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Nitroprusside and Other Cyanoferrate Complexes: A
Brief Review on Biological Activity Aspects

Nitroprussiato e Outros Complexos Cianoferratos: Uma Breve Revisdo
sobre Aspectos da Atividade Biologica
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Research on cyanoferrate complexes has been motivated by their interplay in biological systems and
potential pharmacological activity with low toxicity, a simple synthetic route, and low cost. The importance
of cyanoferrate for research in medicinal chemistry began with using nitroprusside in cardiac surgeries
due to its effect as a vasodilator agent. This compound has gained importance over the years due to the
discovery of the various physiological functions of nitric oxide. Despite the great relevance of nitroprusside
in medicine, the class of pentacyanoferrate only advanced a little in this area until the emergence of
cyanoferrate complexes containing ligands with antituberculosis activity. These compounds have been
the target of several studies that have helped develop new metallopharmaceuticals. Herein, our article
briefly reviews the main discoveries about these compounds and extends the discussion to other examples
of cyanoferrates with potential pharmacological activity against several diseases, such as cancer, cardiac
disturbances, parasitic diseases, and tuberculosis.
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1. Introduction

Metals are a group of elements that have been gaining notoriety due to a wide range of
applications for therapeutic purposes and as diagnostic agents. Research focused on therapies for
various diseases uses these elements primarily as metal complexes or coordination compounds
that are a class of chemical substances essentially composed of a central metal ion coordinated
to ligands, which may be organic or inorganic. Owing to their broad therapeutic applications,
they have also been referred to as metallopharmaceuticals. The remarkable pharmacological
potential of this group of substances arises from the numerous possibilities of controlling
kinetic and thermodynamic properties through the choice of the metal oxidation state, of their
geometry, and of the electronic character of the ligands.'*

The prominence of the therapeutic use of metallopharmaceuticals becomes evident when
d-block metal ions are applied to major public health problems, such as the use of cisplatin
(cis-diamminedichloroplatinum(Il)), employed in cancer treatment since 1978. With the advent
of cisplatin in this type of therapy, numerous obstacles emerged, including high toxicity, lack
of selectivity, and cellular resistance, which limited its clinical use. Driven to overcome these
challenges, significant efforts have been devoted to the search for new metallic centers for this
kind of therapy, with platinum-, ruthenium-, gold-, and titanium-based metallopharmaceuticals
standing out in various phases of clinical studies. The use of metallopharmaceuticals in modern
medicine is not restricted to their anticancer potential, as the literature also reports applications
of metal complexes as antiviral, antiparasitic, antimicrobial agents, as well as anti-inflammatory
agents. In addition, the literature highlights major advances in the use of complexes formed by
radioactive metals as reliable agents for diagnosis and therapeutic target tracking.'*

Research on cyano iron complexes has gained attention due to their interplay in biological
systems and potential pharmacological activity with low toxicity, simple synthetic route, and low
cost.>#The strong backbonding interactions between the metal drr orbitals and the mr orbitals of
the cyano ligands reflect the stability exhibited by these complexes, both in the solid state and
in aqueous solution.? Moreover, the relative inertia of the cyano iron complexes makes them
good candidates as drugs since they can reach their target site without substituting the ligands.>*#

The importance of cyanoferrates for research in medicinal chemistry began with using sodium
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nitroprusside (SNP, Na,[Fe(CN),NO]-2H,0) in cardiac
surgeries due to its effect as a vasodilator agent.'” SNP has
gained importance over the years due to the discovery of
the various physiological functions of nitric oxide such
as vasodilation, immune responses, neurotransmission,
apoptosis.''"'” Despite the great relevance of nitroprusside
in medicine, the class of pentancyanoferrate complexes
only advanced a little in this area until the emergence
of cyanoferrate complexes containing ligands with
antituberculosis activity as well as less intensely; researches
were reported on cyano iron complexes that present activity
against other diseases such as leishmaniasis, Chagas disease,
and cancer.>'®2¢

The selection of co-ligands and the number of cyano
ligands around the metal center allows the design of
the complex and, consequently, the fine-tuning of its
photochemical properties, reduction potentials, and
solubility in aqueous solution.® Therefore, molecules with
potential pharmacological activity in the metal coordination
sphere make the iron cyanide complexes candidates for
application in medicinal chemistry.>'*

In this review, we highlight some examples of
cyanoferrates with pharmacological applications such as
hypotensive effect, anticancer action, anti-tuberculosis, and
antiparasitic activity.

2. Therapeutic Applications and
Toxicological Challenges of SNP
as a Nitric Oxide Donor

Frequently, in treatments for acute myocardial infarction
and cardiomyopathy, SNP is regularly prescribed, and it can
also be used in cardiac surgeries.”"* Its biological effects
have been ascribed to its action as a NO donor in inducing
vasodilation, which was examined through both in vitro
(aortic rings) and in vivo (Wistar rats) experiments.?*2
Friederich, Jeffrey A. and collaborators suggested that,
despite the chemical inertness of SNP under non-biological
conditions, its in vivo action would occur through a
degradation reaction at the vascular level, in which the
[Fe(CN);NOJ* ion binds to oxyhemoglobin, promoting
the release of cyanide, methemoglobin, and nitric oxide
(NO).73!

Cyanide is also released from the metal coordination
sphere due to the trans-labilizing effect of NO in the
[Fe(CN);NOJ* species. Researchers™ have studied the
mechanism of the thermal decomposition of the one-
electron reduction product of the complex [Fe(CN);NO]*,
which was found to contain a mixture equilibrium of
complex ions [Fe(CN),NOJ* and [Fe(CN);NOJ*-. At pH
values lower than 8, the predominant species observed
is [Fe(CN),NOJ*, which is formed by the instantaneous
release of cyanide from the [Fe(CN);NOJ]* species.
However, at basic pH values between 9 and 10, the slow
decomposition of the mentioned species occurs through
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first-order processes, with a rate constant of approximately
10 s! (pH 6-10), associated with NO dissociation.”? At pH
7.0 it is formed the intermediate species [Fe(CN),(NO),]*,
which induces the release of HNO (N,0O, in sequence)
and produces [Fe(CN);NO]* or releasing CN- yielding
[Fe(CN),(NO),]*.*

At a pH of 4, decomposition increases by two orders of
magnitude, which leads to the release of cyanides from the
ions [Fe(CN),NO]* and the rapid release of NO.* Itis worth
noting other possible decomposition products, including
hexacyanoferrate(II), dissociated cyanide, and Prussian
Blue-type precipitates, as described by Roncaroli ef al. in
2005.%

Cyanide is also released from the metal coordination
sphere, which can be toxic to the patient since it inhibits
oxidative phosphorylation and leads to metabolic acidosis
(Scheme 1).** The yielding of the non-toxic thiocyanate
species from the reaction of the cyanide with thiosulfate
(S,0;7) has led to doctors administering nitroprusside to the
patient with that reagent.'” NO acts on guanylate cyclase in
vascular smooth muscle as a potent vasodilator, increasing
the intracellular production of one of the messengers
for the activation of protein kinase G, cyclic guanosine
monophosphate (cGMP). That protein acts through the
activation of phosphatases that inactivate the myosin
light chains responsible for muscle contraction. Thus, in
consequence, vascular smooth muscle relaxation allows
the vessels to dilate.”?’

Scientists have made significant progress towards
eliminating the cytotoxicity of cyanide released from
SNP in biological systems. Drug delivery systems such as
nanoparticles, Prussian blue-based nanoparticles, metal—
organic frameworks (MOFs), and surface functionalization
with specific molecules such as folic acid, proteins,
and antibodies have been synthesized to increase drug
efficiency and reduce toxic responses of the SNP.*® These
SNP-containing drug deliveries have been studied for the
treatment of various diseases, including bacterial infection,
glaucoma, cardiovascular diseases, and cancer.***

Another exciting idea is to combine the concept of
drug delivery with the removal of labile cyanide from the
coordination sphere to reduce the toxicity of the SNP.*
Ordeley and co-authors have developed a method of
immobilizing [Fe(CN),(L)NO] on modified mesoporous
silica spheres, which has led to the creation of NO-releasing
materials.* The researchers observed that in the presence of
cysteine, the nitrosyl complex releases NO with a prolonged
kinetic process; besides, CN- anion liberation from the
metal center was not noted.*® The Group also observed
NO liberation after light irradiation on the material and
the consequent addition of one molecule of water in the
coordination sphere (Scheme 2).** These findings have
important implications for developing safe and effective
NO-releasing materials in biological applications.

Other studies have shown some benefits of SNP in
cardiopulmonary disorders as a possible alternative agent
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Scheme 1. Reactions between nitroprusside and thiol

Scheme 2. NO liberation after light irradiation on the material

to adenosine in patients with intermediate lesions.* Lloyd
and co-workers observed that patients with severe low-grade
aortic stenosis treated with SNP experienced improvements
in left ventricular measurements.” A study by Ripeckyj
and co-workers in 2020 showed the positive effect of SNP
in cardiopulmonary resuscitation (CPR) in large animals.
SNP and CPR use lead to increased coronary perfusion
and carotid blood flow. This study shows non-selective
pulmonary vasodilation as a potential mechanism for
hemodynamic benefits.*

SNP has also been evaluated as a possible drug for
treating mental pathologies. Its action mechanism is indirect
since it acts as an anxiolytic, a condition directly associated
with schizophrenia.” Several studies in rodents show the
anxiolytic effect of SNP when given in high doses.*>°
However, due to the high load, sedation occurs as a side
effect, and the anxiolytic properties of SNP disappear
after subchronic application.”' Thus, Papageorgoulis and
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co-workers demonstrated that repeated short-term, but
not acute, low-dose SNP application produced anxiolytic
behavior without the manifestation of undesirable effects.”
The studies shown in this section explicitly demonstrate
the benefits of SNP in treating various cardiopulmonary
disorders and mental pathologies; however, it also has
possible toxic effects. In this report, we cited some examples
of nitrosyl cyano iron complexes that can be an alternative
to SNP as NO-donors to combat those diseases.

3. Antiparasitic Effect

Iron cyanide complexes exhibit a unique activity in
treating parasites within their biological properties. Several
studies show that these compounds exhibit remarkable
properties for treating pathologies such as Chagas disease,
leishmaniasis, and malaria.'®'% 5+

Between 1999 and 2000 **7, Venturini and co-workers
conducted two experiments using NO donors, including
SNP, to evaluate their inhibitory activity against the
Trypanosoma cruzi parasite, the etiological agent of Chagas
disease, and Plasmodium falciparum, a parasite of the most
dangerous form of malaria.”>*" The researchers observed that
these compounds were effective in inhibiting the growth of
the parasites in both cases.”*" Furthermore, NO released
from complexes inhibits Cruzipain, a cysteine protease that
helps parasites avoid the adaptive immune system response
by interfering with the functions of the immunoglobulins
of the immunoglobulin G subclasses.” Besides, similar is
the mechanism of action of the NO against Plasmodium
Jalciparum since it inhibits falcipain, which also is a
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cysteine protease involved in different processes of the
erythrocyte cycle of the malaria parasite, such as hydrolysis
of erythrocyte invasion, erythrocyte rupture, and hydrolysis
of host hemoglobin.*® In both cases, SNP acts against
cruzipain and falcipain through S-nitrosylation, inhibiting
the life cycles of the parasites, 7. cruzi, and P. falciparum,
respectively.®>¢ Besides, NO released from SNP can react
with O, radical, producing the toxic species peroxynitrite.?®
Nitrosyl complexes can also act as nitroxyl (HNO) donors
in the biological environment. *'%* The antiparasitic effect
of this type of complex can be partly attributed to the
nitroxyl effect against the promastigote form of the parasite
Leishmania major.>

Amorim and co-workers, in 2017, conducted a study
in which they compared the anti-tuberculosis properties
of the iron complex containing isoniazid (INH), the
[Fe(CN)s(INH)]* with its possible anti-Leishmania
activity.'® The correlation was realized because both
organisms present the type II biosynthesis (FASII) of the
fatty acids that constitute their structure. This biochemical
process is interrupted by the action of pentacyano(isoniazid)
ferrate(II), which inhibits the enzyme responsible for
signaling the synthesis.'"®* The study demonstrated that
[Fe(CN)s(INH)]* effectively reduced the proliferation of
promastigote forms of three L. braziliensis strains. This
complex also decreased the proliferation of amastigotes
of the three strains isolated of L. braziliensis within the
macrophages. Moreover, the toxicity tests revealed a very
favorable profile for [Fe(CN);(INH)]*- according to the
evaluation of the cell lineages or primary cultivation cells.'*?

4. Anticancer Activity Of SNP

As far as we know, articles that report the anticancer
activity of cyanoferrates are not abundant. However, some
studies report the antineoplastic effect of SNP, which
is ascribed to its ability to release NO in the biological
environment.* Researchers have enlightened the mechanism
of action of the NO in processes such as growth and death
cellular by using NO-donors.®"2 They have suggested that
nitric oxide plays opposite functions in biological systems,
such as apoptosis and neogenesis, which seem to depend
on levels of NO produced by cells.t*%

Sumitani and co-authors demonstrated that the death
of NA cells (an epithelial cancer cell line) in vitro by
Na,[Fe(CN)5(NO)] could be related to NO release in a
biological environment. The authors noted high levels of
NO, (product of NO) in the culture medium containing
NA cells and SNP.%¢” These researchers showed that SNP
induces apoptotic cell death via modulation of ERK activity
in several cell types.®

Another study demonstrated a synergistic effect on
combating cancer cells using hyperthermia and SNP.** The
authors showed that hyperthermia and Nitric oxide, released
from SNP, induce oxidative stress, caspase activation, DNA
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fragmentation, and mitochondrial depolarization. Besides,
hyperthermia and SNP lead to necrotic and caspase-
dependent apoptotic death of cancer cells.

Kurimoto and co-authors researched the effect of NO
on the growth and radiosensitivity of cultured glioma
cells.®® The researchers observed that S-nitroso-N-acetyl-
penicillamine (a known NO-donor) and SNP inhibited the
growth of the glioma cells. The data indicated that NO
mediates the inhibition of cellular growth effect since it
was declined by the presence of hemoglobin, a scavenger
of NO.® Besides, they noted radiosensitization when the
malignant glioma cells were irradiated in the presence of
NO-donors, an effect that was also attributed to the liberation
of NO in the biological medium.®® On the other hand,
studies have shown that NO can also stimulate cancer cell
growth. It is worth noting that NO can have a dual effect
on cancer cell growth, depending on factors such as NO
flux, release rate, and cell type.®* In other words, nitric
oxide in low concentrations can stimulate the proliferation
of cancer cells,**" while higher concentrations can inhibit
the proliferation of cancer cells and induce apoptosis.5*6570-72
Therefore, the use of NO-donors such as SNP should
consider the rate of NO release in the cellular medium to
lead to a better interpretation of the data.

5. Antituberculosis Activity

The resistance of the bacterium Mycobacterium
tuberculosis that causes tuberculosis to traditional drugs
has been observed by researchers in recent decades.”
The strategy developed by Souza was to combine these
drugs, mainly isoniazid (INH) and rifampicin, with the
fragment [Fe(CN),], resulting in efficient anti-tuberculosis
agents.>*7*™ This highlights the importance of research
related to treatments to combat this disease.

According to the literature, INH functions as a prodrug,
activated by an electron transfer reaction catalyzed by the
enzyme catalase-peroxidase (KatG). This process generates
various reactive oxygen species and reactive organic radicals
capable of efficiently attacking M. tuberculosis bacteria.
The action of isoniazid occurs by forming the isonicotinic
acyl radical. That species reacts with NAD(H) to form the
NAD-isoniazid adduct, an efficient inhibitor of the InhA
enzyme (Kd = 0.4 nM), directly related to the biosynthesis of
mycolic acid (fatty acid in the cell wall of M. tuberculosis).
Therefore, isoniazid is a very effective therapeutic drug
for extended periods (Scheme 3).>**"*™ However, it was
observed that 50% of isoniazid-resistant isolates have
mutations in the katG gene. This gene is a bifunctional
enzyme with broad-spectrum catalase and peroxidase
activity, which acts by oxidizing several electron donors,
including NAD(H), necessary for drug activation.>*7

The complex [Fe(CN)(INH)]* proposed by Sousa
and co-authors (Figure 1), can act as an alternative
antituberculosis drug since the oxidation-reduction reactions
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Scheme 3. The simplified mechanism of action of isoniazid

of the organic ligand usually require metallic enzymes.
Therefore, intramolecular electron transfer reactions
promoted by a metal complex coordinated to isoniazid
would produce an alternative route for ligand oxidation.
It was demonstrated that the complex [Fe(CN);(INH)]*
showed activity against strains resistant to the isoniazid
ligand, which indicated that this compound would be a
potential antituberculosis agent. The initial results led the
researchers to invest in synthesizing a series of complexes
with similar structures to achieve better results or to seek
to understand their mechanism of bactericidal action.® This
resembles the thioamide-pyridine antituberculosis prodrugs,
whose mechanism was poorly understood.

H H

Osc-NNLor

S
| —
|
NC. [N
NC| “CN
CN

Figure 1. Structure of the derivatives of the complex [Fe"™(CN);(INH)J*,
R = Ph (phenyl); CH;-4-Ph; CH;-O-4-Ph; F-4-Ph; Fur-2-yl

Researchers have showcased that its mechanism of action
for treating multidrug-resistant tuberculosis occurs through
activation by enzymatic electron transfer.” The authors of
the work investigated the electron transfer reaction in an
interaction between the complex [Fe(CN);(H,0)]**- and
thionicotinamide, which was observed to convert the
ligand to the 3-cyanopyridine species coordinate to a Fe"

b
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metallic center.’® The authors suggested that this study
could aid the design of new thiocarbonyl-containing drugs
against resistant strains of Mycobacterium tuberculosis by
a self-activation mechanism.” In addition, scientists have
also explored the synthesis of derivatives of the complex
[Fe(CN)s(INH)]* with substituents that increase electronic
density to enhance the inhibition of the MtInhA enzyme.
Compound Na,[Fe(CN),(pyrazine-2-hydroxamic acid)]
attracts attention due to its reaction with H,0,, which
produces pyrazinoic acid and HNO. Additionally, that
compound appears to have extraordinary vasodilation
properties with the added benefit of having lower toxicity
than SNP.” These findings hold promise for developing more
effective treatments for this deadly disease (Scheme 4).°

HS._ __NH S.___NH
Enzyme Inhibition of
= T == T " mycolic acid
| | biosynthesis
N =~ N~

Scheme 4. Summarized action mechanism of the
thionicotinamide (thiol)

6. Mechanism of Antituberculosis Action of
Naz[Fe(CN)s(INH)]

The proposal of the synthesis of the iron complex
Na,[Fe(CN)s(INH)] had as a premise to make the oxidation
process of this ligand more accessible. The iron in the
complex has an oxidation potential that can be easily
activated in a biological environment, thereby oxidizing
the isoniazid ligand and forming its activated species.”
This active species can inhibit the enoyl-[acyl transporter
protein] reductase enzyme (InhA) of Mycobacterium
tuberculosis without the need for activation by catalase-
peroxidase KatG.™ Therefore, it was suggested that the
[Fe(CN)s(INH)]* complex would have an action against
strains of Mycobacterium tuberculosis, whose INH
resistance mechanism involves mutations in the katG gene
(Rv1908c) (Scheme 5).7677

Once autoxidation occurs, inhibition of the InhA enzyme
by the [Fe"(CN)s(INH)]* complex would be possible.

&

° —/ [
N
NC. CN

CN

Scheme 5. Mechanism of activation of isoniazid in the complex ion [Fe"(CN);(INH)]*
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Souza et al.” demonstrated the possibility of the formation
of the radical [Fe"(CN)s(INH)*]* through the reaction with
peroxide and superoxide. However, as discussed above,
this intramolecular transfer mechanism is not possible in
the intracellular environment of macrophages due to the
high oxidation potential value of the metallic center of the
complex, which would hinder the formation of the iron(III)
species and, therefore, the subsequent transfer of Ligand-
metal electrons. The same author had already observed the
importance of the redox potential of the metallic center
for the antituberculosis activity of complexes containing
INH.™ The researcher observed that only the complex
[Fe(CN)s(INH)]* was able to inhibit this enzyme since the
ruthenium complex,[Ru(CN)s;(INH)]*-, has a much higher
E,,, of the redox process of the metallic center than the iron
complex.™ Other ruthenium complexes containing the INH
ligand also showed antituberculous activity with MIC values
similar to the [Fe(CN);(INH)]* complex. These complexes
also showed potential oxidation values close to those of the
[Fe(CN)s(INH)]* complex, suggesting a similar mechanism
of action (Table 1).7

Table 1. MIC (J774A.1) and E,, MIII/II data for compounds Ru(II) and
Fe(II) and free INH against the resistant strain, H37Rv. 7

Compounds Nll(i{g;gRr‘l:lL"J E,, MU ()%
Isoniazid (INH) 0.07 -
[Ru(NH,),(INH)J?* 0.60 0.16
£-[Ru(NH,),(SO,)(INH) |* 0.88 0.29
[Fe'(CN),INHJ* 1.56 0.30

*Epa vs. SCE: pH 7.0, 1=0.10 mol L"

However, Abbadi and co-authors’® showed that both the
INH ligand and the complex did not show activity against
Mycobacterium tuberculosis colonies with katG(S315T)
mutation, suggesting that the activity of these compounds
would be dependent on non-mutant katG. In other words,
the mutation in the katG gene causes resistance to both the
ligand and the complex, suggesting that the mechanism
of action of both compounds against Mycobacterium
tuberculosis could be identical. This hypothesis was
reinforced by results related to treating macrophages
containing the mutant strain with the complex that showed
no action against the bacteria.”® This result indicates that the
intracellular host environment is not sufficient to trigger the
self-activation mechanism of the complex. In summary, it
can be concluded that the ligand and the complex require the
katG enzyme to exert their antituberculosis action. Based on
the information provided, it is reasonable to conclude that
this compound may not be effective against drug-resistant
strains of tuberculosis. However, recent results indicate
its low toxicity compared to free isoniazid ™ and greater
efficiency in combined therapies with other drugs.” Thus,
this complex remains a viable candidate for research as a
drug against tuberculosis.
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7. Conclusion

SNP is one of the most essential metallopharmaceuticals
used in medicine. However, as has been seen, its toxic effect
due to cyanide dissociation has led researchers to develop new
nitrosyl cyano complexes. Herein, we showed some examples
of cyano nitrosyl complexes that could replace nitroprusside
as vasodilating agents. Besides, we showed some examples
of cyanoferrates containing drugs as ligands that are very
promising for combating various diseases such as cancer,
tuberculosis, and parasitic infections. Finally, we consider
that the data presented supports the conclusion that this class
of complexes has great potential as metallopharmaceuticals.

Acknowledgements

This study was financed, in part, by the Sdo Paulo
Research Foundation (FAPESP), Brazil. Process
Numbers 19/17762-7. Additionally, the authors are
thankful to CNPq (National Council for Scientific and
Technological Development, Brazil) for the scholarship
number 307504/2022-0. We are also grateful for CAPES
(Coordination for the Improvement of Higher Education
Personnel, Brazil) financing Code 001.

Author Contributions

Juan Camilo Rojas Sterling: Writing original draft,
Maria I. Z. Soares: Writing-review & editing, Gian Vitor
Rodrigues: Investigation; Victoria C. R. Colmenares:
Writing-review & editing; Diego B. Felix: Writing-review
& editing, Emanuela da Concei¢do: Writing-review &
editing; Marildndia P. Ananias: Conceptualization and José
Clayston Melo Pereira: Conceptualization, Writing-review
& editing, Project administration.

Bibliographic References

1. Anthony, E. I.; Bolitho, E. M.; Bridgewater, H. E.; Carter, O. W.;
Donnelly, J. M.; Imberti, C.; Zhang, Z. Metallodrugs are unique:
opportunities and challenges of discovery and development.
Chemical Science 2020, 11, 12888. [Crossref] [PubMed|

2. Velasques, J. M.; de Souza, R. F. E; Silva, D. E. S.; farias, R.
l.; Zanetti, R. D.; Moreira, M. B.; Ellena, 1.; Pereira, J. c. M.;
Mauro, A. E.; Oliveira, A. B.; Netto, A. V. G. Orthopalladated

tetralone oxime compounds bearing tertiary phosphines:

synthesis, structure, biological and in silico studies. Journal of
Organometallic Chemistry 2021, 958, 122184. [Crossref]

3. Muhammad, N.; Guo, Z., Metal-based anticancer
chemotherapeutic agents. Current Opinion in Chemical Biology
2014, 19, 144. |Crossref] [PubMed]

4, de Andrade, M. H. P.; Aguiar, J. S.; Silva, T. G. D.; Santos, J.

Rev. Virtual Quim.



Sterling et al.

M.; Silva, W. E.; Belian, M. F. Estudo da atividade antitumoral
de um novo complexo de Ru™: uma proposta para o design de
metalofiarmacos de baixa toxicidade. Quimica Nova 2022, 45,
906. [Crossref]

Gazzi, T. P;; Rotta, M.; Villela, A. D., Rodrigues-Junior, V.;
Martinelli, L. K.; Sales, F. A.; Sousa, E. H.; Campos, M. M.;
Basso, L. A_; Santos, D. S.; Machado, P.; Synthesis, inhibition of
mycobacterium tuberculosis enoyl-acyl carrier protein reductase
and antimycobacterial activity of novel pentacyanoferrate(ii)-
isonicotinoylhydrazones. Journal of the Brazilian Chemical
Society 2017, 28, 2028. [Crossref]

Verner, I. R.; Sodium nitroprusside: theory and practice.
Postgraduate Medical Journal 1974, 50, 576. [Crossref] [PubMed]
Moreira, 1. D. S.; Franco, D. W.; Ruthenium(II) and Iron(II)
Complexes of 4.4-Dithiodipyridine. Synthesis, characterization,
and reactivity studies. Inorganic Chemistry 1994, 33, 1607.

| Crossref]
Lanjewar, R. B.; Kawata, S.; Nawa, T.; Kitagawa, S.; Garg,

A. N.; Katada, M.; Mdssbauer spectroscopic and thermal
decomposition studies of alkylamine and nitrogen heterocyclic
substituted pentacyanoferrate(Il) complexes. Thermochimica
Acta 1996, 287, 111. [Crossref]

Toma, H. E.; Contribui¢io ao estudo da estrutura, reatividade e
quimica bioinorganica do ferro. Quimica Nova 1984, 7,312. [Link]|
Rim, D. E.; Yoo, H. J.; Lee, J. H.;: Kwon, O. J.; Jeong, S. W.;
Role of gs28 in sodium nitroprusside-induced cell death in
cervical carcinoma cells. Journal of Biochemical and Molecular
Toxicology 2019, 33, 1. |Crossref] [PubMed]

Furchgott, R. E.; Endothelium-derived relaxing factor: discovery,
carly studies, and identification as nitric oxide. Angewandte
Chemie International Edition 1999, 3, 1870.|Crossref] [PubMed|
Ignarro, L. J.; Nitric oxide: a unique endogenous signaling
molecule in vascular biology. Angewandte Chemie International
Edition 1999, 38, 1882. [Crossref] [PubMed]

Lancaster Jr, J. R.; Nitric oxide: a brief overview of chemical and
physical properties relevant to therapeutic applications. Future
Science OA 2015, [, 2056. [Crossref] [PubMed]

Ghimire, K.; Altmann, H. M.; Straub, A. C.; Isenberg, J. S.; Nitric
oxide: what’s new to no?. American Journal of Physiology -ell.
Physiology 2017, 312, C254. |Crossref] [PubMed]

O°dell, T. J.; Hawkins, R. D.; Kandel, E. R.; Arancio, O.;
Tests of the roles of two diffusible substances in long-term

potentiation: evidence for nitric oxide as a possible carly
retrograde messenger. Proceedings of the National Academy of
Sciences 1991, 88, 11285. [Crossref] [PubMed]

Palmer, R.; Ferrige, A.; Moncada, S.; Nitric oxide release

accounts for the biological activity of endothelium-derived
relaxing factor. Nature 1987, 327, 524. [Crossref] [PubMed]
Andrabi, §. M.; Sharma, N. S.; Karan, A.; Shahriar, S. M. S.;
Cordon, B.; Ma, B.;Xie, J.; Nitric oxide: physiological functions,
delivery, and biomedical applications. Advanced Science 2023,
10, 2303259. [Crossref] [PubMed]

Amorim, C. F.; Galina, L.; Carvalho, N. B.; Sperotto, N.
D.; Pissinate, K.; Machado, P.; Campos, M. M.; Basso, L.
A_; Rodrigues-Junior, V. S.; Carvalho, E. M.; Santos, D. S.;
Inhibitory activity of pentacyano(isoniazid)ferrate(Il), IQG-607,

Vol 18, No. 1, 2026

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

against promastigotes and amastigotes forms of Leishmania
braziliensis. PLoS One 2017, 12, ¢0190294. [Crossref]
[PubMed]

Silva, 1. J. N.; Osakabe, A. L.; Pavanelli, W. R.; Silva, 1.
S.; Franco, D. W.; In vitro and in vive antiproliferative and
trypanocidal activities of ruthenium NO donors. British Journal
of Pharmacology 2007, 152, 112. [Crossref] [PubMed]
Janjetovic, K.; Misirkic, M.; Vucicevic, L.; Harhaji, L.; Trajkovic,
V.; Synergistic antiglioma action of hyperthermia and nitric
oxide. European Journal of Pharmacology 2008, 583, 1.
[Crossref] [PubMed]

Buzinari, T. C.; Oishi, J. C.; De Moraes, T. F.; Vatanabe, 1.
P.; Selistre-de-Araujo, H. S.; Pestana,C. R.; Rodrigues, G. J.;
Treatment with sodium nitroprusside improves the endothelial

function in aortic rings with endothelial dysfunction. European
Journal of Pharmaceutical Sciences 2017, 103, 144. [Crossref]
[PubMed]

Navaza, A.; Chevrier, G.; Alzari, P. M.; Aymonino, P. J.;
Single-crystal neutron diffraction structure of sodium
pentacyanonitrosylferrate(2-) (sodium nitroprusside) dihydrate.
Acta Crystallographica Section C 1989, 45, 839. |Crossref]
Friederich, J. A.; Butterworth, J. E L. V.; Sodium nitroprusside:
twenty years and counting. Anesthesia & Analgesia 1995, 81,
152. |Crossref] [PubMed]

Marcondes, F. G.; Ferro, A. A.; Souza-Torsoni, A.; Sumitani,
M.; Clarke, M. J.; Franco, D. W.; Tfouni, E. ; Krieger, M. H.;
In vivo effects of the controlled NO donor/scavenger ruthenium
cyclam complexes on blood pressure. Life Sciences 2002, 70,
2735. [Crossref] [PubMed]

Tfouni, E. ; Doro, F. G.; Figueiredo, L. E.; Pereira, J. C.
M.; Metzke, G.: Franco, D. W.; Tailoring NO Donors
Metallopharmaceuticals: Ruthenium Nitrosyl Ammines and

Aliphatic Tetraazamacrocycles. Current Medicinal Chemistry
2010, /7, 3643. [Crossref] [PubMed]

Zanichelli, P. G.; Estrela, H. F. G.; Spadari-Bratfisch, R. C.;
Grassi-Kassisse, D. M.; Franco, D. W.; The effects of ruthenium
tetraammine compounds on vascular smooth muscle. Nitric
Oxide 2007, 16, 189. [Crossref] [PubMed]

Szacitowski, K.; Wanat, A.; Barbieri, A.; Wasiclewska, E.; Witko,
M.; Stochel, G.; Stasicka, Z.; Reactions of the [Fe(CN);NO[*
complex with biologically relevant thiols. New Journal of
Chemistry 2002, 26, 1495. [Crossref]

Olabe, J. A.; The coordination chemistry of nitrosyl in

cyanoferrates. An exhibit of bioinorganic relevant reactions.
Dalton Transactions 2008, 28, 3633. [Crossref]

Roncaroli, F.;Videla, M.;Slep, L. D.; Olabe, J. A.; New features
in the redox coordination chemistry of metal nitrosyls { M-NO*;
M-NO; M-NO~(HNO)}. Coordination Chemistry Reviews 2007,
251, 1903. [Crossref]

Roncaroli, F.; Olabe, J. A.; The reactions of nitrosyl complexes
with cysteine. Inorganic Chemistry 2005, 44, 4719. [Crossref]
[PubMed]

Souza, M. L.; Roveda, A. C.; Pereira, J. C. M.; Franco, D.
W.; New perspectives on the reactions of metal nitrosyls with
thiolates as nucleophiles. Coordination Chemistry Reviews 2016,
306, 615. [Crossref]

91



32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

92

Nitroprusside and Other Cyanoferrate Complexes: A Brief Review on Biological Activity Aspects

Roncaroli, F.; Van Eldik,R.; Olabe, J. A.; Release of no from
reduced nitroprusside ion. iron-dinitrosyl formation and no-
disproportionation reactions. Inorganic Chemistry 2005, 44,
2781. [Crossref]

Carvalho, E. M.; Sousa, E. H. S.; Bernardes-Génisson, V.; Lopes,
L. G. F.: When NO. Is not Enough: Chemical Systems, Advances
and Challenges in the Development of NO. and HNO Donors for
Old and Current Medical Issues. European Journal of Inorganic
Chemistry 2021, 2021, 4316. | Crossref]

Hollenberg, S. M.; Vasodilators in acute heart failure. Heart
Failure Reviews 2007, 12, 143. [Crossref] [PubMed|

Murad, F.; Discovery of some of the biological effects of

nitric oxide and its role in cell signaling. Angewandte Chemie
International Edition 1999, 38, 1856. [Crossref] [PubMed|
Kukreja, R. C.; Salloum, F. N.; Das, A.; Cyclic guanosine

monophosphate signaling and phosphodiesterase-5 inhibitors in
cardioprotection. Journal of the American College of Cardiology
2012, 59, 1921. [Crossref] [PubMed]

Murad, F.; Cyclic guanosine monophosphate as a mediator of
vasodilation. The Journal of Clinical Investigation 1986, 78, 1.
|Crossref] [PubMed]

da Silva Filho, P. M.; Paz, 1. A.; Nascimento, N. R.; Abreu, D.
S.: Lopes, L. G.; Sousa E. H.; Longhinotti, E.; Nitroprusside-
expanding the potential use of an old drug using nanoparticles.
Molecular Pharmaceutics 2022, 20, 6. [Crossref] [PubMed]
da Silva Filho, P. M.; Andrade, A. L.; Lopes, J. B. A. C.; de
Azevedo Pinheiro, A.; de Vasconcelos, M. A.; da Cruz Fonseca,
S. G.:; de Franca Lopes, L. G.; Sousa, E. H. S.; Teixeira, E. H.;
Longhinotti, E.; The biofilm inhibition activity of a NO donor
nanosilica with enhanced antibiotics action. International Journal
of Pharmaceutics 2021, 610, 121220. [Crossref] [PubMed]
Hu, C.; Sun, J.; Zhang, Y.; Chen, J.; Lei, Y.; Sun, X.; Deng, Y.;
Local delivery and sustained-release of nitric oxide donor loaded

in mesoporous silica particles for efficient treatment of primary
open-angle glaucoma. Advanced Healthcare Materials 2018,
7,1801047. [Crossref] [PubMed]

da Silva Filho, P. M.; Paz. 1. A.; Nascimento, N. R. F.; Santos, C.
F.; Araujo, V. R.; Aquino, C. P.; Ribeiro, T. S.; Vasconcelos, L. F.;
Lopes, L. G. E.; Sousa, E. H. S.; Incorporation of nitroprusside
on silica nanoparticles-a strategy for safer use of this no donor
in therapy. Molecular Pharmaceutics 2019, 16,2912. [Crossref]
[PubMed]

Fu, J.; Wu, Q.; Dang, Y.; Lei, X.; Feng, G.; Chen, M.: Yu, X. Y.;
Synergistic therapy using doxorubicin-loading and nitric oxide-

generating hollow prussian blue nanoparticles with photoacoustic
imaging potential against breast cancer. International Journal
of Nanomedicine 2021, 16, 6003. [Crossref] [PubMed]

da Silva, F. O. N.; Gomes, E. C. C.; Franscisco, T. D. S.;
Holanda, A. K. M.; Diégenes, . C. N.; Sousa, E. H. S.; Lopes,
L. G. E.; Longuinotti, E.; NO donors cis-[ru(bpy),(L)no]*
and [Fe(Cn),(L)NO]- complexes immobilized on modified

mesoporous silica spheres. Polyhedron 2010, 29, 3349.
| Crossref]

Safi, M.; Namazi, M. H.; Fooladi, E.; Vakili, H.; Parsa, S. A.;
Khaheshi, I.; Abbasi, M. A. ; Movahed, M. R.; Comparison
of fractional flow reserve measurements using intracoronary

45.

47.

49.

50.

51.

52.

53.

54.

55.

56.

adenosine versus intracoronary sodium nitroprusside infusions
in moderately stenotic coronary artery lesions. Cardiovasc.
Cardiovascular Revascularization Medicine 2016, 17, 441.
[Crossref] [PubMed]

Lloyd, J. W.; Nishimura, R. A.; Bourlaug, B. A.; Eleid, M. F;
Hemodynamic response to nitroprusside in patients with low-
gradient severe aortic stenosis and preserved ejection fraction.
Journal of the American College of Cardiology 2017, 70, 1339.
[Crossref] [PubMed]

Ripeckyj, A.; Kosmopoulos, M.; Shekar, K.; Carlson, C. ; Kalra,
R.; Rees, J. ;:Aufderheide, T. P. ; Bartos, J. A. ; Yannopoulos, D.;
Sodium nitroprusside—enhanced cardiopulmonary resuscitation
improves blood flow by pulmonary vasodilation leading to higher
oxygen requirements. JACC: Basic to Translational Science
2020, 5, 183. [Crossref] [PubMed]

Braga, R. J.; Reynolds, G. P; Siris, S. G.; Anxiety comorbidity
in schizophrenia. Psychiatry Research 2013, 210,1. [Crossref]
[PubMed]

Orfanidou, M. A.; Lafioniatis, A.; Trevlopoulou, A. ;Touzlatzi,

N.; Pitsikas, N.: Acute and repeated exposure with the nitric
oxide (NO) donor sodium nitroprusside (SNP) differentially
modulate responses in a rat model of anxiety. Nitric Oxide 2017,
69, 56. |Crossref] [PubMed]

Pitsikas, N.; The role of nitric oxide (NO) donors in anxiety. Lights
and shadows. Nitric Oxide 2018, 77, 6. [Crossref] [PubMed]
Prut, L.; Belzung, C.; The open ficld as a paradigm to measure

the effects of drugs on anxiety-like behaviors: a review. European
Journal of Pharmacology 2003, 463, 3. |Crossref] [PubMed]
Papageorgoulis, A.; Fallon, P.; Mpalantes, N.; Papageorgouli,

D.; Pitsikas, N.; Repeated but not acute exposure with a low
dose range of the nitric oxide (NO) donor sodium nitroprusside
(SNP) induces anxiolytic-like behaviour in a dose-independent
manner in two different rat models of anxiety. Nitric Oxide 2020,
99, 1. [Crossref] [PubMed]

Lucas, I.; Kolodziej, H.; In vitre antileishmanial activity of
resveratrol originates from its cytotoxic potential against host
cells. Planta Medica 2013, 79, 20. [Crossref] [PubMed]
Pereira, J. C. M.; Carregaro, V.; Costa, D. L.; Da Silva, J.
S.:Cunha, F. Q.; Franco, D. W.; Antileishmanial activity of
ruthenium(II)tetraammine nitrosyl complexes. European Journal
of Medicinal Chemistry 2010, 45, 4180. [Crossref] [PubMed]
Silva, J. I. N.; Pavanelli, W. R.; Pereira, J. C. M.; Silva,
J. S.; Franco, D. W.; Experimental chemotherapy against

Trypanosoma cruzi infection using ruthenium nitric oxide
donors. Antimicrobial Agents and Chemotherapy 2009, 53, 4414.
[Crossref] [PubMed]

Venturini, G.; Salvati, L. ; Muolo, M.; Colasanti, M.; Gradoni,
L.; Ascenzi, P.; Nitric oxide inhibits cruzipain, the major papain-
like cysteine proteinase from trypanosoma cruzi. Biochemical
and Biophysical Research Communications 2000, 270, 437.
[Crossref] [PubMed]

Venturini, G.; Colasanti, M.; Salvati, L.; Gradoni, L.; Ascenzi,
P.; Nitric oxide inhibits falcipain, the Plasmodium falciparum
trophozoite cysteine protease. Biochem. Biochemical and
Biophysical Research Communications 2000, 267, 190.
[Crossref] [PubMed]

Rev. Virtual Quim.



57.

58.

59.

61.

62.

63.

66.

67.

68.

Sterling et al.

Uchara, L. A.; Moreira, O. C.; Oliveira, A. C.; Azambuja, P.;
Lima, A. P. C. A. ; Britto, C.; dos Santos, A. L. S.; Branquinha,
M. H.;: D’ Avila-Levy, C. M.; Cruzipain promotes Trypanosoma
cruzi adhesion to Rhodnius prolixus midgut. PLoS Neglected
Tropical Diseases 2012, 6, ¢1958. [Crossref] [PubMed]

Marco, M.; Coteron, J. M.; Falcipain inhibition as a promising

antimalarial target. Current Topics in Medicinal Chemistry 2012,
12, 408. [Crossref] [PubMed]

Sousa, E. H. S.; Pontes, D. L.; Diégenes, I. C. N.; Lopes, L. G. E.;
Oliveira, . S.; Basso, L. A.; Santos, D. S.; Moreira, I S.: Electron
transfer kinetics and mechanistic study of the thionicotinamide

coordinated to the pentacyanoferrate(III)/(II) complexes: a
model system for the in vitro activation of thioamides anti-
tuberculosis drugs. Journal of Inorganic Biochemistry 2005,
99, 368. [Crossrefl] [PubMed]

Sumitani, K.; Kamijo, R.; Nagumo, M.; Cytotoxic effect of
sodium nitroprusside on cancer cells: involvement of apoptosis
and suppression of c-myc and c-myb proto-oncogene expression.
Anticancer Research 1997, 17, 865. |Crossref] [PubMed|
Rose, M. I.; Mascharak, P. K.; Fiat [ux: selective delivery of high

flux of nitric oxide (NO) to biological targets using photoactive
metal nitrosyls. Current Opinion in Chemical Biology 2008, 12,
238. [Crossref] [PubMed]

Fukumura, D.; Kashiwagi, S. ; Jain, R.K.; The role of nitric oxide

in tumour progression. Nature Reviews Cancer volume 2006, 6,
521. [Crossref] [PubMed]

Somasundaram,V.; Basudhar, D.; Bharadwaj, G.; No, J. H.;
Ridnour, L. A.; Cheng, R. Y. S.; Fujita, M.; Thomas, D. D.;
Anderson, S. K.; McVicar, D. W.; Wink, D. A.; Molecular
mechanisms of nitric oxide in cancer progression, signal

transduction, and metabolism. Antioxidants & Redox Signaling
2019, 30, 1124. [Crossref] [PubMed]

Wink, D. A.; Mitchell, J. B.; Chemical biology of nitric
oxide: insights into regulatory, cytotoxic, and cytoprotective

mechanisms of nitric oxide. Free Radical Biology and Medicine
1998, 25,434, [Crossref] [PubMed]

Ridnour, L. A.; Thomas, D. D.; Switzer, C.; Flores-Santana, W. ;
Isenberg, J. 5.; Ambs, S.; Roberts, D.D.; Wink, D. A.; Molecular
mechanisms for discrete nitric oxide levels in cancer. Nitric
Oxide 2008, 19, 73. [Crossref] [PubMed]

Sinha, B. K.; Nitric oxide: friend or foe in cancer chemotherapy
and drug resistance: a perspective. Journal of Cancer Science &
Therapy 2016, 8, 244. [Crossref] [PubMed]
Ratajczak-Wrona, W.; Jablonska, E.; Antonowicz, B.:
Dziemianczyk, D.; Grabowska, S. Z.; Levels of biological
markers of nitric oxide in serum of patients with squamous
cell carcinoma of the oral cavity. International Journal of Oral
Science 2013, 5, 141. [Crossref] [PubMed|

Kurimoto, M.; Endo, S.; Hirashima, Y.; Hamada, H.; Ogiichi, T;
Takaku, A.; Growth inhibition and radiosensitization of cultured
glioma cells by nitric oxide generating agents. Journal of Neuro-
Oncology 1999, 42, 35. [Crossref] [PubMed]

Vol 18, No. 1, 2026

69.

70.

T1.

2.

73.

74.

75.

76.

7.

78.

79.

Thomas, D. D.; Ridnour, L. A.; Isenberg, J. S.; Flores-Santana,
W.: Switzer, C.H.; Donzelli, S.; Hussain, P.; Vecoli, C.; Paolocci,
N.: Ambs, S.; Colton, C. A.; Harris, C. C.; Roberts, D. D.; Wink,
D. A.; The chemical biology of nitric oxide: implications in
cellular signaling. Free Radical Biology and Medicine 2008,
45, 18. [Crossref] [PubMed]

Rizi, B. S.; Achreja, A.; Nagrath, D.; Nitric Oxide: The forgotten
child of tumor metabolism. Trends in Cancer 2017, 3, 659.
[Crossref] [PubMed]

Taylor, E. L.; Megson, 1. L.; Haslett, C.; Rossi, A. G.; Nitric
oxide: a key regulator of myeloid inflammatory cell apoptosis.
Cell Death & Differentiation 2003, 10, 418. [ Crossref] [PubMed]
Hu,Y.; Xiang, J.; Su, L.; Tang, X.; The regulation of nitric oxide
in tumor progression and therapy. Journal of International
Medical Research 2020, 48, 1. [Crossref] [PubMed|

Sousa, E. H. S.; de Mesquita Vieira, F. G.; Butler, J. S.; Basso,
L. A.; Santiago, D. S.; Diégenes, I. C. N.; Lopes, L. G. D. F;
Sadler, P. J.; [Fe(CN),(isoniazid)[’—: An iron isoniazid complex
with redox behavior implicated in tuberculosis therapy. Journal
of Inorganic Biochemistry 2014, 140, 236. [ Crossref] [PubMed]
Sousa, E. H. S.; Basso, L. A.; Santos, D. S.; Diogenes, 1. C.
N.: Longhinotti, E.; Lopes, L. G. F.; de Sousa Moreira, L.;
Isoniazid metal complex reactivity and insights for a novel
anti-tuberculosis drug design. Journal of Biological Inorganic
Chemistry 2012, 17, 275. [Crossref] [PubMed]

Carvalho, E. M.; de Freitas, T. P.; Saquet, A. S.; Abbadi, B.
L.; Macchi, F. S.; Bizarro, C. V.; de Morais, R. C.; Ferreira, T.
L. A.; do Nascimento, N. R. E; Lopes, L. G. E.; Chauvin, R.;
Sousa, E. H. S.; Bernardes-Génisson, V.; Pentacyanoferrate(II)
complex of pyridine-4- and pyrazine-2-hydroxamic acid as
source of HNO: investigation of anti-tubercular and vasodilation
activities. Journal of Biological Inorganic Chemistry 2020, 25,
887. [Crossref] [PubMed|

Abbadi, B. L.; Villela, A. D.; Subitil, E T.; Dalberto, PE; Pinheiro,
A. P. S.; Machado, P.; Basso, L. A.; Bizarro, C. V.; Revisiting
activation of and mechanism of resistance to compound 1QG-
607 in Mycobacterium tuberculosis. Antimicrobial Agents and
Chemotherapy 2018, 62, ¢02222-17. [Crossref] [PubMed]
Abbadi, B. L.; Rodrigues-Junior, V.D.; Dadda, A. D.; Pissinate,
K.; Villela, A. D.; Campos, M. M.; Lopes, L.G.; Bizarro, C. V.;
Machado, P.; Sousa, E. H.; Basso, L. A.; Is IQG-607 a potential
metallodrug or metallopro-drug with a defined molecular target

in Mycobacterium tuberculosis?. Frontiers in Microbiology
2018, 9, 880. [Crossref] [PubMed]

Sankar, J.; Chauhan, A.; Singh, R.; Mahajan, D.; Isoniazid-
historical development, metabolism associated toxicity and a
perspective on its pharmacological improvement. Frontiers in
Pharmacology 2024, 15, 1441147. [Crossref] [PubMed]
Lopes, L. G. F.; Carvalho, E. M.; Sousa, E. H. S.; A bioinorganic
chemistry perspective on the roles of metals as drugs and targets
against Mycobacterium tuberculosis — a journey of opportunities.
Dalton Transactions 2020, 49, 15988. [Crossref] [PubMed|

93



