-
taneous fat, bone marrow, heart, and lung. The brain and bladder
were only available on the static scans, at 1.5, 6 and 20 h after
injection, as the dynamic scan was restricted by a 21.6 cm field-
of-view over the liver.

Data analysis

To describe the distribution of ®4Cu in organs, the percentage of
injected dose (%ID) in each organ was calculated after correction
for decay and by multiplying the radioactivity per ml of organ
tissue by the estimated tissue size under the assumption that the
radioactivity was homogenously distributed in the organ. The
size of the organ was either determined as a standard size'® or
calculated by formulas for liver,'*?° skeletal muscle®*> and body
fat?3 (Tables S1 and S2).

Kinetic analysis

The kinetic parameters were obtained using PMOD (version 4.0,
PMOD Technologies LLC). The analyses were performed in each
individual and mean + standard deviation of each group is pre-
sented. Kinetic parameters were obtained by fitting one-, two-
and three-tissue compartment kinetic models to the dynamic
PET data with aorta activity as the input function (reference
tissue) for the whole blood pool. In separate analyses, liver,
skeletal muscle, kidney, and subcutaneous fat time activity
curves were used to examine the kinetics of blood-tissue
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Fig. 1. Principles of the kinetic analysis.

exchange of %Cu. The goodness of fit was evaluated by the
Akaike information criterion, which takes into account that in-
clusion of more variables will reduce the degrees of freedom. The
physiologically plausible compartment model with the lowest
Akaike information criterion value was chosen as the best fit. For
liver, kidney and skeletal muscle, two-tissue compartment
models with reversible exchange between blood and tissue and
reversible exchange between a second compartment within the
tissue provided the best fit (Fig. S1). With such a model, the
exchange of 4Cu between blood and tissue is determined by the
clearance per ml tissue, K; (ml blood - ml tissue - min™') and the
rate constant for back flux from tissue to blood, k, (min™!)
describing the fraction of exchangeable %*Cu in the tissue that is
returned to the blood per minute (see Fig. 1). The trapping and
release of %/Cu in a second (“deep”) compartment within the
tissue is determined by k; (min™!) and k, (min~!), respectively
(see Fig. 1). For subcutaneous fat, a one-tissue compartment
model with reversible exchange between blood and tissue pro-
vided the best fit (see Fig. 1).

Uptake of ®4Cu from the blood to the brain is of particular
clinical interest in WD. Because data were only available from the

Table 1. Demographics.
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static scans, we estimated the clearance per ml of tissue or the
net influx rate, K, with calculation of the fractional uptake rate**
at 90 min after injection assuming only influx of 84Cu from the
blood to the brain.

B . Activity in brain (t = 90 min)
K(£=90min) ==20¢ i blood (0-90 min)

where activity in the brain at 90 min after injection is per ml of
brain tissue and the area under the curve is the area under the
blood time activity curve from time 0 to 90 min.

Results

The study included nine WDP, five HZ, and eight CON. De-

mographics are shown in Table 1. There were no statistically

significant differences regarding gender, age, or body mass index.
The blood time activity curves are displayed in Fig. 2A (ac-

tivity displayed as %ID in blood), and the distribution over time

of %ID in the various organs in Fig. 3 and Table 2.

Blood

The blood time activity curves were similar in the three groups
(Fig. 2A). After 2 min, the injected dose was well mixed in the
blood volume and significant distribution to different organs was
already detectable, since the blood activity was reduced to 30-
40%ID after 2 min (Fig. 2A and Table 2). After the fast initial
distribution phase, the blood activity declined more slowly to
reach around 20%ID at 10 min, indicating that =80% of the dose
had been distributed to various organs (Fig. 2A and Fig. 3). At the
early time points, the total %ID sums up to slightly more than
100% (Fig. 3), likely because calculations do not account for blood
content in the individual organs, not to mention uncertainties
caused by the short initial time frames and calculated organ sizes
that may not be entirely correct.

Twenty hours after injection, ®*Cu blood activity was signifi-
cantly higher in CON (4.04 + 1.15%ID) than in WDP (1.42 + 1.49%ID)
with intermediate values in HZ (2.70 + 1.62%ID) (Table 2, Fig. 2B).
This likely reflects the hepatic secretion of ceruloplasmin-bound
64Cu in CON and HZ which is absent in WD. This was further
underlined by a correlation analysis of ceruloplasmin concentra-
tions in plasma and %ID in blood at 20 h, which correlated
strongly (Pearson’s rho = 0.6, p = 0.009) across groups but not
within groups (Fig. S3).

Patients with WD Heterozygotes Healthy controls

Gender (male/female) 7/2 3/2 3/5
WD treatment

Penicillamine 6

Trientine 1

Zinc 2
WD presentation

Hepatic 6

Neurologic 1

Asymptomatic sibling 1
Age, years, mean * SD 444 + 85 35.2+185 35.9 £+ 17.6 (n.s.)
BMI, mean + SD 23.7 £31 226 11 27.0 £ 4.5 (ns.)
Tracer dose, MBq, mean + SD 70.8 + 7.4 70.7 £4.2 724 £ 3.6 (n.s.)

Values are n or mean # standard deviation.
n.s. = p >0.05 (one-way ANOVA).
WD, Wilson disease.

JHEP Reports 2023 vol. 5 | 100916 3
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Fig. 2. Blood %ID. (A) 0-90 min after injection, inserted graph: 0-10 min after injection (mean values) (B) Dot plot of blood %ID at 20 h after injection (lines
indicate mean values, Student’s t-test). %ID, percentage of injected dose; WD, Wilson disease.

To further explore the extensive extravascular distribution of
64Cu, we followed the activity over time in several organs (Fig. 3,
Table 2, Fig. S2A-I). There was some distribution of %4Cu to most
organs, but predominantly to the liver, skeletal muscles, subcu-
taneous fat, kidneys, and pancreas.

Liver

The %4Cu content in the liver was =10%ID at 2 min, =25 %ID at
10 min and then steadily increased to = 45%ID at 90 min
(Fig. 3A,C.E, Table 2, Fig. S2A) with no difference between the
groups. After 6 h, the hepatic %ID was slightly higher in WDP
(52.1 £4.6%) and HZ (55.1 £6.2%) compared to CON (44.6 + 7.6%)
(Table 2). After 20 h, the liver content continued to increase in
WDP (65.0 + 7.7%), was stable in HZ (52.5 + 6.7%), and decreased
in CON to 39.2 + 12.1%. These late differences have been
described by Sandahl et al.'® and reflect that ®4Cu is trapped in
the liver in WDP, since it cannot be excreted to bile or incorpo-
rated into ceruloplasmin. It further demonstrates that the biliary
excretion of %Cu is slower in HZ than in CON.

Skeletal muscle

There was a very fast distribution of ®4Cu from the blood to the
skeletal muscle tissue. Already 2 min after injection, 40-45% of
the injected dose was in skeletal muscle tissue in all groups
(Table 2, Fig. 3, Fig. S2H). That increased to a maximum after
10 min, where muscle %ID was higher in WDP (57.8 + 17.5%) and
HZ (59.8 + 15.0%) than in CON (47.7 = 17.5%), though the differ-
ence was not statistically significant. From that time point,

JHEP Reports 2023 vol. 5 | 100916

muscle %ID slowly decreased to 16-23% at 20 h. Thus, skeletal
muscle acted as a temporary store for ®4Cu.

Subcutaneous fat

Subcutaneous fat contained measurable amounts of ®4Cu after
20-30 s, increasing to a maximum of 10-15%ID after 10 min
(Fig. 3, Table 2, Fig. S2G). After 20 h, 3-6% of the injected dose was
still in subcutaneous fat. Thus, subcutaneous fat, like skeletal
muscle, acted as a quantitatively important temporary store for
4Cu. At 20 h after injection, the %ID was significantly higher in
CON compared to WDP and HZ (one-way ANOVA, p = 0.02,
Table 2).

Kidneys

During the initial 2-minute period, the kidneys absorbed
approximately 4-5% of the administered dose. In the WDP group,
this proportion remained relatively constant for the first 90 min,
whereas it gradually declined in the HZ and CON groups (Fig. 4).
At 6 h after injection, the %ID in the kidneys was higher in WDP
(6.3 £6.0%) than in HZ (1.6 £ 0.4%) and CON (1.6 + 0.2%) (one-way
ANOVA, p <0.001).

Bladder ®4Cu activity was only measurable on the static scans
(1.5, 6 and 20 h after injection), and was low but significantly
higher after 6 h in WDP compared to HZ and CON (one-way
ANOVA, p <0.001) (Table 2).

Pancreas
Copper activity reached a maximum of 1.2-1.4%ID shortly after
injection (around 3 min) and slowly declined to = 1%ID after 6 h,
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Fig. 3. All organs %ID (mean values). (A) WDP, 0-90 min after injection. (B) HZ, 0-90 min after injection. (C) CON, 0-90 min after injection. %ID, percentage of
injected dose; CON, healthy controls; HZ, heterozygous relatives of WDP; WDP, patients with Wilson disease.

and =0.5%ID after 20 h (Fig. 3, Table 2, Fig. S2B). There were no
group differences.

Brain

The brain was only accessible on the static scans (1.5, 6 and 20 h
after injection). The brain parenchymal activity was low but
detectable after correction for activity in blood that was assumed
to take up 4% of the cerebral VOIs.?

After this correction, the cerebral %ID was 0.15%-0.22% at 1.5 h
after injection, increasing to 0.28%-0.33% after 6 h, and 0.29%-
0.36% after 20 h (Table 2, Fig. 5).

At the 1.5-hour time point, cerebral 54Cu levels tended to be
higher in WDP and HZ than in CON (Fig. 5A), but no significant
differences were detected.

Kinetic analyses

To explore the kinetics behind these observations, we performed
kinetic analyses of the 84Cu exchange between organ and blood
in the most relevant tissues: skeletal muscle, kidney, subcu-
taneous fat, and brain (Table 3).

Liver
We used a two-tissue compartment model as it provided the
best fit for 19/22 participants.

K3, ks and ks did not differ significantly between the groups
but k4 was significantly lower in WDP and HZ compared to CON
(one-way ANOVA, p <0.001, Table 3). A low k4 indicates trapping
in a second compartment, i.e., a deep intracellular compartment
(Fig. 1). K; in WDP was 0.58 + 0.30 ml/cm?/min, in HZ 0.89 +

JHEP Reports 2023 vol. 5 | 100916 5
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Table 2. %ID in patients with WD, heterozygotes and healthy controls at different time points over 20 h.

Patients with WD Heterozygotes Healthy controls Patients with WD Heterozygotes Healthy controls
Blood Liver
10s 2.28 + 6.64 9.26 + 18.49 0.07 £ 0.10 1.60 + 1.39 0.38 + 0.81 0.42 + 0.45
20's 51.65 + 6.64 2749 + 54.89 4412 + 49.82 1.74 £ 115 249 + 215 213 £2.35
2 min 32.04 + 14.08 33.10 + 11.43 4249 +3.39 9.55 + 1.51 13.04 + 2.14 12.86 + 3.26*
10 min 20.97 +4.59 22.82 +5.08 21.24 £ 1.54 23.20 + 3.88 27.83 +3.54 2522 +9.85
90 min 313 £1.20 3.24 £ 093 431 £1.58 43.37 £3.80 45.67 £ 6.76 4215 + 6.40
6h 172 £ 0.75 1.70 £ 0.44 3.60 + 0.95*** 52.10 + 4.57 5512 + 6.24 4458 + 7.61*
20 h 142 +1.49 2.70 £ 1.62 4,04 +1.15** 64.93 + 7.66 52.52 + 6.68 39.24 + 12.09***
Kidneys (pair) Pancreas
10s 0.01 £0.03 0.12 + 0.26 0.03 + 0.09 0.02 + 0.05 0.00 + 0.00 0.01 £ 0.02
20's 2.53 £ 2.44 4,01 £4.67 1.53 +1.82 0.66 + 0.48 0.64 + 0.64 0.46 + 0.46
2 min 2.87 £ 1.25 711 £3.16 473 +1.28 0.80 + 0.28 0.98 + 0.47 0.96 + 0.29
10 min 5.53+1.19 6.92 + 2.61 5.21 £1.38 133+ 0.27 134+ 037 1.40 £ 0.56
90 min 5.98 + 3.69 2.32 £ 0.55 2.38 £ 0.53*** 1.30 + 0.58 1.50 £+ 0.53 144 + 0.67
6h 6.30 + 6.00 1.56 + 0.41 1.60 £ 0.22*** 0.93 + 0.44 0.99 + 0.19 1.08 £ 0.59
20 h 1.76 + 0.51 1.29 + 0.23 1.45 + 0.25 0.47 + 0.22 0.46 + 0.33 0.60 + 0.34
Colon (lumen and intestinal wall) Heart muscle
10 s 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 314 £ 3.71 2.10 + 3.57 1.84 + 2.62
20's 0.24 + 0.03 0.14 + 0.31 0.08 £ 0.21 4.78 + 3.69 347 +3.74 3.77 £3.95
2 min 1.29 £ 1.06 0.95 + 0.58 1.04 + 1.52 1.25 + 1.04 1.65 £ 1.18 1.52 £+ 0.51
10 min 1.89 £ 0.82 1.64 + 0.51 1.92 + 1.94 1.58 + 0.86 2.24 + 1.06 1.65 + 0.81
90 min 1.66 £ 0.32 1.65 + 0.41 1.42 £ 0.56 032 £ 0.09 0.27 + 0.06 038 £ 0.11
6h 212 +0.75 219 £ 0.99 3.78 + 1.72* 0.22 + 0.07 0.20 + 0.06 0.25 + 0.08
20 h 212 £ 0.73 3.26 + 142 5.84 + 2.53** 0.19 + 0.06 0.26 £ 0.12 0.29 * 0.15
Gallbladder Bone marrow
10s 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.01 £0.02 0.00 £ 0.00 1.77 £ 5.02
20s 0.06 + 0.07 0.02 + 0.03 0.05 + 0.09 1.28 + 3.10 0.03 £ 0.07 4.41 +10.06
2 min 0.13 £ 0.12 0.11 £ 0.07 0.10 = 0.10 540 +5.97 3.95+434 8.89 + 9.61
10 min 0.22 + 0.11 0.31 £0.17 0.21 £0.17 14.26 + 9.05 12.12 + 6.40 9.91 £9.58
90 min 0.20 £+ 0.14 1.94 + 3.46 1.64 £ 1.50** 2.61 £ 0.60 3.00 + 0.89 283 £1.24
6h 0.26 + 0.18 0.73 £ 0.53 1.43 + 0.96* 2.06 + 1.06 2.44 + 0.59 421 +£1.33**
20 h 0.22 + 0.16 2.34 £ 2.59 1.18 + 0.66 1.72 + 0.86 1.88 + 0.45 4.26 + 147
Bladder (content) Brain
90 min 0.53 +£0.23 0.18 £ 0.13 0.14 + 0.06™** 0.21 £0.08 0.22 + 0.10 0.15 + 0.08
6 h 0.27 £ 0.19 0.11 £ 0.06 0.17 £ 0.08 0.33 + 0.06 0.30 + 0.03 0.28 + 0.12
20 h 0.11 £ 0.06 0.06 + 0.06 0.13 + 0.03 0.29 + 0.09 0.36 + 0.08 0.36 + 0.16
Subcutaneous fat Skeletal muscle
10 s 0.00 + 0.00 0.04 + 0.08 0.54 +1.53 311 £4.32 2.99 £ 6.65 133 £ 1.58
20s 1.32 +2.08 0.19 + 0.41 0.43 £ 0.63 33.93 +30.29 17.61 £ 14.06 38.37 £ 30.32
2 min 8.59 + 6.12 6.81 £4.35 736 £ 5.95 43.09 + 15.65 40.66 + 10.10 33.53 +11.98
10 min 16.74 £ 9.20 1517 £ 7.39 11.21 £5.01 57.79 + 17.47 59.81 £ 14.99 47.65 £ 17.51
90 min 7.48 +3.55 6.68 + 1.60 8.60 + 4.28 16.49 + 3.53 14.86 + 1.61 17.89 + 5.16
6 h 5.01 +2.31 433 +1.49 7.97 £ 5.62 14.50 £ 1.79 13.92 £ 2.37 17.58 £ 4.75
20 h 2.78 + 1.27 2.68 + 0.69 5.90 + 3.67* 13.83 + 4.77 14.79 + 2.65 16.75 + 5.29
Lungs

10s 16.23 £ 25.01 9.43 +12.01 12.28 + 12.61
20s 21.02 + 13.53 21.30 + 20.46 16.23 + 13.63
2 min 7.04 + 4.20 597 £3.25 6.47 £4.20
10 min 4.62 +3.19 5.94 £ 1.60 4.89 + 2.46
90 min 1.55 £ 0.66 1.57 £ 043 1.67 £ 0.77
6h 0.96 + 0.40 1.09 + 0.58 1.56 + 0.67
20 h 0.66 + 0.30 1.25 + 0.33 1.53 + 0.81*

Values presented are mean + standard deviation.

*p <0.05 (one-way ANOVA), **p <0.01 (one-way ANOVA), ***p <0.001 (one-way ANOVA).

0.66 ml/cm>/min and in CON 0.77 # 0.51 ml/cm?/min, which was
not significantly different.

Skeletal muscle Kinetics

A two-tissue compartment model was the best fit for all partic-
ipants (Fig. S1). K3, ka, k3 and k4 did not differ significantly be-
tween the groups (Table 3). For all participants combined, K; was

0.19 % 0.15 ml/cm>/min, k» 0.76 + 0.39 min™", k5 0.015 + 0.011 min
“1and k4 0.0045 + 0.0079 min™.

Kidney Kinetics

A two-tissue compartment model was the best fit for all partic-
ipants except one with clearly deviating values (one HZ) who
was excluded from the analysis. K;, k> and k3 did not differ

JHEP Reports 2023 vol. 5 | 100916 6
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Fig. 4. Kidney %ID. %ID, percentage of injected dose; WD, Wilson disease.

significantly between the groups (Table 3). WDP and HZ had
significantly lower k; than CON (Kruskal-Wallis test, p <0.0001,
Table 3), suggesting a higher degree of trapping in a second renal
compartment in WDP and HZ.

Subcutaneous fat

A one-tissue compartment model provided the best fit for all
participants except one WDP for whom a two-tissue compart-
ment model was more accurate. K; and k, were an order of
magnitude lower than with skeletal muscle and did not differ
between the groups (Table 3).

Minutes after injection

Brain kinetics

Brain activity could not be followed dynamically for the first
90 min, so we only report activities measured at the static scans
at 90 min after injection. At the 90-minute time point, before
ceruloplasmin-bound ®4Cu arrived in the blood stream, we
calculated the net influx rate K based on the net uptake of 54Cu
into the brain during the first 90 min. As seen in Table 3, there
was a trend that K was higher in WDP than in CON with inter-
mediate values in HZ. These data demonstrate that non-
ceruloplasmin-bound copper can enter the brain, although at a
very low rate compared to other organs.
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Fig. 5. Brain %ID attributable to brain parenchyma copper levels. (A) 1.5 h after injection (B) 6 h after injection (C) 20 h after injection (lines indicate mean values,
no significant differences (One-way ANOVA), white dot indicates patient with neurological phenotype). %ID, percentage of injected dose; WD, Wilson disease.
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Table 3. Kinetic parameters K;, k», k; and k,.

Research article

Ky ky® ks® ks®

Liver

Patients with WD 0.58 + 0.30 042 £ 0.25 0.108 £ 0.039 0.0017 £ 0.0018*

Heterozygotes 0.89 £ 0.66 0.69 £ 0.54 0.132 £ 0.056 0.0011 +0.0018*

Healthy controls 0.77 £ 0.51 0.54 + 0.37 0.128 + 0.038 0.010 + 0.0062*
Skeletal muscle

Patients with WD 0.21 +0.18 0.77 £ 0.47 0.013 + 0.006 0.0034 + 0.0086

Heterozygotes 0.18 £ 0.14 0.71 £0.37 0.017 £ 0.012 0.0057 = 0.009

Healthy controls 0.14 + 0.07 0.72 £ 0.29 0.016 + 0.014 0.0054 + 0.0077
Kidneys

Patients with WD 1.82 + 0.83 1.09 + 0.44 0.058 + 0.019 0.0087 + 0.0057*

Heterozygotes 1.82 £+ 0.77 1.10 £ 0.50 0.050 + 0.015 0.015 + 0.0039*

Healthy controls 1.57 £ 0.62 0.89 £ 0.39 0.056 + 0.019 0.028 + 0.0095*
Subcutaneous fat

Patients with WD 0.022 + 0.041 0.16 + 0.41

Heterozygotes 0.0046 + 0.0032 0.013 £ 0.010

Healthy controls 0.0015 + 0.00186

0.0043 + 0.0073

Brain (1.5 h after injection)

K-
0.00090 + 0.00053
0.00085 + 0.00029
0.00067 + 0.00018

Patients with WD
Heterozygotes
Healthy controls

Values presented are mean + standard deviation.
- =ml blood - ml tissue - min-1, ® = min™", *p <0.05 (one-way ANOVA).

Discussion

In this 54Cu PET/CT study, which is the first of its kind in humans
including WDP, HZ and CON, we investigated the distribution of
non-ceruloplasmin-bound copper during the 90 min after an i.v.
injection. The initial clearance of ®*Cu from the blood to tissues
was similar between WDP, HZ and CON. Injected ®4Cu distributed
to a number of tissues, especially the liver (23-28% after 10 min),
skeletal muscle (50-60% after 10 min), and subcutaneous fat (11-
17% after 10 min). After 90 min, a large part was redistributed to
the eliminating organ, the liver (42-46% after 90 min), but more
than 50% of injected 54Cu remained in extrahepatic tissues. At
later time points, 4Cu was more slowly released from extrahe-
patic tissues to the blood for further hepatic elimination in CON
and HZ or accumulation in WDP. Thus, extrahepatic tissue and
especially the muscles, acted as a temporary storage for non-
ceruloplasmin-bound copper.

Cerebral uptake of small amounts of %4Cu was detectable at
1.5, 6 and 20 h after injection, with a tendency to higher levels in
WDP and HZ compared to CON 1.5 h after injection. Kinetic
analysis illustrated that cerebral uptake of $*Cu from the blood
was a much slower process than with other organs, indicating
very tight regulation of cerebral copper content.

Intravenous %*Cu may be used for the diagnosis of WD?%%7
because it leaves the blood stream, with a minimum at around
2 h after injection, and then slowly returns in healthy individuals
because of ceruloplasmin formation, peaking at 48 h after in-
jection.?® This “second peak” of ceruloplasmin is absent or much
smaller in WDP, while HZ produce intermediate results.?”?® In
accordance, we observed initial removal of 4Cu from the blood
stream in all groups, while activity in blood and blood-rich tis-
sues was higher in CON than in WDP, with intermediate values in
HZ, 20 h after injection (Table 2).

An important finding in the present study was the temporary
distribution of copper in extrahepatic tissues, where muscle and
subcutaneous fat were quantitatively the most important. There
are only a few studies for comparison, all in rodents. Owen used i.v.
or per oral administration of ®*Cuin rats?>*° and reported = 45% of
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the dose in extrahepatic tissues after 20 min, mostly muscles and
skin; subcutaneous fat was not assessed. Another study in wild-
type rats reported =20% of injected ®*Cu in the liver, and =20%
in muscles and skin after 5 min.>' Peng et al. used i.v. injected ®4Cu
and micro PET/CT in wild-type and Atp7b knockout mice and
observed distribution into skeletal muscle, but only reported 54Cu
content in the liver, kidneys, lungs, heart and brain.>”> Weiss used
intraperitoneal ®’Cuin rats, and observed redistribution to muscle,
although somewhat delayed, possibly because of the route of
administration and the use of a high dose of copper (0.33 pg/rat
compared to 0.005 pg/person in the present study).>®> Thus, these
reports from animal studies support our data.

The kinetic analysis of the exchange between blood and
muscle supported this view. With K; of 0.19 + 0.15 ml blood per
cm? of muscle tissue per minute and a skeletal muscle volume of
30 L, the muscular clearance of non-ceruloplasmin-bound cop-
per would equal 5.7 L of blood per minute to the fast-exchanging
muscular copper pool, which is likely the myocyte cytosol. Since
k, was 0.76 + 0.39 min™!, 76% of cytosolic copper was delivered
back to the blood every minute. The much smaller rate constants
ks and k, describe slower exchange between the cytosol and a
second cellular compartment. We speculate that this second
compartment may represent copper in mitochondria, which are
abundant in muscle tissue. Kinetically speaking, trapping of 54Cu
in the second compartment slowed down exchange between
muscles and blood, and prolonged the period in which muscles
could buffer non-ceruloplasmin-bound copper.

The muscles are equipped with mechanisms for fast copper
exchange, since copper is removed from the blood during exer-
cise and released back again during rest,** presumably reflecting
the varying mitochondrial needs. The net effect of this temporary
distribution is a kind of buffer that reduces the exposure of other
organs, including the brain, to copper. Unlike in muscle, it was
not possible to identify a second compartment in subcutaneous
fat, maybe owing to the presence of fewer mitochondria.

In normal physiology, the liver is the only organ that elimi-
nates excess copper sufficiently to maintain copper balance. The



kinetic analysis of the exchange of ®4Cu between the blood and
the liver was best fitted by a two-tissue compartment model as
illustrated. In our previous publication,'” liver kinetics modelling
was applied to this data using the Gjedde-Patlak plot'®> which
computes a constant K that describes the overall removal of $4Cu
from the blood by the liver. K was significantly lower in WDP
compared to HZ and CON. In the present study, we were spe-
cifically interested in the initial clearance, K; and wanted to
compare the kinetic parameters across organs, which dictated
the slightly different approach with reporting of parameters
from the two-tissue compartment analysis. K; tended to be
lower in WDP compared to HZ and CON but the difference did
not reach statistical significance. A lower K; could be related to
CTR1 downregulation. CTR1 is the major transporter of
copper into hepatocytes®® and its activity is downregulated by
internalization when copper levels are high as expected in
WDP’14,36—38

The mean K; for all participants was 0.74 + 0.63 ml blood per
cm® of liver tissue per minute. With a liver of 1,500 ml, a K;
around 0.75 ml blood per cm? of liver tissue per minute equals a
hepatic ®4Cu clearance of 1.1 L/min, close to the hepatic blood
flow. In our study, k, was around 0.5 min™! suggesting significant
back flux from the liver to the plasma, and measurable k3 and ky
demonstrates that a fraction of cytosolic ®*Cu was trapped in a
second compartment with much slower exchange of ®*Cu. This
second compartment could represent binding to metal-
lothionines, since induction of metallothionein may be an
important defense mechanism in WD.>**° Lower k, in WD
could also represent trans-Golgi network trapping, since ATP7B
is involved in incorporation of copper into ceruloplasmin or
biliary excretion. Within the time frame of 90 min, ks and k, are
most likely not affected by biliary excretion (only tiny amounts of
54Cu could be measured in the gallbladder of CON at this time,
Table 2).

The brain is susceptible to excess copper in WD, and at the
same time, copper is essential for several brain functions.*° After
correction for activity in cerebral blood vessels, a small fraction
of the injected dose =0.3% was recovered in the brain paren-
chyma at later time points. The estimated K was two orders of
magnitude lower than for other organs, confirming tight regu-
lation of cerebral copper with slow exchange between the blood
and tissue. In accordance with earlier reports of elevated cere-
brospinal copper in WDP,*! there was an interesting trend that
cerebral copper influx was higher in WDP than in healthy par-
ticipants. A similar finding was suggested in a study from 1965
including two WDP and six controls and external gamma-
detection.*> The choroid plexus (with expression of CTR1 and
ATP7A) plays a protective/homeostatic role in regulating brain
copper levels, while the influx from the blood to the paren-
chyma is mainly through the capillary bed (with expression of
CTR1 and ATP7B).*> ATP7B may be involved in re-exporting
endothelial copper to plasma.** Thus, the net influx of copper
into the brain could theoretically be affected by ATP7B
dysfunction in WD. Our results should stimulate further explo-
rations of the blood-brain exchange of copper and the role of
ATP7B. In general, little is known about copper’s toxic effects on
the brain, including the cause of neurological worsening
following treatment initiation. Brain MRI pathology is well-
established and widely used*® and PET/MRI with flour-deoxy-
glucose shows that WDP with neurologic symptoms have
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reduced cerebral and striatal glucose metabolism,*®~*® and

SPECT (single-photon emission computerized tomography)
scans show reduced dopamine D2 receptor binding in the
striatum.”®~>! Both abnormalities improve with de-coppering
therapy. Indeed, more studies on copper fluxes and copper
deposition in the human brain are warranted to explain why not
all WDP develop neurologic symptoms and why current treat-
ments do not always prevent brain disease progression in WD.

We speculate that future therapeutic targets could be the
inhibition of cerebral influx or stimulation of efflux of cerebral
copper.

The renal uptake of %4Cu was similar initially but the %ID was
higher in WD (6.3 * 6.0%) than in HZ and CON (both below 2%) at
90 min. These differences were eliminated after 20 h (Table 2).
Rodent studies reported similar findings.>*°*>* ATP7B is
expressed in the kidneys and involved in vesicular export of
copper to urine.’® Renal CTR1 is not downregulated in AtpZb
knockout mice,’” and lack of ATP7B function is a possible cause
of temporary copper accumulation even though trafficking of
ATP7A may partly compensate for this.>* The temporary accu-
mulation in renal parenchyma could also be caused by metal-
lothionein upregulation in the renal tissue.

The study has limitations. The PET/CT method follows dis-
tribution of %Cu, and we assume it behaves like non-
ceruloplasmin-bound copper because the naturally occurring
isotopes are ®3Cu and ®°Cu and the tracer dose of ®4Cu was less
than 0.1% of non-ceruloplasmin-bound copper in plasma. At the
same time, copper may be distributed to different compart-
ments, some of which exchange so slowly with the cytosol that
we cannot detect them using the current method. Thus, in a 4’Cu
study, the hepatic turnover of cold copper in WD rats was esti-
mated to be as long as 1,800 days.”®> Also, we note that the
methodology of the study is unable to measure the steady state
concentrations of non-ceruloplasmin-bound cold copper in
different tissues. However, we aimed to study the initial distri-
bution within the 90-minute time frame, and this should not be
affected by distribution into very slow compartments. Formation
of ®4Cu ceruloplasmin is a potential bias in the kinetic analysis,
but not likely to affect our findings, since earlier studies suggest
that only minute amounts would be present within the 90-
minute time frame used for kinetic analysis.?° The sample size
was the maximum achievable, but we cannot exclude that a
larger sample would detect more group differences, however, the
study was able to detect important differences between groups.
We measured radioactivity in certain areas of the tissue of in-
terest and used an estimated or standard size of the organ. These
sizes may not be appropriate for all individuals and thus caused
uncertainties in the estimated %ID but likely not to the extent
that could affect our main conclusions. Because we did not have
dynamic data (0-90 min after injection) from the brain, we
estimated K based on the net uptake of %4Cu in the brain at the
90-minute time point. Still, the very low activity of 54Cu in the
brain at the 90-minute time point supports our conclusion of
extremely slow exchange between the blood and brain.

Our study has at least two important findings: first, temporary
distribution into extrahepatic organs, especially muscles, may in
the short term protect more sensitive organs, like the brain, from
the effects of oscillations in the bioavailable non-ceruloplasmin-
bound copper fraction - a hitherto overlooked function of mus-
cles in copper metabolism. The large volume of these tissues led to
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their notable ability to store copper in the short term and adjust
the copper equilibrium between blood, muscle, and adipose tis-
sue, which could offer therapeutic benefits in specific cases, such
as acute liver failure in Wilson disease. Second, the brain takes up

Research article

non-ceruloplasmin-bound copper at a rate that is 2-3-fold lower
than for any other organ, emphasizing that brain copper is highly
regulated, and that this regulation could be a separate treatment
target for future developments.
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