Open Access Article. Published on 02 January 2024. Downloaded on 12/5/2025 1:38:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2024, 14, 855

Received 18th October 2023
Accepted 11th December 2023

DOI: 10.1039/d3ra07109j

Copper release by MOF-74(Cu): a novel
pharmacological alternative to diseases with
deficiency of a vital oligoelementf
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Copper deficiency can trigger various diseases such as Amyotrophic Lateral Sclerosis (ALS), Parkinson's
disease (PD) and even compromise the development of living beings, as manifested in Menkes disease
(MS). Thus, the regulated administration (controlled release) of copper represents an alternative to
reduce neuronal deterioration and prevent disease progression. Therefore, we present, to the best of our
knowledge, the first experimental in vitro investigation for the kinetics of copper release from MOF-
74(Cu) and its distribution in vivo after oral administration in male Wistar rats. Taking advantage of the
abundance and high periodicity of copper within the crystalline-nanostructured metal—-organic
framework material (MOF-74(Cu)), it was possible to control the release of copper due to the partial
degradation of the material. Thus, we simultaneously corroborated a low accumulation of copper in the
liver (the main detoxification organ) and a slight increase of copper in the brain (striatum and midbrain),
demonstrating that MOF-74(Cu) is a promising pharmacological alternative (controlled copper source) to

rsc.li/rsc-advances these diseases.

Introduction

Worldwide, Parkinson's disease (PD) is the second most
common neurodegenerative disease' and is more common in
men than women.”> Amyotrophic lateral sclerosis (ALS) is
a poorly treated multifactorial neurodegenerative disease
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associated with multiple cell types and subcellular organelles.
As with other multifactorial diseases, medications will likely
need to target multiple disease processes.’> On the other hand,
Menkes disease is a lethal, neurodegenerative, sex-linked
hereditary childhood disease. This is considered an orphan
disease.*

Developing therapeutic interventions for the central nervous
system is challenging since therapy for these conditions focuses
on addressing the symptomatology of these diseases and does
not stop their progress.>® On the other hand, the first line of
available treatments could generate side effects like the symp-
toms of the disease, and not all patients respond to a particular
therapy with the same clinical diagnosis.” Low concentrations
of copper in the brain have been associated with Parkinson's
disease® and multiple sclerosis.” Menkes syndrome is caused by
a defect in the ATP7A gene. The defect makes it difficult for the
body to properly distribute copper throughout the body. As
a result, the brain and other parts of the body do not receive
enough copper and it accumulates in the small intestine and
kidneys. Therefore, the supply of this metal is recommended as
an alternative to reduce neuronal deterioration and prevent
disease progression.'® Cooper shows a vital biological rele-
vance in human cells since it is an essential micronutrient in
different human organs that perform a high metabolic activity,
such as the liver, brain, kidneys, and heart."" But this trace
element also has an impact on the appearance and/or
progression of Alzheimer's disease. Therefore, supplements
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containing high levels of inorganic copper, mainly in the form
of inorganic copper sulfate (2 mg of inorganic copper per
500 mg tablet) cause manifestations of long-term hepatic/
neurological/cognitive impairment in this condition.* During
oral administration of copper, the percentage of absorption at
the intestinal level is dose and time dependent. Maintaining
a concentration of 10 uM of copper at the extracellular level does
not cause a first-pass effect. However, at higher concentrations
presented by metal supplementation they promote a first-pass
effect and consequently its elimination through bile sales
until physiological balance is achieved."

Copper is a critical functional cofactor of various enzymes,
called cuproenzymes or metalloenzymes, which are essential in
the physiological processes of living beings. For example, some
of the vital functions of cooper in our organism are associated
with energy production, connective tissue formation, iron
metabolism, synthesis of chemical substances that are
components of the central nervous system (noradrenaline and
myelin) and oxidative processes.'®

Metallothionein are a group of proteins made up of four
isoforms present in a basal state of copper, however, isoform I
and II are overexpressed by intracellular copper from supple-
mentation with the aim of storing the metal and indirectly
reducing the risk of cellular damage.'* However, Cu(u), at rela-
tively high concentrations, can exhibit toxicity since this can be
accumulated in vital organs when this is inappropriately
administered (high concentrations) and in a not gradual
manner (low concentrations).*® For example, when our body is
exposed to high Cu(u) concentrations (i.e., chronic exposure to
copper), the liver is the main vital organ affected because this is
the first deposit of this metal.'” Copper toxicity in the liver is
mainly expressed as liver cirrhosis,”® which can gradually
progress to severe adverse effects such as coma, liver necrosis,
vascular collapse, and even death.' Intoxication with Cu(u) can
cause weakness, lethargy and anorexia, gastrointestinal erosion,
hepatocellular and kidney necrosis.*

Thus, advances in the application of innovative systems for
the delivery of Cu(u) could provide new strategies with the
potential to significantly improve the treatment of Parkinson's
disease.”>** Therefore, some materials have been used in
regenerative therapies to treat diseases at the central nervous
system level.® In recent years, selected metal-organic frame-
works (MOFs) have been extensively investigated for the delivery
of biological molecules and metals due to their easy function-
alization, good biodegradability, and biocompatibility.>***
MOF-74 is a well know family of MOFs with a wide variety of
divalent metal cations coordinated to the 2,5-dioxide tere-
phthalate (DOT) ligand,* and it can be synthesized under green
conditions with low-toxicity solvents.** MOF-74(Cu) is typically
identified for showing open metallic sites,”” a highly desirable
characteristic for heterogeneous catalysis applications.”®
However, its low chemical stability towards water significantly
limits any plausible industrial application for this Cu(u)-based
MOF material.>**

Such apparent disadvantage has been recently explored in
potential clinical applications, since the degradation of MOF-
74(Mg), under physiological conditions, gradually released Mg(u)
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metal centers.**> MOF-74 (DOT) ligand was also reported as
a non-toxic compound.* This work inspired us to investigate the
gradual decomposition of MOF-74(Cu) under a physiological
environment. Recently, Angkawijaya and co-workers presented
a comprehensive investigation on a biocompatible and biode-
gradable Cu(u)}-MOF based for tuberculosis treatment.*® Thus,
with these prominent concepts in mind, we decided to investigate
using MOF-74(Cu) as a novel and promising pharmacological
alternative to treat diseases with deficiency of this metal.

Experimental

Further details related to instrumental techniques are pre-
sented in the ESL}

Results and discussions
Copper contained in MOF

To confirm the total copper content in the structure, acid
digestion was performed, and the AA quantified it. The results
shown in Table 1 confirm that the amount of copper in MOF-
74(Cu) is 29.80% by weight metal/MOF.

In vitro studies of copper release

The kinetics of Cu() release from MOF-74(Cu) were evaluated in
vitro using the dialysis membrane diffusion technique. The in
vitro Cu(u) release profiles from MOF-74(Cu) were evaluated in
phosphate buffer with a physiological pH of pH 1, 2 for 10
minutes,* to simulate the gastric emptying (process by which
the contents of the stomach are moved into the duodenum) of
the rat and subsequently changed to a solution of pH 7.4 similar
to the conditions of the intestine. Fig. 1 shows that the average
cumulative amount of Cu(u) released is a growth curve. MOF-
74(Cu) shows a low percentage of metal release and only rea-
ches approximately 9% at 120 min, and it corresponds to the
penetration of free metal through the membrane. The release
was constant in the next period of 120 to 360 min. Therefore,
approximately 10 to 30% of Cu(u) is released from MOF-74(Cu).

Thus, a degradation of the MOF-74(Cu) structure, initiated at the
experimental pH conditions, can be proposed. Certainly, this
phenomenon can be qualitatively observed by showing a colour
change from a characteristic red, for MOF-74(Cu), to a bright green
characteristic of free Cu(u) ions. So, we can propose that Cu(n)
release takes place under simulating gastrointestinal conditions,
due to the partial degradation of MOF-74(Cu) (Fig. 1).>** After
180 min, after partial decomposition of MOF-74(Cu), the Cu(u)
release process is constant (Fig. 1, second section).

Release profile data were fitted to mathematical models to
understand the kinetics of Cu(u) release from MOF-74(Cu);
thus, this could explain the possible release mechanisms

Table 1 Copper concentration total

Sample Copper (%)

MOF-74(Cu) 29.80

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Top: Cu(n) release profile from MOF-74(Cu). First section: 10 to
120 min. Second section: 120 to 360 min. Each bar represents the
mean + SD of n = 4 profiles by evaluated time. Middle: Release profile
compared to zero release kinetics. Bottom: qualitative observation of
MOF-74(Cu) degradation at 180 min.

involved. Six models, including zero order, first order, Higuchi,
Hixson-Crowell, Korsmeyer-Peppas, and Weibull, were applied
to the data set. The coefficient of determination (R*) value was
used for fitting evaluation. The data is summarized in Table 2.

The Cu(u) release data from MOF-74(Cu) was best fitted to the
zero-order kinetic model. In this model, the release is

Table 2 Kinetic data for release cooper from MOF-74(Cu)
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independent of the metal concentration. However, we can see that

it also fits the Weibull kinetic model, which follows the eqn (1):
M,
M

=1- exp("”ﬁ) (1)

where M,/M,, is a fraction of the metal released at time ¢,
« defines the time scale of the process, and § characterizes the
shape of the curve. The Weibull model is an empirical model
that describes immediate and prolonged releases. The value of
the exponent b is an important indicator related to the release
mechanism of the metal through the system. Based on this
value, it is possible to determine that the release of copper from
MOF-74(Cu) is mediated by non-Fickian diffusion, and this is
due to the surface degradation of MOF-74(Cu).*® In addition,
this is confirmed by the value of “n” from the Korsmeyer-Peppas
kinetic model obtained for our data, which indicates a value
greater than 1 and corresponds to a non-Fickian diffusion.’”

It is worth mentioning that the mechanism of copper
absorption into the cell is achieved through a reduction process
by the protein reductase, which reduces Cu®>* to Cu* and facil-
itates diffusion through the Ctr1 transporter. Thus, although
the metal supplied by MOF-74(Cu) is Cu(u), Cu(i) is also present
in different tissues. This work quantifies oxidation states Cu()
and Cu(i) in the evaluated tissues.

Copper distribution: acute oral administration

For the study of the biodistribution of MOF-74(Cu), in vivo experi-
ments were carried out in male Wistar rats. Considering the total
copper content, the total mass of MOF-74(Cu) necessary to
administer D1 (39.75 mg kg ") and D2 (79.5 mg kg ") of Cu(u) was
calculated. These doses were proposed based on previous research
studies reported by our group,*® in which we evaluated the bio-
distribution of copper from an acute systemic administration of
organic salt. We determined that a dose of 312 mg kg™ ' and 156 mg
kg per body weight of the rat caused high toxicity and weight loss
as a homeostasis uncontrol factor,* respectively. A dose of 79.5 mg
kg ! body weight did not show any of these two harmful effects.

Therefore, this study proposes a first evaluation of only 50% of
the reported dose (D2) as the non-copper saturated window in an
in vivo study when evaluating a MOF-type carrier. Fig. 2 shows the
monitoring of the copper concentration in plasma, brain (stria-
tum and midbrain), liver, spleen and kidney at the different times
evaluated (3, 6, 9 and 12 h) after oral administration for D1. Fig. 3
shows the monitoring of the concentration of copper in plasma,
brain (striatum and midbrain) and liver for D2.

Copper distribution in plasma

Plasma, as the first tissue analysed, is shown in Fig. 2a and 3a
after the administration of D1 and D2, respectively. The found

Zero-order First-order Higuchi

Korsmeyer-Peppas®

Hixson-Crowell Weibull?

0.9947 0.9872 0.8352

0.9962, n = 1.089

0.9901 0.9958, 8 = 1.422

“ n is the diffusion exponent in the Peppas-Korsmeyer model.  § is the shape factor in the Weibull model.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Time-course of Cu(il) concentration in (a) plasma, (b) striatum, (c) midbrain, (d) liver, (e) kidney and (f) spleen tissue after oral administration
of 39.75 mg Cu per kg. Each bar represents the mean + SEM of n = 3—4 rats per group. A value of *p < 0.05 is a statistically significant difference in
the means of copper concentration in each tissue analysed. The data were analysed using (a), (b) and (e) ANOVA test vs. control group (t = 0); (c),

(d) and (f) Kruskal-Walli's test vs. control group (t = 0).

copper concentrations were not present a statistically signifi-
cant variation over time for the control group. It has been re-
ported that this phenomenon is common due to the high
biodistribution of this metal at the systemic level.** However, it
has also been reported that if more sampling times beyond 12
hours are scheduled, plasma concentrations can be increased in
this type of acute administration.*

Copper distribution in the brain: striatum and midbrain

Since the tissues involved in Parkinson's disease, amyotrophic
multiple sclerosis and Menkes disease are neurological tissues
(striatum (Fig. 2b) and midbrain (Fig. 2c)), which present
a decrease in copper and therefore.** The compartmentalization
of copper in these two brain regions was therefore monitored.>*

858 | RSC Adv, 2024, 14, 855-862

The data did not show a statistically significant accumula-
tion in both regions for D1. A slight increase in copper
concentration can provide interesting results in an animal
model miming the decrease in copper concentration for Par-
kinson's disease.*” For example; It has been reported in previous
trials in murine models that increases in copper concentration
in a range of 7.0 to 17.5% in the brain present a preventive effect
against the damage generated during the mimicry of Parkin-
son's disease, such as lipoperoxidation of neuronal
membranes, decrease in the concentration of dopamine in the
substantia nigra pars compacta, the decrease in ferroxidase
activity carried out by ceruloplasmin as well as neuronal
apoptosis."** But through a controlled release, since it has been
reported that the abrupt accumulation of the metal can

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Comparison of the biodistribution of copper after acute oral administration of 79.5 mg per Cu kg in tissues such as (a) plasma, (b) striatum:
copper gluconate and MOF-74(Cu) and (c) liver: copper gluconate and MOF-74(Cu). Each bar represents the mean + SEM of n = 3-4 rats per
group. *A value of p < 0.05 is a statistically significant difference in the means of copper concentration in each tissue analysed. The data were
analysed using (a) and (b) ANOVA test vs. control group (t = 0); (c) Kruskal-Walli's test followed by Mann—Whitney-U tests vs. control group (t =
0). The results obtained from the distribution of copper as gluconate salt were gotten from Garcia-Martinez et al. (2021),%® for comparison

purposes only.

promote and participate in the production of reactive oxygen
species and neuronal death, being another factor in the devel-
opment of Alzheimer's disease.*

While the copper concentrations in this organ, after the
administration of D2 (Fig. 3b), show statistically significant
figures, with an increase of 31% for striated tissue at 12 h in
comparison to the control group, in the midbrain the quantified
Cu(u) concentration continues without showing any increase or
decrease when compared concerning the concentration of
control group. This behavior is similar to relevant investigations
previously reported in 2013 by intraperitoneal administration of
copper sulfate (inorganic salt)'* and in 2020 through the
administration of copper nanoparticles.*®

Distribution of copper in liver tissue

The liver is a key organ for monitoring the detoxification of
copper.””*® In this compartment, the accumulation of copper
can rapidly occur to the point of full intoxication.* Fig. 2d
shows the variation of the copper concentration as a function of
time for D1.

The results do not show a statistically significant increase
compared to the observed concentrations in the control group.
This is beneficial because at 3, 9 and 12 h, only a slight increase
in the concentration obtained is observed. This is possibly due
to the overexpression of metallothioneins (MT; proteins
responsible for metal retention) induced by the concentration
of bioavailable metal after the administration of MOF-74(Cu).*

The degree of copper accumulation in this organ is related to
the particle size,* nature and shape of the carrier system
(Paterson) and type of salt administered. It has been observed
that Cu(u) inorganic salts show low bioavailability and high
absorption variability. Conversely, Cu(u) organic salts exhibit
greater absorption controlled by two absorption mechanisms:
CTR1 transporters and passive diffusion.”

Our main motivation for choosing this MOF material as an
alternative to supplying copper is related to its micrometric size
(1.8 microns). It has been previously demonstrated that copper
nanoparticles dissolve quickly, at relatively low pH, and this easily

© 2024 The Author(s). Published by the Royal Society of Chemistry

dissociates. Then, ionic particles in the stomach can cause high
toxicity and copper accumulation in vital organs such as the liver.
Thus, these complications are avoided when copper is introduced
into an organism at the micron level (micro-sized particles).*

Remarkably, MOF-74(Cu) allows us to modify the gradual
release of Cu(u) in the stomach and intestine after 3 h (Fig. 1,
section a) to be transported by CTR1. In addition, MOF-74(Cu)
increases the bioavailability by passive diffusion since Cu(u)
continues as a coordinated-metal center in the rest of the MOF
material (Fig. 1, section b).

Later, on administering D2 (Fig. 3c), it is possible to observe
a significant accumulation of copper. This copper concentra-
tion (D2) increase was double-fold higher than the concentra-
tion in the control group at 12 hours (see Fig. 3c). However, the
amount accumulated after the administration of D2 is still
lower compared to our previous results, where it is observed
that at the same administered dose of Cu(u) gluconate, it shows
an accumulation four-fold higher than the basal value 12
hours.” The reduction of copper accumulation in the liver, as
demonstrated by MOF-74(Cu), can reduce the production of free
radicals and, therefore, decrease toxicity in the liver. The results
obtained with D2 suggest that although a MOF system admin-
isters copper, the accumulation of copper is dose-dependent.

Copper distribution in spleen and kidney

The spleen is an important immunological organ in the body
that helps to defend the host (rat) and functions as a blood
filter.>® In this study, it is considered a reference for monitoring
the biodistribution of systemic copper since it has been
observed retention (in the spleen) of different drug carrier
systems (e.g., carbon nanotubes), as well as metal nano-
particles.*®*® Fig. 2e shows a copper accumulation of 22.2% at
6 h after D1 administration. It has been observed that this organ
retains complex active molecules and metallic nanoparticles
because these are larger than a free molecule. Therefore, they
are recognized as antigenic particles.>*

However, a decrease in copper concentration is observed at 9
and 12 h in the spleen. We could suggest that this is attributed

RSC Adv, 2024, 14, 855-862 | 859
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to renal clearance (Fig. 2f) of the metal delivery system as
a consequence of the presence of polar groups such as hydroxyl
and carboxyl groups which constitute the ligand of MOF-
74(Cu).>®

Therefore, it is proposed that copper can be found as MOF-
74(Cu) or as chelated metal fragments since it has been re-
ported that the renal elimination pathway of the metal is not
important after low-dose administration (up to 100 mg kg™ '),*
being the main mechanism of copper excretion the bile
pathway. On the other hand, there is no statistical significance
in copper concentration in the spleen and liver tissues after the
administration of D2 (Fig. S51).

Conclusions

In summary, we present, to the best of our knowledge, the first
experimental in vitro study for the kinetics of copper-
controlled release from MOF-74(Cu) and its distribution in
vivo after oral administration in male Wistar rats. Remarkably,
we observed a low accumulation of copper in the liver and
a slight increase in its concentration in key tissues such as the
striatum and midbrain, which is highly relevant in treating
Parkinson's disease. It is worth to emphasize that the combi-
nation of a low concentration of copper in the liver while there
is a small increase of copper concentration in the brain, are
the ideal situation of copper-controlled release to alternative
treat diseases with deficiency of this metal, such as Parkin-
son's disease, Amyotrophic Multiple Sclerosis and Menkes
disease.

The crystalline structure of MOF-74(Cu) provides a suitable
availability and high periodicity of copper within the MOF
material, as well as its particle size, which corresponds to the
micron scale, and the characteristic gradual decomposition of
this copper-based MOF at a physiological pH (7.4) allowed us to
achieve a controlled release like zero-order kinetics. Interest-
ingly, these kinetics corroborated a slow and controlled release
of copper, which represents low toxicity for the liver. Thus, this
is huge step forwards over typically fast copper-release systems
where a high accumulation of copper is commonly found in the
liver.

Thus, our in vivo study where the compartmentalization of
copper in different relevant tissues was demonstrated, repre-
senting an interesting and novel pharmacological alternative to
Parkinson's disease, Amyotrophic Multiple Sclerosis and
Menkes disease, since the risk of accumulation and intoxication
by copper in the main detoxification organ, the liver, is
considerably reduced while a slight increase of copper in the
brain is required.

Finally, the corresponding results from the administration
of D2 showed a significant change in copper concentrations at
the brain level without compromising the concentrations of
copper in the liver. Coupled with simple synthetic conditions
(only methanol as a solvent and room temperature) and proven
synthetic scalability, we believe that MOF-74(Cu) shows a strong
promise for a pharmacological alternative, as a controlled
copper source, to Parkinson's disease, Amyotrophic Multiple
Sclerosis and Menkes disease.
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