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Abstract

Background/Objectives: The lifelong treatment of Wilson’s disease (WD) currently relies
on copper chelators with relatively poor metal specificity, which frequently exhibit serious
adverse effects. There is a real medical need for a specific copper chelator to regulate
the copper excess efficiently, at lower doses than those used for penicillamine (DPA)
or trientine (TETA), and with lower toxicity in long-term treatments. Methods: The
efficiency of the specific Cu(II) chelator named TDMQ20 was evaluated by oral treatment
of TX mice, used as a WD model, and compared with those of DPA, TETA, and also
tetrathiomolybdate (bcTTM). We documented TDMQ20′s ability to (i) decrease the hepatic
copper load, (ii) increase the amount and ferroxidase activity of ceruloplasmin (CP), and
(iii) regulate liver proteins that are impaired in WD mice. Results: Compared to the other
copper chelators, TDMQ20 was the only one that efficiently mediated excretion of Cu and
restoration of active ceruloplasmin levels at doses 8 times lower than DPA. Such efficacy
is related to the design of this chelator, which specifically coordinates Cu(II) as a discrete
and soluble complex. Conversely, DPA, TETA, and bcTTM give rise to various complexes
with copper ions, often with oligomeric or cluster structures that can be retained in blood
circulation or sequestered by proteins. Conclusions: Taking into consideration all the
advantages of TDMQ20 compared to other ligands, including its lack of toxicity during
long-term administration in mice, the drug candidate TDMQ20 appears to be a first-class
challenger to the currently used treatments, i.e., DPA, TETA, and bcTTM.

Keywords: copper chelator; liver; toxic milk mouse; ceruloplasmin; Wilson’s disease

1. Introduction
Wilson’s disease (WD) is due to mutations of ATP7B, the gene coding for ATP7B, a

copper-transporting ATPase regulating the copper content of human cells by transporting
the cytoplasmic excess of copper to the trans-Golgi compartment for incorporation into apo-
ceruloplasmin, followed by excretion out of cells. In hepatocytes, ATP7B plays a pivotal role
in copper homeostasis. In the presence of an elevated Cu concentration, ATP7B redistributes
from the trans-Golgi network to hepatocytes’ apical pole for transport of the excess copper
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into bile [1–3]. The deficiency of this copper carrier causes the accumulation of copper in
the liver and, over time, in advanced disease, in the brain and various organs. To avoid
fulminant hepatic failure and various other potentially fatal issues, lifelong treatment is
therefore necessary, using copper chelators to facilitate the excretion of copper.

The current first-line oral treatment is based on D-penicillamine (DPA, 3-mercapto-D-
valine), and the second-line treatment is trientine (triethylene-tetramine, TETA) when DPA
is inefficient or not tolerated (for structures, see Figure 1). In fact, both drugs are used at high
doses (750–1500 mg/day of DPA or 900–2700 mg/day of TETA, for an adult), and exhibit
frequent adverse effects, such as bone marrow depression, anemia, skin rash, hemorrhagic
gastritis, and irreversible worsening of neurological symptoms, which may be serious
enough to require discontinuation of treatment (30% of patients treated with DPA) [4–6].
These chelators are often associated with zinc salts in order to induce metallothionein
synthesis and, consequently, to prevent copper intestinal absorption [3]. However, the
limitations of treating patients at the same time with a metal (Zn) and a non-selective metal
chelator have been emphasized [4].

Figure 1. Structures of the chelators TDMQ20, DPA, TETA, and bcTTM (base forms).

There is thus a real medical need for a specific copper chelator to regulate the copper
excess efficiently, at lower doses than those used for DPA or TETA, and with fewer side
effects in the context of long-term treatments. TDMQ20 (Figure 1) is a copper(II)-specific
chelator that can reverse memory loss in the early stages of a murine model of Alzheimer’s
disease [7]. We recently reported that low doses of TDMQ20 (25–50 mg/kg) are more
efficient at decreasing the hepatic concentration of copper and improving its physiological
excretion pathway than DPA at 200 mg/kg/day. TDMQ20 also increases the serum concen-
tration of ceruloplasmin a signature of the normal situation [8]. In addition, contrary to
DPA, TDMQ20 does not inhibit the in vitro activity of copper-dependent enzymes, such
as Cu,Zn-superoxide dismutase (Cu,Zn-SOD), and does not induce oxidative stress in the
presence of copper ions, a feature accounting for a better safety profile than that of DPA [8].

Ammonium tetrathiomolybdate [(NH4)2(MoS4)] has been considered for decades as
a possible alternative to DPA and TETA in the treatment of WD [9]. This idea was born
from the evidence of a severe copper deficiency in grazing ruminants in several places of
the world where foodstuffs naturally rich in molybdenum are consumed, despite a rather
high level of copper present in pasture soil. In fact, in the sulfur-rich rumen, molybdate is
converted to thiomolybdate, which readily reacts with dietary copper to yield an insoluble
copper tetrathiomolybdate polymer, thus causing copper sequestration and depletion in
animals [10]. Ammonium tetrathiomolybdate (Coprexa®) at an oral dose of 60 mg/day
was proposed as a treatment for WD [4,11] but has never been approved [12]. Bis-choline-
tetrathiomolybdate (WTX101, also now known as ALXN1840 or Alexion, bcTTM; Figure 1)
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has also been proposed as a drug candidate due to its improved stability compared to the
ammonium derivative [13]. In 2023, BcTTM was removed from Astra-Zeneca’s clinical-
phase pipeline after two unsuccessful phase-II trials at 15–60 mg per day in adults [14], a
dose that was ineffective “to show that copper was actually eliminated from the body” [15].
A phase-III trial with bcTTM administered at 60 mg daily is, however, in progress [16].
Consequently, we decided to add bcTTM to the present comparative study, together with
the clinically used drugs DPA and TETA, both in vitro and in the TX model of WD.

2. Materials and Methods
All solvents were purchased and used without purification. TDMQ20 was prepared

as reported [17].

2.1. Aerobic Oxidation of Ascorbate

Aerobic oxidation of ascorbate in the presence of chelators was carried out in the
experimental conditions reported [8].

2.2. Activity of Cu,Zn-SOD

The activity of Cu,Zn-SOD in the presence of copper chelators was monitored us-
ing a dedicated SOD kit supplied by Sigma-Aldrich (Saint-Quentin-Fallavier, France) as
described [8], except that the mixture containing Cu,Zn-SOD and the chelator was pre-
incubated for 1 h at 37 ◦C in a UV-vis cuvette before addition of the reagent working
solution (WST-1) and enzyme working solution (xanthine oxidase). The production of
formazan was monitored at 450 nm for 45 min at 37 ◦C under magnetic stirring.

2.3. Animals and Treatments

The animals used in the treatments included TX mice, provided by Sun Yat-Sen
University (Guangzhou), and C57BL/6 mice, provided by the Guangdong experimental
animal center (Guangzhou). The animals were in good health and had not been subjected
to any previous procedure. After a 14-day acclimatization period, the 8-week-old TX
mice (WD) were randomly distributed into 8 groups of 6 mice (3 males + 3 females, or
2 males + 4 females). The control group was made up of 3 male and 3 female C57BL/6
mice. Six mice per group is a necessary and sufficient sample size for a statistically sig-
nificant analysis of the results. So, the number of animals used was limited to the strict
minimum necessary to achieve the scientific validity of the results, in the framework of the
3Rs principle.

The mice in each group were then treated by intragastric gavage twice a day (every
12 h) for 14 consecutive days. For each treatment, the TX mice received TDMQ20 in NaCl
0.9 wt% at doses of either 0, 6.25, 12.5, or 25.0 mg/kg/ (corresponding to the daily doses
0, 12.5, 25.0, 50.0 mg/kg/d) for the WD, TDMQ-12.5, TDMQ-25, and TDMQ-50 groups,
respectively. On the same schedule, the C57BL/6 mice received NaCl 0.9 wt%. The DPA
groups were treated twice a day with DPA at 12.5 or 100 mg/kg in NaCl 0.9 wt% (daily
dose = 25.0 or 200 mg/kg/d, respectively). The TETA groups were also treated twice a
day with TETA at 12.5 or 100 mg/kg in NaCl 0.9 wt% (daily dose = 25 or 200 mg/kg/d,
respectively). The TTM group was treated twice a day with bcTTM at 6.0 mg/kg in NaCl
0.9 wt% (daily dose = 12 mg/kg/d).

At the end of the treatment period, the mice (10-week-old) were placed in metabolic
cages for 12 h in order to collect urine and feces. At the end of this 12 h period, the mice were
anesthetized using 2.5% Avertin diluted in 0.9% NaCl at a dose of 125 µL/10 g body weight
and sacrificed. Cardiac blood was collected and left to coagulate at room temperature for
30 min before centrifugation at 4 ◦C at 3000× g rpm for 10 min to obtain serum samples.
During this 30 min period, liver, kidney, and serum were collected for copper dosage.
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2.4. Cu Dosage in The Liver, Urine, and Kidneys

The copper concentrations in the urine, liver, and kidney were determined via induc-
tively coupled plasma mass spectrometry (ICP-MS) on a ICAP-QC equipment (Thermo-
Scientific, Waltham, MA, USA) [8]. All the samples of the six mice per group were used
(n = 6), except in the following cases: (1) liver analysis: n = 5 in the group DPA-25 mg/kg
(one sample lost), (2) urine analysis: n = 5 in groups WD, TDMQ20-25 mg/kg, DPA-25
mg/kg, and TTM-12 mg/kg; n = 4 in groups TDMQ20-50 mg/kg and DPA-200 mg/kg
(failed to recover a sufficient volume of urine), and (3) kidney analysis: n = 4 in group
TDMQ20-50 mg/kg; n = 5 in group DPA-25 mg/kg (identified experimental errors).

2.5. Apo- and Holo-CP in Mouse Serum

Apo- and holo-CP were quantified in mouse serum using non-denaturing Western blot
conditions, as follows. The serum samples of 3 mice were analyzed, chosen at random from
each group. Quantification of total proteins was carried out in each serum sample using a
BCA kit (Beyotime, Haimen, China; Cat No. P0012S); each sample was then mixed at a 5/1
volume ratio of serum/non-denaturing and non-reducing loading buffer (Biosharp, Hefei,
China; Cat No. BL529B), placed on ice for 30 min, and stored at −80 ◦C until processing for
detection. The electrophoresis of proteins was then carried out on a commercially available
10% non-denaturing PAGE gel (Biosharp, Hefei; Cat No. BL1336A). A constant voltage
of 60 V was applied for 30 min to bring the sample proteins to the starting position of
the separating gel. Then, a constant voltage of 140 V was applied for 4 h to separate the
proteins according to their molecular weight, shape, and electrical charge (the size marker
was pre-staining Rainbow Protein Marker 10-180 KDa, ThermoFisher, Shanghai, China; Cat
No. 26617). The above electrophoresis processes were carried out under ice bath conditions
to prevent protein denaturation during electrophoresis. Under the condition of a constant
current of 300 mA for 1 h, the separated proteins were transferred to a PolyVinyliDene
Fluoride (PVDF) membrane, and the PVDF membrane was then blocked with 5% skimmed
milk powder for 2 h. Then, the membranes were incubated overnight with the primary
antibody at 4 ◦C (Ceruloplasmin Monoclonal antibodies, Proteintech (Wuhan Shi, China;
Cat No. 66156-1-Ig, dilution 1/2500 and Albumin Monoclonal antibody, Proteintech, Cat
No. 66051-1-Ig, dilution 1/5000). The protein membranes were washed 3 × 10 min with
tris-buffered saline containing 0.1% Tween 20 (TBST). The secondary antibody was then
incubated at room temperature for 1 h (Affinity brand Goat Anti-Mouse IgG (H+L) HRP-
# S0002, dilution 1/10,000). The protein membranes were washed 3 × 10 min with TBST
and then 1 × 5 min with tris-buffered saline (TBS). Finally, the protein membranes were
developed with ECL Western blotting substrate (Solarbio, Beijing, China; Cat no. PE0010).
The experiments were carried out in triplicate.

The equipment used for gel preparation and separation was a Mini-Double Vertical
Electrophoresis System (Beijing Liuyi Instrument Factory, Beijing, China) with a DYY-7C
Power Supply (Beijing Liuyi Instrument Factory). ECL development was carried out using
a Peiqing JS-1070P chemiluminescence gel imaging analyzer (JS-1070P, Jiaozuo, China).

2.6. Ferroxidase Activity of CP in Serum

The ferroxidase activity of CP in the mouse serum was quantified for all 6 mice in each
group using CP’s ability to catalyze 3,3′,5,5′-tetramethylbenzidine reduction to produce
formazan, detected by its characteristic absorption at 645nm. A CP Activity Kit (Solarbio,
Beijing, China; Cat No. BC1305) was used according to the supplier’s instructions.
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2.7. Analysis of Liver ATP7B and CP

Analysis of liver ATP7B and CP in the mice was carried out using denaturing Western
blot conditions, as follows. The serum samples of 3 mice were analyzed, chosen at random
from each group. Quantification of total proteins was carried out for each serum sample
using a BCA kit (Beyotime, Haimen, China; Cat No. P0012S), and each sample was then
diluted to 3 mg/mL of proteins. The diluted samples were heated in a water bath at 95 ◦C
for 10 min to denature proteins. The electrophoresis of proteins was then carried out on
commercially available 8% sodium dodecyl sulfate (SDS) polyacrylamide gels (Biosharp,
Hefei, China; Cat No. BL522A). A constant voltage of 60 V was applied for 30 min to bring
the sample proteins to the starting position of the separator gel. Then, a constant voltage
of 120 V was applied for 1 h to separate the proteins according to their molecular weights
(the size marker was pre-staining Rainbow Protein Marker 10–180 KDa, ThermoFisher,
Shanghai, China; Cat No. 26617). Under a constant current of 300 mA for 1 h, the separated
proteins were transferred to a PolyVinyliDene Fluoride (PVDF) membrane, and the PVDF
membrane was then blocked with 5% skimmed milk powder for 2 h. Then, the membranes
were incubated overnight at 4 ◦C, with the primary antibody (Ceruloplasmin Polyclonal
antibody, Proteintech, Wuhan Shi; Cat No. 21131-1-AP, dilution 1/1000, ATP7B-Specific
Polyclonal antibody, Proteintech, Wuhan Shi; Cat No. 19786-1-AP, dilution 1/25,000,
and beta Actin Antibody, Affinity, Cat No. AF7018, dilution 1/10,000). The membrane
was washed 3 × 10 min with tris-buffered saline containing 0.1% Tween 20 (TBST). The
secondary antibody was then incubated at room temperature for 1 h (Affinity brand Goat
Anti-Rabbit IgG (H + L) HRP- # S0001, dilution 1/10,000). The membrane was washed
3 × 10 min with TBST, then for 1 × 5 min with tris-buffered saline (TBS). Finally, the
membrane was developed with ECL Western blotting substrate (Solarbio, Beijing, China;
Cat no. PE0010).

The equipment used for gel preparation and separation was a Mini-Sub Cell GT
Horizontal Electrophoresis system (Bio-Rad, Hercules, CA, USA) with a DYY-7C Power
Supply (Beijing Liuyi Instrument Factory). ECL development was carried out using a
Peiqing JS-1070P chemiluminescence gel imaging analyzer (JS-1070P, Jiaozuo, China). The
experiments were carried out in triplicate.

2.8. Hepatic CYP7A1 and CYP7B1 in Mice

Hepatic CYP7A1 and CYP7B1 in the mice were analyzed by Tandem Mass Tag (TMT)
LC-MS/MS. The livers of 3 mice were analyzed individually, chosen at random from each
group. Liquid nitrogen was added to the frozen liver samples (20 mg), which were weighed
in a 2 mL centrifuge tube. Sample lysing buffer, phosphatase inhibitor, and phenylmethyl-
sulfonyl fluoride (PMSF) at a final concentration of 1 mM were then added. The liver
samples were then ground twice in a cryostat at −35 ◦C for 120 s. The samples were then
centrifuged at 12,000× g rpm for 10 min at 4 ◦C, and the supernatants were harvested. The
quantification of total proteins was carried out using a BCA kit (ThermoScientific, Shanghai,
China; Cat no. 23225). The volume corresponding to 50 µg of protein was taken from each
liver sample and diluted to 0.5 mg/mL with cell lysis buffer (Beyotime, Haimen, China; Cat
no. P0013G) before trypsinization. A TMTpro16 Labeling Kit (ThermoScientific, Shanghai;
Cat no. A44520) was used to label the peptide fragments. LC-MS/MS was performed
on these labeled liver samples using a Zorbax Extend-C18 column (2.1 × 150 mm, 5 µm,
from Agilent, Santa Clara, CA, USA) at a flow rate of 300 µL/min. The eluent A was
H2O containing 0.1 vol % of formic acid (FA), and the eluent B was acetonitrile/H2O/FA,
80/19.9/0.1, v/v/v). The elution gradient consisted of linear slope segments as follows:
from A/B = 98/2 at t0 to A/B = 72/28 at 50 min, then A/B = 58/42 at 60 min, and then
A/B = 10/90 at 65 min. The ratio A/B = 10/90 was then maintained until 75 min. The
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mass resolution of the first-level MS was set to 60,000, and the maximum injection time was
50 ms. Mass spectrometry scanning was set to the full scan charge-to-mass ratio m/z range
of 350–1500. All MS/MS spectra were collected using high-energy collisional fragmentation
in data-dependent positive ion mode. The resolution of MS/MS was set to 30,000, and the
maximum ion injection time was 80 ms. The dynamic exclusion time was set to 30 s.

2.9. Data Analysis

Data analyses were carried out using SPSS Statistics software (version 26). Data are
provided as mean values ± standard error of the mean (SEM). Statistical analyses were
performed using a non-parametric test. Differences with p > 0.05 were considered not
significant (ns), * p < 0.05, ** p < 0.01, and *** p < 0.001, n = 6 except otherwise stated. Graph
presentations were drawn with Prism GraphPad 8.0.2.

3. Results
3.1. Copper Dosage in TX Mice After Treatment with Copper Chelators

The eight-week-old TX mice (WD) were treated per os for 14 days using either
TDMQ20 at daily doses of 25.0 and 50.0 mg/kg (in NaCl 0.9%); DPA at daily doses of
25 mg/kg for direct comparison with TDMQ20; or 200 mg/kg/d, which is the reference
dose of DPA in TX mice [18]. In all cases, half the daily doses were administered in the
mornings and evenings. For comparison, the TX mice were also treated either with TETA
at the same doses as DPA (i.e., 25 or 200 mg/kg/d) or with bcTTM at 12 mg/kg/d [18].
Urine samples were collected over a 12 h period following the final administration. The
mice were then sacrificed at d15, and copper concentrations in the liver were determined
via ICP-MS and compared to those of the normal (healthy) C57BL/6 mice used as controls.
The mean values of each animal group are reported in Table 1 and Figure 2. Individual
mouse dosages are reported in the Supporting Information (Table S1).

Table 1. Concentration of copper in control mice, TX mice (WD), and TX mice treated with TDMQ20
or DPA or TETA or bcTTM, as mean values for 6 mice of each group ± SEM, calculated using SPSS
Statistics software, v. 26. a Decrease in Cu concentration in treated mice with respect to WD, calculated
as ∆ = [1 − (Cu in treated group/Cu in WD group)] × 100. b Increase in Cu concentration in treated
mice with respect to WD, calculated as (Cu in treated group/Cu in WD group). c n = 5. d n = 4.

Group
n = 6

Mean Cu in Liver ± SEM
(mg/kg)

∆
Versus WD a

Mean Cu in Urine ± SEM
(mg/L)

∆
Versus WD b

Control 4.3 ± 0.3 0.13 ± 0.05

WD (untreated) 298 ± 3.1 - 0.39 ± 0.12 c -

25 mg/kg TDMQ20 250 ± 8.7 −16% 0.46 ± 0.27 c × 1.2

50 mg/kg TDMQ20 215 ± 0.4 −28% 1.92 ± 1.38 d ×4.9

25 mg/kg DPA 267 ± 15.6 c −10% 1.82 ± 1.25 c ×4.7

200 mg/kg DPA 254 ± 8.3 −15% 4.28 ± 1.53 d ×11.0

25 mg/kg TETA 266 ± 12.5 −11% 1.10 ± 0.70 ×2.8

200 mg/kg TETA 284 ± 13.3 −5% 1.25 ± 0.59 ×3.2

12 mg/kg bcTTM 303 ± 11.1 +2% 0.66 ± 0.19 c ×1.7
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Figure 2. Dosage of copper in the liver (a) and urine (b) of TX mice (WD) after oral treatment for
14 days with TDMQ20 at 25 mg/kg/d or 50 mg/kg/d, compared with WD mice orally treated with
DPA at 25 or 200 mg/kg/d, with TETA at 25 or 200 mg/kg/d, or with bcTTM at 12.0 mg/kg/d.
Control mice are healthy C57BL/6 mice. The red arrow indicates the dose-dependent decrease in liver
Cu concentration upon treatment with TDMQ20. Dashed red lines indicate the mean value obtained
for WD mice ± 5%. The p-values with statistical significance for liver copper are as follows: control
vs. WD < 0.001, WD vs. TDMQ20-25 mg/kg = 0.020, WD vs. TDMQ20-50 mg/kg = 0.001, and WD vs.
DPA-200 mg/kg = 0.035. The p-values with statistical significance for urine copper are as follows:
WD vs. TDMQ20-50 mg/kg = 0.030, WD vs. DPA-25 mg/kg = 0.016, WD vs. DPA-200 mg/kg = 0.001,
and WD vs. TETA-200 mg/kg = 0.040. Groups TDMQ20-25 mg/kg and TDMQ20-50 mg/kg are
similar to groups TDMQ20-M and TDMQ20-H, respectively, as reported [8]. Differences with p > 0.05
were considered not significant (ns), * p < 0.05, ** p < 0.01, and *** p < 0.001, n = 6 except otherwise
stated in Table 1.

As expected, the level of copper in the livers of the untreated WD mice (Table 1,
WD group) was dramatically higher than that in the healthy mice (control group), with
concentrations at 4.3 mg/kg and 298 mg/kg, respectively. Treatment with TDMQ20 at a
daily dose of 25 or 50 mg/kg for 14 days induced a significant dose-dependent decrease
in hepatic copper loading (−16% at 25 mg/kg, −28% at 50 mg/kg). DPA administered at
200 mg/kg exhibited an effect equivalent to TDMQ20 at 25 mg/kg (−15%). This result is
consistent with our previous report, confirming that a dose of DPA 8 times higher than
that of TDMQ20 is required to produce a comparable decrease in hepatic Cu [8]. Moreover,
DPA at 25 mg/kg induced only a 10% reduction in hepatic copper loading, which was
not statistically significant. The administration of TETA at 25 or 200 mg/kg/d induced
a reduction in hepatic copper concentration ranging from 5% to 11% compared with the
untreated mice (Table 1). This decrease was not statistically significant and not dose-
dependent (Figure 2a). BcTTM at the daily dose of 12 mg/kg failed to decrease the liver
Cu concentration in the TX mice compared with the untreated animals (Table 1, Figure 2a).
Treatment with TDMQ20 induced a significant increase in the urine excretion of Cu with
respect to the WD group, especially at 50 mg/kg (× 4.9 versus WD, Table 1, Figure 2b).
This effect was similar to that of DPA at 25 mg/kg (× 4.7 vs. WD) and lower than that
of DPA at 200 mg/kg (× 11 vs. WD). TETA at the high dose of 200 mg/kg exhibited
a lower effect than that of TDMQ20 at 50 mg/kg/d (a dose 4 times lower) or DPA at
25 mg/kg/d (8 times lower). BcTTM 12 mg/kg did not significantly improve the urinary
excretion of Cu (× 1.7 versus WD). Consequently, DPA at 200 mg/kg/d is the most efficient
treatment in improving the urinary excretion of Cu. Conversely, it was reported that
TDMQ20 significantly increased fecal elimination of copper in a dose-dependent manner in
untreated WD mice, which was not the case in WD mice treated with DPA at 200 mg/kg [8],
suggesting different copper excretion routes for these two drugs. It is worth noting that in
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humans, it was reported that bcTTM strongly inhibited the dietary uptake of 64Cu in the
intestinal lumen, resulting in increased fecal excretion, but did not increase biliary excretion
of 64Cu in healthy volunteers [19].

The mean concentration of Cu in the kidneys of the WD mice was significantly in-
creased compared to the control mice (6.28 mg/kg compared to 4.66 mg/kg, an increase
of +35%, Figure 3). Individual mouse dosages are reported in the Supporting Information,
Table S2. This copper concentration was normalized (4.83 mg/kg) after treatment with
TDMQ20 at the daily dose of 50 mg/kg. Conversely, the copper level was not significantly
decreased by any other treatment, namely, DPA, TETA, or bcTTM, remaining in the range
of 6–7 mg/kg. This result suggests a possible storage/accumulation of Cu in the kidneys
of WD animals, a situation that was reversed by treatment with TDMQ20, but not with the
other drugs.

Figure 3. Dosage of copper in the kidneys of TX mice (WD) after oral treatment for 14 days with
TDMQ20 at 25 mg/kg/d or 50 mg/kg/d, compared with WD mice orally treated with DPA at 25 or
200 mg/kg/d, with TETA at 25 or 200 mg/kg/d, or with bcTTM at 12.0 mg/kg/d. Control mice are
healthy C57BL/6 mice. Red arrows indicate the dose-dependent decrease in kidney Cu concentration
upon treatment with TDMQ20. Dashed red lines indicate the mean value obtained for WD mice ± 5%.
The p-values with statistical significance for kidney copper are as follows: control vs. WD = 0.007, WD
vs. TDMQ20-25 mg/kg = 0.047, and WD vs. TDMQ20-50 mg/kg = 0.031. Groups TDMQ20-25 mg/kg
and TDMQ20-50 mg/kg are similar to groups TDMQ20-M and TDMQ20-H, respectively, as reported
in [8]. Differences with p > 0.05 were considered not significant (ns), * p < 0.05, and ** p < 0.01, n = 6,
except for the TDMQ20-50 mg/kg group (n = 4) and for the DPA-25 mg/kg group (n = 5).

3.2. Serum Ceruloplasmin in TX Mice
3.2.1. Quantity of Apo-CP and Holo-CP in the Serum

The concentration of ceruloplasmin in the serum of the WD mice was reported to be
significantly lower than that of the control mice. This impairment was fully reversed by
oral treatment with TDMQ20 at 25 or 50 mg/kg/d [8]. It has been reported, however, that
(i) apo-CP is the major component of total CP in mammalian blood plasma [20], despite
the fact that its turnover (removal from the circulation) is more rapid than that of the holo
form [21], and (ii) the holo-CP concentrations in mouse serum increase in parallel with the
copper concentration [22]. We thus investigated the proportions of holo-ceruloplasmin
(holo-CP) and apo-ceruloplasmin (apo-CP) by analysis of mouse serum proteins by PAGE
electrophoresis in non-denaturing conditions. The proportion of apo-CP and holo-CP with
respect to the total amount of CP was calculated for each gel. The results reported in
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Figure 4 indicate that holo-CP in the WD serum was only 16% of CP, compared to 34%
in the controls. The treatment of the WD mice with TDMQ20 resulted in significant and
dose-dependent increases in the proportion of holo-CP (+25% at 25 mg/kg/d and 50% at
50 mg/kg/d, Figure 4b, grey bars).

Figure 4. (a) Representative example of a non-denatured Western blot analysis of serum ceruloplasmin
(CP, 30 µg of total proteins deposited in each lane). (b): Proportions of apo-CP (black bars) and holo-
CP (grey bars) with respect to total CP; the results depicted in panel (b) are the mean value ± SEM of
three protein deposits. Groups TDMQ20-25 mg/kg and TDMQ20-50 mg/kg are similar to groups
TDMQ20-M and TDMQ20-H in [8]. Not significant (ns) when p > 0.05. The p-values with statistical
significance for holo-CP (c) are as follows: control vs. WD < 0.001, WD vs. TDMQ20-25 mg/kg = 0.002,
WD vs. TDMQ20-50 mg/kg < 0.001, and control vs. TDMQ20-50 mg/kg = 0.001. Individual data
reported in Table S3. The experiment was carried out three times with comparable results. Differences
with p > 0.05 were considered not significant (ns), * p < 0.05, ** p < 0.01, and *** p < 0.001.

In addition, the amount of apo-CP in the mouse serum, measured as the apo-
CP/albumin ratio, was not significantly impaired in the WD mice compared to the controls,
and it did not change upon treatment with TDMQ20 up to 50 mg/kg/d (Table S4, Figure S1).
Conversely, holo-CP was drastically lower in the WD mice compared to the controls. It is
worth noting that the treatment with TDMQ20 resulted in a significant and dose-dependent
increase in the holo-CP/albumin ratio. These results indicate a significant mobilization of
Cu after oral treatment with TDMQ20 at 50 mg/kg/d.

3.2.2. Ferroxidase Activity of CP in Serum

In the mammalian plasma, 95% of the copper ions are associated with CP. As the
principal plasma ferroxidase, CP is responsible for the production of Fe(III), the form
of iron that can be bound by transferrin and ferritin [22]. So, to confirm the functional
status of serum holo-CP upon the treatment of WD mice with TDMQ20, the ferroxidase
activity of CP was evaluated using a p-phenylenediamine substrate, namely, 3,3′,5,5′-
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tetramethylbenzidine [23]. The results are depicted in Figure 5 (raw data for six independent
dosages are reported in Table S5). The oxidase activity of the WD mouse serum was
6.47 ± 0.36 U/mL, compared to 11.51 ± 0.07 U/mL in the control serum (−44%). It should
be noted that this result is consistent with the lower proportion of holo-CP, which was
roughly half in the WD mice compared to the controls (Figure 4b). The treatment of the
WD mice with TDMQ20 resulted in a dose-dependent increase in the enzymatic activity of
CP, which was nearly restored at the daily dose of 25 mg/kg (84% of the control value) and
fully restored at the daily dose of 50 mg/kg. Conversely, the treatment with DPA at the
much higher dose of 200 mg/kg/d was necessary to produce a similar effect (Figure 5).

Figure 5. Serum ferroxidase activity in each group of mice. The result is the mean value ± SEM of
six mice in each group. Differences with p > 0.05 were considered as not significant (ns), * p < 0.05,
** p < 0.01, and *** p < 0.001. The p-values with statistical significance are as follows: control vs.
WD < 0.001, WD vs. TDMQ20-25 mg/kg = 0.049, WD vs. TDMQ20-50 mg/kg < 0.001, TDMQ20-50
mg/kg < 0.001, WD vs. DPA-200 mg/kg = 0.003, and TDMQ20-50 mg/kg vs. DPA-200 mg/kg = 0.049.
Groups TDMQ20-12.5 mg/kg, TDMQ20-25 mg/kg, and TDMQ20-50 mg/kg are similar to groups
TDMQ20-L, TDMQ20-M, and TDMQ20-H, respectively, as reported in [8].

Due to its ferroxidase activity, ceruloplasmin is a physiologically relevant inhibitor of
myeloperoxidase, suggesting that it should provide a protective shield against inadvertent
oxidative stress induced by myeloperoxidase during inflammation [24,25]. In conditions of
oxidative stress, restored CP activity may alleviate liver inflammation (hepatitis) and subse-
quent fibrosis, as well as neuroinflammation in WD patients [26,27]. It is worth noting that
in the cortex of two different mouse models of Alzheimer’s disease, TDMQ20 was found to
reduce the level of malondialdehyde (MDA), a marker of the occurrence of lipid damage
induced by peroxides [7]. This result is consistent with the restoration of ferroxidase activity
of CP by TDMQ20 and the subsequent lower activity of myeloperoxidase. For related
reasons, it was proposed that CP may play a protective role against neurodegenerative
diseases [28–30].

3.3. Liver Proteins in TX Mice
3.3.1. ATP7B and CP

As major proteins involved in WD, the levels of ATP7B and CP in the livers of the
WD mice after treatment with TDMQ20 or DPA were analyzed by Western blot analysis
after denaturing SDS-PAGE. The results are reported in Figure 6 and Table S6. As expected,
the hepatic level of the ATP7B protein in the WD mice was drastically lower than that
of the control mice. This concentration was significantly higher in the WD mice treated
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with TDMQ20 at 50 mg/kg/d, very similar to that of the WD mice treated with DPA at
200 mg/kg/d, and close to that of the control mice (Figure 6a,c).

Figure 6. Representative example of a denatured Western blot analysis of liver ATP7B (a) and CP (b).
The quantification of liver ATP7B and CP was carried out using β-actin as an internal standard (panels
(c) and (d), respectively). The results are the mean value ± SEM of 3 mice in each group. Differences
with p > 0.05 were considered as not significant (ns), * p < 0.05, ** p < 0.01, and *** p < 0.001. The
p-values with statistical significance are as follows: for ATP7B/β-actin: control vs. WD < 0.001, 0.07,
WD vs. TDMQ20-50 mg/kg = 0.003, and WD vs. DPA-200 mg/kg = 0.001; for CP/β-actin: control
vs. WD = 0.007, WD vs. TDMQ20-50 mg/kg < 0.001, and WD vs. DPA-200 mg/kg = 0.017. The
experiment was carried out three times with similar results.

The level of total CP (apo- + holo-protein) in the livers of the control mice was also sig-
nificantly higher than that of the WD group. The treatment with TDMQ20 at 12.5 mg/kg/d
and 25 mg/kg/d resulted in an increasing trend, but the results were not statistically
significant. However, at the dose of 50 mg/kg/d, the hepatic concentration of CP returned
to the value of the control group and was slightly higher than that of the mice treated with
DPA (Figure 6b,d). These results underline the fact that the administration of TDMQ20
promotes the synthesis of ATP7B and CP in the livers of TX mice at a dose four times lower
than that of DPA. This feature is expected to facilitate the excretion of copper by the liver.

3.3.2. Other Proteins in the Liver, Mamely, CYP7A1 and CYP7B1, and the Relation with
Lipid Metabolism

In the Atp7b−/− mouse model of WD, copper down-regulates lipid metabolism, partic-
ularly cholesterol biosynthesis [31], and patients with hepatic symptoms exhibit lower total
cholesterol serum concentration than others [32]. Steatosis is also frequent in patients with
WD, and there is a trend for higher copper levels in patients with steatohepatitis; however,
the direct link between copper increase and steatosis in WD remains unclear [33,34].
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In a preliminary proteomics study of the livers of the TX mice, we found that the level
of CYP7A1 is drastically lower in the TX mice compared to the controls, but that TDMQ20
at 50 mg/kg/d can up-regulate it (Figure 7 and Table S7). The cytochrome P450 isozyme
CYP7A1 catalyzes the hydroxylation of cholesterol to 7α-hydroxycholesterol, playing a
critical role in the homeostasis of mammalian cholesterol. This reaction is also the first and
rate-limiting step in bile acid synthesis [35,36].

Figure 7. Liver proteomics analysis of CYP7A1 and CYP7B1 enzymes involved in bile acid and salt
synthesis. The p-values with statistical significance are as follows: for CYP7A1: control vs. WD = 0.017
and WD vs. TDMQ20-50 mg/kg = 0.013; for CYP7B1: control vs. TDMQ20-50 mg/kg = 0.031 and
WD vs. TDMQ20-50 mg/kg = 0.003. Differences with p > 0.05 were considered not significant (ns),
* p < 0.05, and ** p < 0.01.

Consequently, the recovery of normal CYP7A1 levels in the TX mice under TDMQ20
treatment is consistent with both the reduction in steatosis in the liver and the activation of
bile excretion of Cu that we recently reported in TX mice treated with TDMQ20 [8].

Contrary to CYP7A1, CYP7B1 (also known as 25-hydroxycholesterol 7α-hydroxylase
or oxysterol 7α-hydroxylase) is up-regulated in the livers of the TX mice compared to
the controls (Figure 7). The increase in CYP7B1 in the livers of the WD mice is reversed
after treatment with TDMQ20 (Figure 7). This enzyme likely plays a minor role in total
bile acid synthesis, but it is mainly involved in the 7α-hydroxylation of other steroid
substrates, such as 25-hydroxycholesterol and the neuro-steroids dehydroepiandrosterone
and pregnenolone [37–39]. To the best of our knowledge, the involvement of neuro-steroids
in the neurological presentation of WD has only been poorly investigated up to now [40].

3.4. Inhibition of Cu,Zn-SOD by Copper Chelators In Vitro

The activity of bovine Cu,Zn-SOD was measured in the presence of Cu chelators using
a dedicated SOD kit. The superoxide anion produced by the xanthine/xanthine oxidase
system reduces a tetrazolium salt to formazan, whose production is monitored by UV–
visible spectroscopy (450 nm). A high formazan concentration reflects a high superoxide
concentration and, consequently, high Cu,Zn-SOD inhibition. This assay was carried out at
increasing concentrations of TDMQ20 and compared to the other chelators bcTTM, DPA,
and TETA. The results are summarized in Figure 8.
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Figure 8. Inactivation of Cu,Zn-SOD in the presence of several concentrations of bcTTM 0.1–10 µM
(red), DPA 50–250 µM (green), TETA 500–750 µM (blue), and TDMQ20 500–600 µM (yellow). TDMQ20
was not tested at concentrations higher than 600 µM due to its lack of solubility in the experimental
medium of the Cu,Zn-SOD kit.

In the conditions used, bcTTM inhibited Cu,Zn-SOD at a very low concentration,
with an IC50 value below 0.2 µM (red bars). In fact, the Kaff value of bcTTM for Cu
(4 × 1019 M−1 [41]) has been estimated to be much higher than that of SOD (1017 M−1 [42]),
leading to the de-coppering of SOD and subsequent loss of enzymatic activity. Accordingly,
TTM was reported as an antitumor copper-binding drug that attenuates angiogenesis and
tumor cell proliferation through the inhibition of superoxide dismutase [43,44].

The IC50 value of DPA for the inactivation of Cu,Zn-SOD is in the range 50–100 µM
(green bars). This value may explain the fact that the erythrocyte Cu,Zn-SOD is signifi-
cantly decreased in patients undergoing long-term treatment with penicillamine [45]. The
IC50 values of TETA and TDMQ20 were similar, close to 600 µM (blue and yellow bars,
respectively). In fact, contrary to bcTTM and DPA, these drugs did not significantly inhibit
SOD below 500 µM. However, one should note that the active concentration of TETA in the
mice was 200 mg/kg, while that of TDMQ20 required to produce a comparable effect was
25–50 mg/kg, i.e., 4 or 8 times lower. So, TDMQ20 has a significant advantage over TETA
in this respect since much lower doses should be used in vivo.

3.5. Aerobic Oxidation of Ascorbate by Copper Chelators In Vitro

The Cu-induced ascorbate oxidation in the presence of copper chelators (chelator/Cu
molar ratio = 1.1/1) was monitored by UV–visible spectroscopy at 265 nm, as a classical
test to detect in vitro ROS production induced by Cu(II) in the presence of molecular
oxygen [46]. The results are reported in Figure 9. As expected, ascorbate was fully oxidized
in the presence of CuCl2 after a few minutes (<10 min, Figure 9a, grey dashed trace) while
autoxidation in the absence of Cu was only 3% after 30 min (no additive, Figure 9b). In
the presence of DPA associated with Cu2+, the full oxidation of ascorbate was achieved in
30 min, consistent with already reported data [8]. The oxidation of ascorbate in the presence
of any other used chelator, TETA, TDMQ20, or bcTTM, was negligible in these conditions
(below 4% after 30 min, similar to autoxidation). So, like TDMQ20, TETA and bcTTM fully
inhibited ascorbate oxidation in the presence of copper ions at a ligand/metal (L/M) molar
ratio = 1/1 by sequestering Cu in a redox-inactive form.
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Figure 9. (a) Kinetics of ascorbate oxidation in the presence of CuCl2 alone (dashed grey), or CuCl2
associated with bcTTM (red), DPA (green), TETA (blue), or TDMQ20 (yellow), compared with
ascorbate autoxidation (grey full trace). Drug/CuCl2 molar ratio = 1.1/1. (b) Percentage of ascorbate
oxidation at 30 min.

Conversely, DPA did not inhibit this model of oxidative stress, even in excess of the
chelator (DPA/Cu = 2/1) [8], suggesting that the copper complexes of DPA should induce
oxidative stress in vivo, while other chelators should not. In fact, it was reported that DPA
inactivates catalase through the reducing activity of its thiol functionality, thus disturbing
H2O2 homeostasis. This process may explain some of the deleterious effects observed with
DPA [47].

For bcTTM, a bcTTM/Cu molar ratio of 0.5/1 was also inefficient in oxidizing ascor-
bate (Figure S2), suggesting the formation of a redox-inactive complex of bcTTM containing
at least two copper ions per ligand.

4. General Discussion and Conclusions
The commonly used drugs DPA or TETA both cause a very high incidence (10–50%)

of neurological worsening in WD patients. This feature has been correlated with Cu-
induced oxidative stress, which was markedly increased in the striatum of TX mice during
DPA administration [18]. Conversely, complexation and retention of Cu by bcTTM in the
bloodstream have been reported to protect against cerebral uptake of bioavailable copper,
which may explain why bcTTM appears less likely to cause neurological worsening [19],
despite its intrinsic toxicity (see below). These three chelators, either used in the clinic or in
clinical development, have been compared with TDMQ20, a specific copper chelator able
to improve the memory status of mouse models of Alzheimer’s disease [7]. TDMQ20 has
been found safe in long-term administration in mice (45 doses of 10 mg/kg over a period
of 3 months) [7].

4.1. Structures of the Copper Complexes of DPA, TETA, TTM, and TDMQ20

To produce suitable drug candidates capable of specifically mediating the excretion
of copper or restoring its homeostasis, it is essential to take into consideration the basic
coordination chemistry of this metal, for example, the selectivity of these ligands for Cu
with respect to several other metals and the coordination sphere of the metal in the resulting
Cu(II) complexes.

DPA and TETA have been reported to coordinate, with high affinity, a wide va-
riety of metal ions (including biologically relevant ones, such as Cu, Zn, Fe, Ni, and
Co) [48,49]. The metal complexes of DPA can exhibit discrete structures with stoichiometry
L/M = 2/1 [50,51], as well as polymetallic cluster structures [52,53]. At physiological pH,
DPA forms a copper complex with a mixed valence cluster containing Cu(I), Cu(II), and
CuI-S-CuII bridges [54]. In addition, the existence of ternary complexes involving other
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amino acids, such as histidine or methionine [55,56], or proteins [57] may explain the
inhibition of metalloenzymes by DPA [45].

Contrary to DPA, TETA forms an octahedral complex with copper, with L/M stoi-
chiometry = 1/1, where the four nitrogen atoms of the ligand chelate the CuII ion in a
square planar geometry, the two apical positions being occupied by counter anions [58].
However, this ligand can also give rise to a hetero-binuclear Cu,Zn complex, where both
metal ions are penta-coordinated and connected through an imidazolato bridge [59]. The
versatile structures of the metal complexes of DPA and TETA in vivo may limit their effi-
ciency and selectivity for the excretion of copper, thus accounting for the toxic side effects
of these chelators.

Unlike DPA and TETA, TTM has been reported to have no significant affinity for
Fe, Mn, Zn, Ca, or Mg [43]. However, while ammonium and potassium tetrathiomolyb-
dates have been characterized as monomers by X-ray powder diffraction, the so-called
tetrathiomolybdates of cobalt(II), nickel (II), copper (II), and zinc are in fact mixtures of the
sulfides of these metals with molybdenum trisulfide, containing no thiomolybdate ion [60].
Conversely, the reaction of tetraethylammonium thiomolybdate with CuICl provided a
cluster based on a bis-cubane with [MoCu2S4] and [MoCu3S4] structures [61]. A cluster
consisting of a tetrahedral MoS4 core enveloped by an octahedral array of six copper atoms,
forming an MoS4Cu6 aggregate, has also been reported [62]. So, the tendency of TTM to
behave as a bridge between metal centers and to form clusters or oligomeric structures may
hamper its ability to efficiently excrete Cu in WD. Metallic aggregates can precipitate in
physiological conditions and are more difficult to eliminate from organs than well-defined
discrete metal–ligand complexes [63].

TDMQ20 chelates Cu(II) with high affinity (log Kapp = 16.5 at pH 7.4), in a discrete
complex with stoichiometry L/M = 1/1 [17]. This is clearly due to the N4-tetradentate
structure of the ligand, offering a nearly perfect square planar coordination of the metal
center, which is the preferred structure of Cu(II) complexes [64,65]. Consequently, TDMQ20
has a much lower affinity for Zn(II) (log Kapp = 4.2 at pH 7.4), whose competitive coordina-
tion should be avoided in vivo since zinc ions are essential in zinc finger proteins as well as
many allosteric proteins. Moreover, TDMQ20 has no significant affinity for Cu(I) and is
consequently unable to induce redox stress by the Fenton-like reductive activation of dioxy-
gen [17]. In addition, this chelator has no significant affinity for Fe(III), Ca(II), Mg(II) [65], or
Fe(II) [66]. Owing to these properties, TDMQ20 does not generate TDMQ20–Cu–X ternary
complexes [64,65] and does not inhibit Cu,Zn-SOD, tyrosinase, or other metal-containing
cofactors in vitro [67].

4.2. Molybdenum Toxicity

Since molybdenum was found to be toxic in ruminants [10], the human safety of TTM
is obviously a matter of question. In fact, several toxic effects have been reported in WD
patients treated with TTM and in animals, including bone marrow depression [68], elevated
liver enzymes [11], skeletal abnormalities [69], vomiting [70], and critical effects on repro-
duction and fetal development [71]. So, the tolerable daily intake (TDI) of molybdenum for
adult human chronic exposure was estimated at 0.009 mg of Mo/kg. Based on the daily
dose of 12 mg/kg of bcTTM tested in mouse models, the predictable efficient dose in hu-
mans is expected to be roughly 1 mg/kg [72], corresponding to a daily dose of 0.22 mg/kg
of Mo, i.e., 25 times higher than the calculated TDI. In fact, the daily dose of ammonium
TTM evaluated in adult patients with WD was in the range of 120-240 mg [73,74], corre-
sponding to 0.6–1.2 mg Mo/kg (body weight = 70 kg), i.e., 70–140 times higher than the
TDI. Moreover, the accumulation of molybdenum in major organs (liver, spleen, kidneys,
adrenals, brain) was evidenced after repeated oral administration of bcTTM to Sprague
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Dawley rats (15 or 60 mg/kg/d for 12 weeks) [75]. This result is consistent with a previous
report where Long-Evans Cinnamon (LEC) rats (which carry a mutation of the ATP7B
gene leading to Cu overload) were treated by intraperitoneal injection of tetrathiomolyb-
date. Microscopic examination of the livers of the animals indicated that both copper and
molybdenum colocalized in lysosomes as diverse copper-molybdenum-sulfur clusters [76].
Consistently, molybdenum clearance was much lower in the LEC rats than in the control
strain (Long-Evans Agouti [LEA] rats), which had normal copper metabolism [77]. This
suggests a probable higher toxicity of TTM in patients with WD than in healthy persons.
In fact, treatment of the Atp7b−/− mouse model (10 mg/kg/d, 4 weeks) with bcTTM
compromises mitochondrial integrity [78].

Besides the inhibition of Cu,Zn-SOD, TTM also inhibits several copper enzymes or
proteins [79], especially proteins that regulate copper trafficking, thus preventing metal
transfer functions. For example, the high stability of the TTM complex with the metal-
lochaperone Atx1 arises from the formation of a sulfur-bridged copper-molybdenum cluster
[S6Cu4MoS4] reminiscent of those found in molybdenum and iron sulfur proteins [80]. TTM
also forms a ternary complex with Cu and albumin, retaining Cu in the bloodstream [19].

All these results suggest that the mechanism of action of TTM may be a decrease in
the bioavailability of Cu (or a change in its redox properties) rather than an increase in
its excretion [15]. For a disease where lifelong treatment is indicated, the progressive and
deleterious accumulation of Mo may have serious clinical consequences.

4.3. Biological and Biochemical Comparison of DPA, TETA, TTM, and TDMQ20

Based on our results and relevant bibliographic data, a comparison of DPA, TETA,
TTM, and TDMQ20 as copper chelators to treat WD is summarized in Table 2. First, when
used at a daily dosage as low as 25 mg/kg, TDMQ20 decreased the copper loading in
the livers and the kidneys of the TX mice (Table 2, entries 6 and 8, respectively). Only
the clinically used DPA can decrease Cu in the liver, and only when used at 8 times the
dose (i.e., 200 mg/kg). When used at 200 mg/kg/d, DPA (and, to a lesser extent, TETA)
increased the urinary excretion of Cu, while TTM failed to increase Cu concentrations in
urine. However, the treatment with DPA did not improve the fecal excretion of Cu (entry
9). TTM (12 mg/kg) promoted the fecal excretion of Cu, but it has been demonstrated that
this effect is due to the inhibition of the dietary uptake of Cu in the intestinal lumen, rather
than increased biliary excretion [19]. Conversely, the increase in both the urinary and fecal
excretion of Cu induced by TDMQ20 showed a significant and dose-dependent effect in
the dose range of 12–25 mg/kg. This indicates the ability of TDMQ20 to rescue the fecal
excretion of Cu, which is the normal route in healthy individuals.

TDMQ20 increased holo-CP and ferroxidase activity of CP in the serum of the treated
TX mice (entries 11 and 12, respectively), while the CP and ATP7B levels were also increased
in the livers (entries 13 and 14, respectively), consistent with the exportation of hepatic Cu
by the chelator. In addition, the normalization of the concentrations of liver CYP7A and
CYP7B after TDMQ20 treatment at an effective concentration (entry 15) is consistent with
the decrease in liver steatosis (entry 10) and may reveal a possible target for the therapy of
WD, which has not been investigated up to now.

Compared with the other ligands, TDMQ20 is the only chelator that efficiently medi-
ates the excretion of Cu and the restoration of active CP levels at low doses. Such efficacy
is related to the design of this chelator, which specifically coordinates Cu(II) as a discrete
and soluble complex, without the participation of any other metal or ligand (entries 1 and
2). Conversely, DPA, TETA, and TTM give rise to various complexes with Cu, often with
oligomeric or cluster structures, which can be retained in blood circulation or sequestered
by proteins.
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Table 2. Comparison of the chelators TDMQ20, DPA, TETA, and TTM.

Entry TDMQ20 DPA TETA TTM

Coordination chemistry of the Cu–L complex

1 Cu selectivity Yes No No Yes

2 Structure of the
complex

Discrete,
L/M = 1/1 Versatile Versatile [Cu-Mo-S]

clusters

In vitro biochemistry

4

Inhibition
Cu,Zn-SOD

in vitro (IC50,
µM)

~600 <100 ~600 <0.2

5
ROS production

in vitro (IC50,
L/M = 1/1)

No
Yes

(also with
DPA/Cu = 2/1)

No No

Cu content in TX mouse and liver histology

6 Decrease in Cu
in liver Yes (25–50 mg/kg) Yes (200 mg/kg)

No (25 mg/kg) No (≤ 200 mg/kg) No (12 mg/kg)

7 Increase in Cu in
urine

Yes (50 mg/kg)
No (25 mg/kg)

Yes (200 mg/kg)
Yes (≥ 25 mg/kg)

Yes (200 mg/kg)
No (25 mg/kg) No (12 mg/kg)

8 Decrease in Cu
in kidney Yes (25–50 mg/kg) No (≤ 200 mg/kg) No (≤ 200 mg/kg) No (12 mg/kg)

9 Increase in Cu in
feces Yes (25–50 mg/kg) No (200 mg/kg) No (200 mg/kg) Yes

10 Decrease in liver
steatosis

Yes (complete at
50 mg/kg)

Yes (partial at
200 mg/kg) nd a nd

Protein content in TX mouse

11 Increase in
serum holo-CP

Yes at 50 mg/kg,
trend at 25 mg/kg nd nd nd

12

Increase in
ferroxidase

activity of CP in
the serum

Yes (25–50 mg/kg) Yes (200 mg/kg) nd nd

13 Increase in liver
CP Yes (50 mg/kg) Yes (200 mg/kg) nd nd

14 Increase in liver
ATP7B Yes (50 mg/kg) Yes (200 mg/kg) nd nd

15
Normalization of

CYP7A and
CYP7B

Yes nd nd nd

a nd = not determined. For bibliographic references, see text.

To conclude, taking into consideration all the advantages of TDMQ20 compared to
the other ligands and its lack of toxicity during long-term administration in mice [7], the
drug candidate TDMQ20 appears to be a first-class challenger with respect to DPA, TETA,
and bcTTM.
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mouse sample. Figure S1: Non-denatured Western blot analysis of serum ceruloplasmin: normalized
apo-CP and holo-CP, respectively, with respect to albumin. Figure S2: Kinetics of ascorbate oxidation
in the presence of TETA + Cu2+ or bcTTM + Cu2+.

Author Contributions: Conceptualization, B.M. and Y.L.; methodology, B.M., Y.L. and A.R.; vali-
dation, B.M., Y.L. and A.R.; investigation, Y.Z., W.P., G.L., L.L., Z.Z. and M.N.; writing—original
draft preparation, A.R. and B.M.; writing—review and editing, A.R., B.M. and Y.L.; supervision, Y.L.
and A.R.; project administration, Y.L.; funding acquisition, Y.L. and B.M. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 21977019, the Guangdong Provincial Key Laboratory of Plant Resources Biorefinery, grant
number 2021B1212040011, the Guangdong University of Technology, grant number 263118148, and
the “Centre National de la Recherche Scientifique” (France).

Institutional Review Board Statement: All the animal welfare and experimental procedures were
approved by the “welfare and ethics of laboratory animals” committee of the Guangdong University
of Technology (GDUT) (approval no. GDUTXS2022083, dated 7 November 2022) and were performed
by Guangzhou Huateng Bioscience Co., Ltd., Guangzhou, China (accreditation no. SYXK-2023-0112),
in accordance with relevant guidelines and regulations for the care and use of laboratory animals,
including ARRIVE guidelines. The staff in charge of the animal experiments received appropriate
training, and all efforts were made to minimize animal pain and discomfort. All animals used and
all samples collected were included in the data analyses, except otherwise stated. The number of
animals used was limited to the strict minimum necessary to achieve the scientific validity of the
results, in the framework of the 3Rs principle. This study did not have humane endpoints.

Informed Consent Statement: Not applicable (studies not involving humans).

Data Availability Statement: All data can be found either in this article or in the Supporting
Information published alongside this article. No artificial intelligence tools were used (neither to
design this research nor to execute, analyze, or write it).

Acknowledgments: Étienne Joly (IPBS, Toulouse) is acknowledged for English language correction.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of this study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Ala, A.; Walker, A.P.; Ashkan, K.; Dooley, J.S.; Schilsky, M.L. Wilson’s disease. Lancet 2007, 369, 397–408. [CrossRef] [PubMed]
2. Bandmann, O.; Weiss, K.H.; Kaler, S.G. Wilson’s disease and other neurological copper disorders. Lancet Neurol. 2015, 14, 103–113.

[CrossRef] [PubMed]
3. Lucena-Valera, A.; Perez-Palacios, D.; Muñoz-Hernandez, R.; Romero-Gómez, M.; Ampuero, J. Wilson’s disease: Revisiting an

old friend. World J. Hepatol. 2021, 13, 634–649. [CrossRef] [PubMed]
4. Walshe, J.M. The conquest of Wilson’s disease. Brain 2009, 132, 2289–2295. [CrossRef]
5. Sailer, J.; Nagel, J.; Akdogan, B.; Jauch, A.T.; Engler, J. Deadly excess copper. Redox Biol. 2024, 75, 103256. [CrossRef]
6. Kamlin, C.O.F.; Jenkins, T.M.; Heise, J.L.; Amin, N.S. Trientine tetrahydrochloride, from bench to bedside: A narrative review.

Drugs 2024, 84, 1509–1518. [CrossRef]
7. Zhao, J.; Shi, Q.; Tian, H.; Li, Y.; Liu, Y.; Xu, Z.; Robert, A.; Liu, Q.; Meunier, B. TDMQ20, a specific copper chelator, reduces

memory impairments in Alzheimer’s disease mouse models. ACS Chem. Neurosci. 2021, 12, 140–149. [CrossRef]
8. Zhu, Y.; Tang, Y.; Huang, L.; Nguyen, M.; Liu, Y.; Robert, A.; Meunier, B. The specific copper(II) chelator TDMQ20 is efficient for

the treatment of Wilson’s disease in mice. Pharmaceutics 2023, 15, 2719. [CrossRef]
9. Dick, A.T.; Dewey, D.W.; Gawthorne, J.M. Thiomolybdates and the copper-molybdenum-sulphur interaction in ruminant

nutrition. J. Agric. Sci. Camb. 1975, 85, 567–568. [CrossRef]
10. Mason, J. Thiomolybdates: Mediators of molybdenum toxicity and enzyme inhibitors. Toxicology 1986, 42, 99–109. [CrossRef]

https://www.mdpi.com/article/10.3390/pharmaceutics17091237/s1
https://www.mdpi.com/article/10.3390/pharmaceutics17091237/s1
https://doi.org/10.1016/S0140-6736(07)60196-2
https://www.ncbi.nlm.nih.gov/pubmed/17276780
https://doi.org/10.1016/S1474-4422(14)70190-5
https://www.ncbi.nlm.nih.gov/pubmed/25496901
https://doi.org/10.4254/wjh.v13.i6.634
https://www.ncbi.nlm.nih.gov/pubmed/34239699
https://doi.org/10.1093/brain/awp149
https://doi.org/10.1016/j.redox.2024.103256
https://doi.org/10.1007/s40265-024-02099-0
https://doi.org/10.1021/acschemneuro.0c00621
https://doi.org/10.3390/pharmaceutics15122719
https://doi.org/10.1017/S0021859600062468
https://doi.org/10.1016/0300-483X(86)90001-6


Pharmaceutics 2025, 17, 1237 19 of 21

11. Brewer, G.J.; Askari, F.; Lorincz, M.T.; Carlson, M.; Schilsky, M.; Kluin, K.J.; Hedera, P.; Moretti, P.; Fink, J.K.; Tankanow, R.;
et al. Treatment of Wilson disease with ammonium tetrathiomolybdate, IV. Comparison of tetrathiomolybdate and trientine in a
double-blind study of treatment of the neurologic presentation of Wilson disease. Arch. Neurol. 2006, 63, 521–527. [CrossRef]

12. Coprexa FDA Approval Status. 2008. Available online: https://www.drugs.com/history/coprexa.html (accessed on
18 September 2025).

13. Maiti, B.K.; Moura, J.J.G. Diverse biological roles of the tetrathiomolybdate anion. Coord. Chem. Rev. 2021, 429, 213635. [CrossRef]
14. Efficacy and Safety Study of WTX101 (ALXN1840) in Adult Wilson Disease Patients. Available online: https://clinicaltrials.gov/

study/NCT02273596?cond=Wilson&term=Phase%20II%20Clinical%20Trial (accessed on 18 September 2025).
15. AstraZeneca dumps $855M, Near-Approval Rare Disease Drug After Talks with Regulators. Available online: https://www.

fiercebiotech.com/biotech/astrazeneca-dumps-855m-near-approval-rare-disease-drug-after-talks-regulators (accessed on 18
September 2025).

16. Efficacy and Safety of ALXN1840 Administered for 48 Weeks Versus Standard of Care in Participants with Wilson Disease.
Available online: https://clinicaltrials.gov/study/NCT03403205 (accessed on 18 September 2025).

17. Zhang, W.; Huang, D.; Huang, M.; Huang, J.; Wang, D.; Liu, X.; Nguyen, M.; Vendier, L.; Mazères, S.; Robert, A.; et al. Preparation
of new tetradentate copper chelators as potential anti-Alzheimer agents. ChemMedChem. 2018, 13, 684–704. [CrossRef]

18. Zhang, J.-W.; Liu, J.-X.; Hou, H.-M.; Chen, D.-B.; Feng, L.; Wu, C.; Wei, L.-T.; Li, X.-H. Effects of tetrathiomolybdate and
penicillamine on brain hydroxyl radical and free copper levels: A microdialysis study in vivo. Biochem. Biophys. Res. Commun.
2015, 458, 82–85. [CrossRef]

19. Kirk, T.; Munk, D.E.; Swenson, E.S.; Quicquaro, A.M.; Vendelbo, M.H.; Larsen, A.; Schilsky, M.L.; Ott, P.; Sandahl, T.D. Effects of
tetrathiomolybdate on copper metabolism in healthy volunteers and in patients with Wilson disease. J. Hepatol. 2024, 80, 586–595.
[CrossRef] [PubMed]

20. Linder, M.C. Apoceruloplasmin: Abundance, detection, formation, and metabolism. Biomedicines 2021, 9, 233. [CrossRef]
[PubMed]

21. Holtzman, N.A.; Gaumnitz, B.M. Studies on the rate of release and turnover of ceruloplasmin and apoceruloplasmin in rat
plasma. J. Biol. Chem. 1970, 245, 2354–2358. [CrossRef] [PubMed]

22. Pousset, D.; Piller, V.; Bureaud, N.; Piller, F. High levels of ceruloplasmin in the serum of transgenic mice developing hepatocellular
carcinoma. Eur. J. Biochem. 2001, 268, 1491–1499. [CrossRef]

23. Sunderman, F.W., Jr.; Nomoto, S. Measurement of human serum ceruloplasmin by its p-phenylenediamine oxidase activity. Clin.
Chem. 1970, 16, 903–910. [CrossRef]

24. Chapman, A.L.P.; Mocatta, T.J.; Shiva, S.; Seidel, A.; Chen, B.; Khalilova, I.; Paumann-Page, M.E.; Jameson, G.N.L.; Winterbourn,
C.C.; Kettle, A.J. Ceruloplasmin is an endogenous inhibitor of myeloperoxidase. J. Biol. Chem. 2013, 288, 6465–6477. [CrossRef]

25. Bakhautdin, B.; Goksoy, E.; Fox, P.L. Ceruloplasmin has two nearly identical sites that bind Myeloperoxidase. Biochem. Biophys.
Res. Commun. 2014, 453, 722–727. [CrossRef]

26. Nagasaka, H.; Miida, T.; Inui, A.; Inoue, I.; Tsukahara, H.; Komatsu, H.; Hiejima, E.; Fujisawa, T.; Yorifuji, T.; Hiranao, K.-I.; et al.
Fatty liver and anti-oxidant enzyme activities along with peroxisome proliferator-activated receptors γ and α expressions in the
liver of Wilson’s disease. Mol. Genet. Metab. 2012, 107, 542–547. [CrossRef]

27. Terwel, D.; Löschmann, Y.-N.; Schmidt, H.H.J.; Schöler, H.R.; Cantz, T.; Heneka, M.T. Neuroinflammatory and behavioural
changes in the Atp7B mutant mouse model of Wilson’s disease. J. Neurochem. 2011, 118, 105–112. [CrossRef] [PubMed]

28. Vassiliev, V.; Harris, Z.L.; Zatta, P. Ceruloplasmin in neurodegenerative diseases. Brain Res. Rev. 2005, 49, 633–640. [CrossRef]
[PubMed]

29. Miyajima, H. Aceruloplasminemia. Neuropathology 2015, 35, 83–90. [CrossRef] [PubMed]
30. Wang, B.; Wang, X.-P. Does ceruloplasmin defend against neurodegenerative diseases? Curr. Neuropharmacol. 2019, 17, 539–549.

[CrossRef]
31. Huster, D.; Purnat, T.D.; Burkhead, J.L.; Ralle, M.; Fiehn, O.; Stuckert, F.; Olson, N.E.; Teupser, D.; Lutsenko, S. High copper

selectively alters lipid metabolism and cell cycle machinery in the mouse model of Wilson disease. J. Biol. Chem. 2007, 282,
8343–8355. [CrossRef]

32. Sessle, J.; Gohdes, A.; Gotthardt, D.N.; Pfeiffenberger, J.; Eckert, N.; Stremmel, W.; Reuner, U.; Weiss, K.H. Alterations of lipid
lmetabolism in Wilson Disease. Lipids Health Dis. 2011, 10, 83. [CrossRef]

33. Liggi, M.; Murgia, D.; Civolani, A.; Demelia, E.; Sorbello, O.; Demelia, L. The relationship between copper and steatosis in
Wilson’s disease. Clin. Res. Hepatol. Gastroenterol. 2013, 37, 36–40. [CrossRef]

34. Stättermayer, A.F.; Traussnigg, S.; Dienes, H.-P.; Aigner, E.; Stauber, R.; Lackner, K.; Hofer, H.; Stift, J.; Wrba, F.; Stadlmayr, A.;
et al. Hepatic steatosis in Wilson disease–Role of copper and PNPLA3 mutations. J. Hepatol. 2015, 63, 156–163. [CrossRef]

35. Pullinger, C.R.; Eng, C.; Salen, G.; Shefer, S.; Batta, A.K.; Erickson, S.K.; Verhagen, A.; Rivera, C.R.; Mulvihill, S.J.; Malloy, M.J.;
et al. Human cholesterol 7α-hydroxylase (CYP7A1) deficiency has a hypercholesterolemic phenotype. J. Clin. Investig. 2002, 110,
109–117. [CrossRef] [PubMed]

https://doi.org/10.1001/archneur.63.4.521
https://www.drugs.com/history/coprexa.html
https://doi.org/10.1016/j.ccr.2020.213635
https://clinicaltrials.gov/study/NCT02273596?cond=Wilson&term=Phase%20II%20Clinical%20Trial
https://clinicaltrials.gov/study/NCT02273596?cond=Wilson&term=Phase%20II%20Clinical%20Trial
https://www.fiercebiotech.com/biotech/astrazeneca-dumps-855m-near-approval-rare-disease-drug-after-talks-regulators
https://www.fiercebiotech.com/biotech/astrazeneca-dumps-855m-near-approval-rare-disease-drug-after-talks-regulators
https://clinicaltrials.gov/study/NCT03403205
https://doi.org/10.1002/cmdc.201700734
https://doi.org/10.1016/j.bbrc.2015.01.071
https://doi.org/10.1016/j.jhep.2023.11.023
https://www.ncbi.nlm.nih.gov/pubmed/38081365
https://doi.org/10.3390/biomedicines9030233
https://www.ncbi.nlm.nih.gov/pubmed/33669134
https://doi.org/10.1016/S0021-9258(18)63159-X
https://www.ncbi.nlm.nih.gov/pubmed/5442275
https://doi.org/10.1046/j.1432-1327.2001.02015.x
https://doi.org/10.1093/clinchem/16.11.903
https://doi.org/10.1074/jbc.M112.418970
https://doi.org/10.1016/j.bbrc.2014.09.134
https://doi.org/10.1016/j.ymgme.2012.08.004
https://doi.org/10.1111/j.1471-4159.2011.07278.x
https://www.ncbi.nlm.nih.gov/pubmed/21517843
https://doi.org/10.1016/j.brainresrev.2005.03.003
https://www.ncbi.nlm.nih.gov/pubmed/16269323
https://doi.org/10.1111/neup.12149
https://www.ncbi.nlm.nih.gov/pubmed/25168455
https://doi.org/10.2174/1570159X16666180508113025
https://doi.org/10.1074/jbc.M607496200
https://doi.org/10.1186/1476-511X-10-83
https://doi.org/10.1016/j.clinre.2012.03.038
https://doi.org/10.1016/j.jhep.2015.01.034
https://doi.org/10.1172/JCI0215387
https://www.ncbi.nlm.nih.gov/pubmed/12093894


Pharmaceutics 2025, 17, 1237 20 of 21

36. Chiang, J.Y.L.; Ferrell, J.M. Up to date on cholesterol 7 alpha-hydroxylase (CYP7A1) in bile acid synthesis. Liver Res. 2020, 4, 47–63.
[CrossRef] [PubMed]

37. Schwarz, M.; Lund, E.G.; Lathe, R.; Björkhem, I.; Russell, D.W. Identification and Characterization of a mouse oxysterol
7α-hydroxylase cDNA. J. Biol. Chem. 1997, 272, 23995–24001. [CrossRef] [PubMed]

38. Stiles, A.R.; McDonald, J.G.; Bauman, D.R.; Russell, D.W. CYP7B1: One cytochrome P450, two human genetic diseases, and
multiple physiological functions. J. Biol. Chem. 2009, 284, 28485–28489. [CrossRef]

39. Rose, K.A.; Stapleton, G.; Dott, K.; Kieny, M.P.; Best, R.; Schwarz, M.; Russell, D.W.; Björkhem, I.; Seckl, J.; Lathe, R. Cyp7b, a
novel brain cytochrome P450, catalyzes the synthesis of neurosteroids 7α-hydroxy dehydroepiandrosterone and 7α-hydroxy
pregnenolone. Proc. Natl. Acad. Sci. USA 1997, 94, 4925–4930. [CrossRef]

40. Song, H.; Lv, A.; Zhu, Z.; Li, R.; Zhao, Q.; Yu, X.; Jiang, J.; Lin, X.; Zhang, C.; Li, R.; et al. CYP7B1 deficiency impairs myeloid cell
activation in autoimmune disease of the central nervous system. PNAS Nexus 2024, 3, 334. [CrossRef]

41. Smirnova, J.; Kabin, E.; Järving, I.; Bragina, O.; Tõugu, V.; Plitz, T.; Palumaa, P. Copper(I)-binding properties of de- coppering
drugs for the treatment of Wilson disease. α-Lipoic acid as a potential anti-copper agent. Sci. Rep. 2018, 8, 1463. [CrossRef]

42. Crow, J.P.; Sampson, J.B.; Zhuang, Y.; Thompson, J.A.; Beckman, J.S. Decreased zinc affinity of amyotrophic lateral sclerosis-
associated superoxide dismutase mutants leads to enhanced catalysis of tyrosine nitration by peroxynitrite. J. Neurochem. 1997,
69, 1936–1944. [CrossRef]

43. Juarez, J.C.; Betancourt, O., Jr.; Pirie-Shepherd, S.R.; Guan, X.; Price, M.L.; Shaw, D.E.; Mazar, A.P.; Doñate, F. Copper binding by
tetrathiomolybdate attenuates angiogenesis and tumor cell proliferation through the inhibition of superoxide dismutase 1. Clin.
Cancer. Res. 2006, 12, 4974–4982. [CrossRef]

44. Doñate, F.; Juarez, J.C.; Burnett, M.E.; Manuia, M.M.; Guan, X.; Shaw, D.E.; Smith, E.L.P.; Timucin, C.; Braunstein, M.J.; Batuman,
O.A.; et al. Identification of biomarkers for the antiangiogenic and antitumor activity of the superoxide dismutase 1 (SOD1)
inhibitor tetrathiomolybdate (ATN-224). Br. J. Cancer 2008, 98, 776–783. [CrossRef]

45. Marklund, S.L.; Ek, B.; Steen, L. Effect of long-term penicillamine therapy on erythrocyte CuZn superoxide dismutase activity.
Scand. J. Clin. Lab. Invest. 1984, 44, 13–17. [CrossRef]

46. Buettner, G.R.; Jurkiewicz, B.A. Ascorbate free radical as a marker of oxidative stress: An EPR study. Free Rad. Biol. Med. 1993, 14,
49–55. [CrossRef]

47. Padovani, D.; Galardon, E. Molecular basis for the interaction of catalase with D-penicillamine: Rationalization of some of its
deleterious effects. Chem. Res. Toxicol. 2022, 35, 412–421. [CrossRef]

48. Stability Constants of Metal-Ion Complexes, 2nd ed; Martell, A.E., Ed.; Royal Society of Chemistry: London, UK, 1971.
49. Lenz, G.R.; Martell, A.E. Metal chelates of some sulfur-containing amino acids. Biochemistry 1964, 3, 745–750. [CrossRef] [PubMed]
50. Stadtherr, L.G.; Martin, R.B. Iron(II) and iron(III) complexes of penicillamine. Inorg. Chem. 1972, 11, 92–94. [CrossRef]
51. Bell, P.; Sheldrick, W.S. Preparation and structure of zinc complexes of cysteine derivatives. Z. Naturforsch. 1984, 39b, 1732–1737.

[CrossRef]
52. Birker, P.J.M.W.L.; Reedijk, J. Verschoor. Synthesis, structure, and properties of cluster compounds with D-

penicillamine containing CuI, CuII, AgI, NiII, and PdII. X-ray structure of pentakis(hexaaminecobalt(III))
tris[µ8-chloro-octahedro-hexakis[µ4-[cis-bis(D-pencillaminato(2–)-N,S)nickel(II)]-S,S’]-cubo-octaargentate(I)]-n-water,
[Co(NH3)6]5[AgI

8NiII6(SC(CH3)2CH(NH2)COO)12Cl]3•~197H2O. Inorg. Chem. 1981, 20, 2877–2882.
53. Birker, P.J.M.W.L.; Freeman, H.C. Structure, properties, and function of a copper(I)-copper(II) complex of D-penicillamine:

Pentathallium(I) µ8-chloro-dodeca(D-penicillaminato)-octocuprate(I)hexacuprate(II) n-hydrate. J. Am. Chem. Soc. 1977, 99,
6890–6899. [CrossRef]

54. Birker, P.J.M.W.L.; Freeman, H.C. Metal binding in chelation therapy: X-ray crystal structure of a copper(I)–copper(II) complex of
D-penicillamine. J. Chem. Soc. Chem. Commun. 1976, 312–313. [CrossRef]

55. De Meester, P.; Hodgson, D.J. Model for the binding of D-penicillamine to metal ions in living systems: Synthesis and structure of
L-histidinyl-D-penicillaminatocobalt(III) monohydrate, [Co(L-His)(D-Pen)]•H2O. J. Am. Chem. Soc. 1977, 99, 101–104. [CrossRef]

56. Tewari, B.B. Studies on complexation in solution with a paper electrophoretic technique [The system copper(II)/cobalt(II)-
methionine-penicillamine]. J. Chem. Eng. Data 2010, 55, 1779–1783. [CrossRef]

57. Sogiura, Y.; Tanaka, H. Evidence for a ternary complex containing albumin, copper, and penicillamine. Mol. Pharmacol. 1972, 8,
249–255. [CrossRef]

58. Keramidas, K.G.; Rentzeperis, P.I. The crystal structure of triethylenetetramine copper(II)fluorophosphate, Cu(trien)(PF6)2. Z.
Kristallogr. 1992, 201, 171–176. [CrossRef]

59. Mao, Z.-W.; Chen, M.-Q.; Tan, X.-S.; Liu, J.; Tang, W.-X. Synthesis, crystal structure, and properties of a new imidazolate-bridged
copper-zinc heterobinuclear complex with triethylenetetramine ligands. Inorg. Chem. 1995, 34, 2889–2893. [CrossRef]

60. Clark, G.M.; Doyle, W.P. Properties of some solid tetrathiomolybdates. J. lnorg. Nucl. Chem. 1966, 28, 381–385. [CrossRef]
61. Lei, X.; Huang, Z.; Liu, Q.; Hong, M.; Liu, H. A novel polynuclear Mo-Cu cluster from tetrathiomolybdate: Preparation and

structure of (Et4N)2[Mo2Cu5S8(S2CNMe2)3].2H2O. Inorg. Chem. 1989, 28, 4302–4304. [CrossRef]

https://doi.org/10.1016/j.livres.2020.05.001
https://www.ncbi.nlm.nih.gov/pubmed/34290896
https://doi.org/10.1074/jbc.272.38.23995
https://www.ncbi.nlm.nih.gov/pubmed/9295351
https://doi.org/10.1074/jbc.R109.042168
https://doi.org/10.1073/pnas.94.10.4925
https://doi.org/10.1093/pnasnexus/pgae334
https://doi.org/10.1038/s41598-018-19873-2
https://doi.org/10.1046/j.1471-4159.1997.69051936.x
https://doi.org/10.1158/1078-0432.CCR-06-0171
https://doi.org/10.1038/sj.bjc.6604226
https://doi.org/10.3109/00365518409083781
https://doi.org/10.1016/0891-5849(93)90508-R
https://doi.org/10.1021/acs.chemrestox.1c00313
https://doi.org/10.1021/bi00894a001
https://www.ncbi.nlm.nih.gov/pubmed/14211608
https://doi.org/10.1021/ic50107a021
https://doi.org/10.1515/znb-1984-1220
https://doi.org/10.1021/ja00463a019
https://doi.org/10.1039/C39760000312
https://doi.org/10.1021/ja00443a019
https://doi.org/10.1021/je900501u
https://doi.org/10.1016/S0026-895X(25)12789-2
https://doi.org/10.1524/zkri.1992.201.3-4.171
https://doi.org/10.1021/ic00115a016
https://doi.org/10.1016/0022-1902(66)80315-9
https://doi.org/10.1021/ic00322a026


Pharmaceutics 2025, 17, 1237 21 of 21

62. Lang, J.; Xin, X.; Yu, K. Synthesis of two novel polymeric heteronuclear cluster compounds, [MoS4Cu6X4(Py)4]n (X. = Br, I).
Crystal structure of [MoS4Cu6Br4(Py)4]n. J. Coord. Chem. 1994, 33, 99–107. [CrossRef]

63. Uversky, V.N.; Lie, J.; Fink, A.L. Metal-triggered structural transformations, aggregation and fibrillation of human a-synuclein. J.
Biol. Chem. 2001, 276, 44284–44296. [CrossRef]

64. Liu, Y.; Nguyen, M.; Robert, A.; Meunier, B. Metal ions in Alzheimer’s disease: A key role or not? Acc. Chem. Res. 2019, 52,
2026–2035. [CrossRef]

65. Li, Y.; Nguyen, M.; Baudoin, M.; Vendier, L.; Liu, Y.; Robert, A. Meunier. Why is tetradentate coordination essential for potential
copper homeostasis regulators in Alzheimer’s disease? Eur. J. Inorg. Chem. 2019, 2019, 4712–4718. [CrossRef]

66. Guan, Y.; Nguyen, M.; Robert, A.; Liu, Y.; Meunier, B. Copper selective 8-aminoquinoline based tetradentate chelators as
anticancer agents. RSC Med. Chem. 2024, 15, 3048. [CrossRef]

67. Huang, J.; Nguyen, M.; Liu, Y.; Robert, A.; Meunier, B. The TDMQ regulators of copper homeostasis do not disturb the activities
of Cu,Zn-SOD, tyrosinase, or the CoIII cofactor vitamin B12. Eur. J. Inorg. Chem. 2019, 2019, 1384–1388. [CrossRef]

68. Harper, P.L.; Walshe, J.M. Reversible pancytopenia secondary to treatment with tetrathiomolybdate. Br. J. Hematol. 1986, 64,
851–853. [CrossRef]

69. Spence, J.A.; Suttle, N.F.; Wenham, G.; El-Gallad, T.; Bremner, I. A sequential study of the skeletal abnormalities which develop
in rats given a small dietary supplement of ammonium tetrathiomolybdate. J. Comput. Pathol. 1980, 90, 139–153. [CrossRef]
[PubMed]

70. Chan, C.M.; Langlois, D.K.; Buchweitz, J.P.; Lehner, A.F.; Olivier, N.B.; Herdt, T.H.; Bailie, M.B.; Schall, W.D. Pharmacological
evaluation of ammonium tetrathiomolybdate after intravenous and oral administration to healthy dogs. Am. J. Vet. Res. 2015, 76,
445–453. [CrossRef] [PubMed]
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