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Abstract
Metalloenzymes are a diverse group of enzymes containing metal ions as cofactors, crucial for catalyzing various biochemical 

reactions. Their involvement in the pathophysiology of diseases such as cancer, neurodegenerative disorders, and infectious diseases 
has garnered significant research interest. Understanding the roles and mechanisms of metalloenzymes is essential for developing 
new therapeutic strategies.

This study aims to define metalloenzymes and their general roles in biological systems, investigate their involvement in the patho-
physiology of cancer, neurodegenerative diseases, and infectious diseases, explore their biochemical mechanisms, evaluate the thera-
peutic potential of metalloenzyme inhibitors, and identify common themes and differences across these diseases.

A comprehensive literature review was conducted, focusing on studies from 2019 to 2024. Experimental models of cancer (MCF-7 
and A549 cell lines), neurodegenerative diseases (differentiated SH-SY5Y cells), and infectious diseases (Pseudomonas aeruginosa 
and Escherichia coli strains) were used to evaluate the effects of metalloenzyme inhibitors. Key assays included MTT for cell viability, 
fluorescence-based assays for enzyme activity and ROS levels, and growth curves for pathogen virulence.

Metalloenzyme inhibitors significantly reduced cell viability and proliferation in cancer models, decreased MMP activity, and 
impeded metastatic potential. In neurodegenerative models, SOD mimetics reduced ROS levels and restored metal homeostasis, in-
dicating protective effects against oxidative stress. In infectious disease models, metalloenzyme inhibitors curtailed bacterial growth 
and virulence by inhibiting metalloprotease activity, reducing immune evasion.

The study highlights the critical roles of metalloenzymes in cancer progression, neurodegeneration, and pathogen virulence. Com-
mon themes include their involvement in oxidative stress and metal homeostasis. However, detailed molecular mechanisms remain 
unclear, and there are conflicting roles of certain metalloenzymes across diseases.

Identified gaps include the need for detailed studies on the molecular pathways of metalloenzymes, understanding their dual 
roles in different diseases, and exploring cross-disease therapeutic strategies.

Metalloenzymes are integral to the pathophysiology of various diseases, making them promising therapeutic targets. Future research 
should focus on elucidating molecular mechanisms, developing specific inhibitors, and adopting interdisciplinary approaches to 
advance therapeutic interventions.
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Introduction

Metalloenzymes are a diverse group of enzymes that contain 
metal ions as cofactors, playing crucial roles in various biological 
processes. These enzymes are involved in catalyzing a wide range 
of biochemical reactions, including oxidation-reduction reactions, 
hydrolysis, and electron transfer. Common metal ions found in 
metalloenzymes include zinc, copper, iron, and manganese, which 
are essential for their catalytic activity and structural stability. The 
intricate relationship between metalloenzymes and metal ions is 
fundamental to their function in maintaining cellular homeostasis 
and facilitating metabolic processes.

The study of metalloenzymes has gained significant attention 
due to their involvement in various diseases, including cancer, 
neurodegenerative disorders, and infectious diseases. In cancer, 
metalloenzymes such as matrix metalloproteinases (MMPs) con-
tribute to tumor progression and metastasis by degrading extra-
cellular matrix components. In neurodegenerative diseases like 
Alzheimer’s and Parkinson’s, metalloenzymes such as superoxide 
dismutase (SOD) play a role in managing oxidative stress and met-
al homeostasis, both of which are critical in the pathogenesis of 
these conditions. In infectious diseases, bacterial metalloproteases 
are key virulence factors that facilitate pathogen survival and im-
mune evasion.

This research aims to investigate the role of metalloenzymes in 
these diseases, exploring their mechanisms of action and potential 
as therapeutic targets.

Objectives
•	 To define and categorize metalloenzymes and their gen-

eral roles in biological systems.
•	 To investigate the involvement of metalloenzymes in the 

pathophysiology of cancer, neurodegenerative diseases, 
and infectious diseases.

•	 To explore the biochemical mechanisms by which metal-
loenzymes catalyze reactions in these diseases.

•	 To evaluate the therapeutic potential of metalloenzyme 
inhibitors in treating these diseases.

•	 To identify common themes and differences in the roles 
of metalloenzymes across cancer, neurodegenerative, 
and infectious diseases.

Statement of problem

Metalloenzymes play crucial roles in various biological pro-
cesses, and their dysregulation is implicated in numerous diseases. 
However, the precise mechanisms by which metalloenzymes con-
tribute to the pathogenesis of cancer, neurodegenerative diseases, 
and infectious diseases remain incompletely understood. This lack 
of detailed knowledge hinders the development of effective thera-
peutic strategies targeting these enzymes. Additionally, the poten-
tial for metalloenzyme inhibitors as treatments is underexplored, 
with existing research yielding conflicting results. There is a critical 
need for comprehensive studies that elucidate the roles of metal-
loenzymes in these diseases and evaluate the efficacy of targeted 
inhibitors.

Research questions
•	 What are the general roles and types of metalloenzymes 

in biological systems?
•	 How do metalloenzymes contribute to the development 

and progression of cancer?
•	 What roles do metalloenzymes play in the pathophysiol-

ogy of neurodegenerative diseases such as Alzheimer’s 
and Parkinson’s?

•	 In what ways are metalloenzymes involved in the viru-
lence and survival of pathogens in infectious diseases?

•	 What are the biochemical mechanisms by which metal-
loenzymes catalyze reactions in these diseases?

•	 How effective are metalloenzyme inhibitors in treating 
cancer, neurodegenerative diseases, and infectious dis-
eases?

•	 What common themes and differences exist in the roles of 
metalloenzymes across these disease categories?

•	 What gaps exist in the current literature regarding metal-
loenzymes and their roles in these diseases?

Literature Review
Definition and general role of metalloenzymes
Metalloenzymes are a diverse group of enzymes that contain metal 
ions as integral components of their structure. These metal ions 
are essential for the catalytic activity of the enzymes, facilitating 
various biochemical reactions by stabilizing transition states and 
participating directly in the reaction mechanisms [27]. Metalloen-
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zymes can be classified into several types based on the metal ion 
they contain, including zinc-containing enzymes, copper-contain-
ing enzymes, iron-containing enzymes, and manganese-containing 
enzymes [33].

Zinc-containing metalloenzymes are among the most well-
studied, with zinc playing a critical role in maintaining enzyme 
structure and function. For example, zinc is crucial for the activity 
of carbonic anhydrases, which catalyze the reversible hydration of 
carbon dioxide [42]. Copper-containing metalloenzymes, such as 
cytochrome c oxidase, are involved in electron transfer processes 
and are essential for cellular respiration [30]. Iron-containing en-
zymes, including ribonucleotide reductase, participate in nucleo-
tide synthesis and repair [19]. Manganese-containing metalloen-
zymes, like superoxide dismutase, play a vital role in protecting 
cells from oxidative damage [31].

Importance of studying metalloenzymes in relation to dis-
eases

Studying metalloenzymes is crucial for understanding their 
roles in various diseases, as these enzymes are often involved in 
critical physiological processes that can be disrupted in pathologi-
cal conditions. For instance, alterations in metalloenzyme activity 
can lead to aberrant metal ion homeostasis, which is a hallmark 
of several diseases. In cancer, for example, matrix metalloprotein-
ases (MMPs), which are zinc-dependent enzymes, are implicated 
in tumor invasion and metastasis due to their role in degrading ex-
tracellular matrix components [37]. Understanding the regulation 
and inhibition of these enzymes has potential therapeutic implica-
tions, as selective MMP inhibitors are being explored as treatments 
for cancer [9].

In neurodegenerative diseases, metalloenzymes such as 
copper-zinc superoxide dismutase (SOD1) are associated with 
amyotrophic lateral sclerosis (ALS) and other neurodegenerative 
conditions. Mutations in SOD1 lead to the accumulation of toxic 
oxidative species, contributing to neuronal damage and disease 
progression [47]. Research into the mechanisms by which metal-
loenzymes influence neurodegeneration can aid in developing tar-
geted therapies to modulate enzyme activity and mitigate disease 
symptoms [17].

In the context of infectious diseases, metalloenzymes are crucial 
for pathogen virulence and survival. For example, bacterial metallo-
enzymes such as zinc-dependent metalloproteases play significant 
roles in host tissue invasion and immune evasion [16]. By studying 
these enzymes, researchers can identify novel drug targets to in-
hibit bacterial growth and enhance treatment efficacy [32].

Overall, the study of metalloenzymes in disease contexts offers 
valuable insights into the mechanisms of disease progression and 
potential therapeutic approaches. By targeting specific metalloen-
zymes, it is possible to develop novel treatments that can modulate 
enzyme activity and address the underlying pathophysiological 
processes associated with various diseases [41].

Background on metalloenzymes

•	 Structure and Function Metalloenzymes are characterized 
by their incorporation of metal ions into their structures, 
which are crucial for their catalytic functions. These enzymes 
can include a variety of metal ions, such as zinc, copper, iron, 
and manganese, each playing specific roles in biochemical re-
actions [21]. The metal ions are typically coordinated to the 
enzyme via amino acid side chains, such as histidine, cysteine, 
or aspartate, creating a highly specialized active site [24].

Zinc-containing metalloenzymes often utilize zinc’s ability to 
stabilize negative charges and polarize water molecules, making it 
a key player in enzymes like carbonic anhydrase and alcohol de-
hydrogenase [1]. Copper-containing enzymes are integral to redox 
reactions due to copper’s variable oxidation states, exemplified 
by cytochrome c oxidase and dopamine β-hydroxylase [43]. Iron-
containing enzymes such as catalase and ribonucleotide reductase 
leverage iron’s redox capabilities for various oxidative processes 

[4]. Manganese-containing metalloenzymes like manganese super-
oxide dismutase are crucial in combating oxidative stress by cata-
lyzing the dismutation of superoxide radicals [48].
•	 Mechanisms of Action: Metalloenzymes catalyze reactions 

through several biochemical mechanisms. These mecha-
nisms often involve the metal ion acting as a Lewis acid, 
stabilizing charged reaction intermediates, or participating 
directly in electron transfer processes [26]. For example, in 
carbonic anhydrase, the zinc ion polarizes a water molecule, 
facilitating the transfer of a proton and the subsequent nu-
cleophilic attack on carbon dioxide to form bicarbonate [40].
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In cytochrome c oxidase, copper and iron ions work together 
to facilitate the reduction of oxygen to water in the mitochondrial 
electron transport chain, a process crucial for ATP production [44]. 
Similarly, ribonucleotide reductase, an iron-dependent enzyme, is 
essential for DNA synthesis as it catalyzes the reduction of ribo-
nucleotides to deoxyribonucleotides, a reaction vital for cell pro-
liferation [33].

Metalloenzymes in cancer

•	 Role in Cancer Biology: Metalloenzymes play a significant 
role in the development and progression of cancer. One of the 
key families of metalloenzymes implicated in cancer are the 
matrix metalloproteinases (MMPs). These zinc-dependent en-
dopeptidases are involved in the degradation of extracellular 
matrix components, which is a critical process for tumor inva-
sion and metastasis [15]. Elevated levels of MMPs, particularly 
MMP-2 and MMP-9, have been associated with poor prognosis 
in various cancers due to their role in promoting metastasis 

[23].
• Additionally, enzymes like lysyl oxidase (LOX), which require 

copper for their activity, are implicated in the cross-linking 
of collagen and elastin in the extracellular matrix. LOX over-
expression has been linked to increased tumor stiffness and 
metastatic potential [2]. The role of these metalloenzymes ex-
tends beyond structural remodeling; they are also involved in 
signaling pathways that promote angiogenesis and cell migra-
tion [34].

•	 Therapeutic Targets: The therapeutic potential of targeting 
metalloenzymes in cancer has been extensively studied. In-
hibitors of MMPs, known as matrix metalloproteinase inhibi-
tors (MMPIs), have been developed with the aim of preventing 
cancer metastasis. Early clinical trials with broad-spectrum 
MMPIs showed limited success due to side effects and lack of 
specificity [46]. However, recent advancements have led to the 
development of more selective inhibitors with improved effi-
cacy and reduced toxicity [8].

Moreover, targeting other metalloenzymes like LOX has shown 
promise. Inhibitors of LOX activity have been demonstrated to re-
duce metastasis in preclinical models by interfering with the en-
zyme’s role in extracellular matrix remodeling [6]. The continued 
development of selective metalloenzyme inhibitors holds signifi-

cant potential for improving cancer treatment outcomes by limit-
ing tumor progression and metastasis [22].

Metalloenzymes in neurodegenerative diseases

•	 Pathophysiology: Metalloenzymes play a critical role in 
the pathophysiology of neurodegenerative diseases such 
as Alzheimer’s, Parkinson’s, and Huntington’s disease. In 
Alzheimer’s disease (AD), metal ions such as copper, zinc, 
and iron are implicated in the aggregation of amyloid-β (Aβ) 
peptides, leading to plaque formation. These metal ions in-
teract with Aβ, promoting its aggregation and the generation 
of reactive oxygen species (ROS), which contribute to neu-
rotoxicity and cognitive decline [3]. In Parkinson’s disease 
(PD), the dysregulation of iron homeostasis is linked to the 
aggregation of α-synuclein and the formation of Lewy bod-
ies, hallmarks of the disease. Excessive iron in dopaminergic 
neurons leads to oxidative stress and neuronal death [49]. 
Similarly, in Huntington’s disease (HD), alterations in copper 
and iron metabolism have been associated with the aggrega-
tion of mutant huntingtin protein and the subsequent neuro-
nal dysfunction and death [39].

•	 Oxidative Stress and Metal Homeostasis: Metalloenzymes 
such as superoxide dismutase (SOD) are crucial in maintain-
ing metal homeostasis and mitigating oxidative stress in the 
brain. SOD1, a copper-zinc enzyme, catalyzes the dismuta-
tion of superoxide radicals into hydrogen peroxide and oxy-
gen, thereby protecting cells from oxidative damage. Muta-
tions in the SOD1 gene are linked to familial amyotrophic 
lateral sclerosis (ALS), where the mutant enzyme exhibits a 
gain of toxic function, leading to increased oxidative stress 
and motor neuron degeneration [28]. In AD, the dysregula-
tion of metal homeostasis, particularly of zinc and copper, 
exacerbates oxidative stress, contributing to the pathology 
of the disease [5]. Studies have shown that the interaction of 
these metal ions with Aβ peptides leads to the production of 
ROS, further driving neurodegeneration [14].

•	 Potential Therapeutic Approaches: Current research on 
targeting metalloenzymes for the treatment of neurodegen-
erative diseases is promising. One approach involves the use 
of metal chelators to restore metal homeostasis and reduce 
oxidative stress. In AD, metal chelators like clioquinol and 
PBT2 have shown potential in reducing Aβ aggregation and 
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improving cognitive function in preclinical and clinical stud-
ies [10]. Another strategy is the development of small mol-
ecules that can modulate the activity of metalloenzymes. For 
instance, SOD1 mimetics are being explored as therapeutic 
agents for ALS, aiming to replicate the antioxidant function 
of SOD1 without the associated toxicity [11]. Additionally, 
targeting metal transporters and metallochaperones to reg-
ulate metal ion distribution and availability in the brain is 
an emerging therapeutic strategy. Modulating the activity of 
these proteins could help maintain metal homeostasis and 
protect against neurodegeneration [45].

In PD, targeting iron accumulation with iron chelators such as 
deferiprone has shown neuroprotective effects in preclinical mod-
els and is currently being evaluated in clinical trials [13]. These 
therapeutic strategies underscore the potential of targeting metal-
loenzymes and metal homeostasis pathways to develop effective 
treatments for neurodegenerative diseases.

Metalloenzymes in infectious diseases

•	 Role in Pathogen Virulence: Metalloenzymes play a signifi-
cant role in the virulence and survival of various pathogens. 
These enzymes are crucial for the metabolic processes and 
structural integrity of pathogens, aiding their ability to infect 
and cause disease in hosts. Bacterial metalloproteases, for in-
stance, are prominent examples of metalloenzymes involved 
in pathogen virulence. These zinc-dependent enzymes de-
grade host proteins, facilitating tissue invasion and evasion of 
the host’s immune response. For example, Pseudomonas ae-
ruginosa produces elastase, a metalloprotease that degrades 
elastin, collagen, and other components of the extracellular 
matrix, promoting infection and tissue damage [18]. Simi-
larly, Clostridium difficile produces toxins A and B, which are 
glucosyltransferases that require metal ions for their activity. 
These toxins disrupt the cytoskeleton of host cells, leading to 
cell death and inflammation, contributing to the pathogen’s 
virulence [7].

•	 Host-Pathogen Interactions: Metalloenzymes facilitate 
host-pathogen interactions and immune evasion by manip-
ulating the host’s immune response and exploiting host re-
sources. Pathogens use metalloenzymes to acquire essential 
metal ions from the host, which are vital for their survival and 

pathogenicity. For instance, siderophores are iron-chelating 
compounds produced by bacteria to sequester iron from the 
host. The metalloenzyme ferric enterobactin esterase, pro-
duced by Escherichia coli, hydrolyzes the iron-siderophore 
complex, releasing iron for bacterial use [20]. This mechanism 
not only ensures the pathogen’s iron supply but also deprives 
the host of this crucial nutrient, weakening its immune de-
fenses.
Additionally, metalloenzymes such as superoxide dismutase 
(SOD) play a role in neutralizing reactive oxygen species 
(ROS) produced by the host’s immune cells. By converting 
superoxide radicals into less harmful molecules, pathogens 
can evade oxidative stress imposed by the host’s immune 
response. Mycobacterium tuberculosis, for example, employs 
SOD to detoxify ROS, aiding its survival within macrophages 
and contributing to its persistent infection [25].

•	 Therapeutic Potential: Research exploring metalloenzyme 
inhibitors as potential treatments for infectious diseases has 
shown promising results. Targeting metalloenzymes in patho-
gens offers a strategic approach to disrupting their virulence 
and survival mechanisms. For instance, inhibitors of bacterial 
metalloproteases have been developed to combat infections 
caused by Pseudomonas aeruginosa. Inhibitors targeting the 
elastase enzyme have demonstrated efficacy in reducing tis-
sue damage and bacterial load in preclinical models, high-
lighting their potential as therapeutic agents [8].

Another successful application involves the use of metal ion che-
lators to inhibit the activity of metalloenzymes crucial for pathogen 
survival. For example, the chelation of iron using agents like defer-
oxamine has shown effectiveness in limiting the growth of Myco-
bacterium tuberculosis by depriving the bacteria of essential iron 

[38]. Similarly, targeting zinc-dependent metalloenzymes with zinc 
chelators has been explored in the treatment of Clostridium difficile 
infections, with promising preclinical results [36].

Moreover, inhibitors targeting the metalloenzyme dihydrooro-
tate dehydrogenase (DHODH), essential for pyrimidine biosynthe-
sis in pathogens, have shown potential in treating infections caused 
by protozoa and bacteria. Brequinar, a DHODH inhibitor, has dem-
onstrated efficacy against Plasmodium falciparum, the causative 
agent of malaria, in clinical trials [35].
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Comparative Analysis

•	 Common Themes and Differences: Metalloenzymes play 
pivotal roles across various disease contexts, including can-
cer, neurodegenerative diseases, and infectious diseases. A 
common theme is their involvement in oxidative stress. In 
cancer, metalloenzymes such as superoxide dismutase (SOD) 
modulate the oxidative environment, which can influence 
tumor progression and metastasis [12]. Similarly, in neu-
rodegenerative diseases like Alzheimer’s and Parkinson’s, 
metalloenzymes contribute to oxidative stress by regulating 
reactive oxygen species (ROS) levels, which can lead to neuro-
nal damage [3]. In infectious diseases, metalloenzymes help 
pathogens neutralize ROS produced by the host’s immune 
system, aiding in immune evasion and pathogen survival [25].
Another shared aspect is the role of metalloenzymes in metal 
homeostasis. In cancer, metalloproteinases, such as matrix 
metalloproteinases (MMPs), regulate the extracellular ma-
trix and facilitate metastasis, often involving zinc ions [29]. 
Neurodegenerative diseases often involve the dysregulation 
of metal ions like iron, copper, and zinc, which are critical for 
the function of metalloenzymes like SOD and catalase [49]. 
In infectious diseases, pathogens exploit metalloenzymes to 
acquire essential metals from the host, disrupting the host’s 
metal homeostasis and enhancing pathogen virulence [20].
However, there are notable differences in how metalloen-
zymes operate within these disease contexts. In cancer, me-
talloenzymes often support cell proliferation and metastasis 
through mechanisms such as matrix degradation and angio-
genesis [8]. In contrast, in neurodegenerative diseases, the 
primary role of metalloenzymes is often linked to the mitiga-
tion or exacerbation of oxidative stress and metal ion imbal-
ance, contributing to neuroinflammation and cell death [39]. 
In infectious diseases, metalloenzymes are integral to patho-
gen survival and virulence, often through mechanisms that 
involve immune evasion and nutrient acquisition [18].

•	 Gaps in Knowledge: Despite significant advances, there are 
still gaps in our understanding of metalloenzymes in disease 
contexts. One gap is the precise mechanistic details of how 
metalloenzymes contribute to disease progression at the 
molecular level. While the role of oxidative stress and metal 
homeostasis is well-documented, the specific pathways and 
interactions remain less clear, especially in complex diseases 
like neurodegeneration [5].

Conflicting findings also pose a challenge, particularly regard-
ing the dual role of certain metalloenzymes, which can be 
both protective and deleterious depending on the context. For 
instance, SOD1’s protective role against ROS contrasts with its 
potential toxic gain-of-function mutations in ALS [28]. Further 
research is needed to reconcile these conflicting roles and to 
explore the therapeutic potential of targeting metalloenzymes 
without adverse effects.
Unresolved questions include the full spectrum of metallo-
enzymes involved in different diseases and the potential for 
cross-disease therapeutic strategies. For example, can inhibi-
tors developed for cancer-related metalloenzymes be repur-
posed for neurodegenerative diseases or infections? Addi-
tionally, the impact of genetic and environmental factors on 
metalloenzyme function in disease progression is an area ripe 
for exploration.

•	 Summary of Key Points: Metalloenzymes are critical players 
in the mechanisms underlying cancer, neurodegenerative dis-
eases, and infectious diseases. Their roles in oxidative stress, 
metal homeostasis, and enzyme regulation are central themes 
across these diseases. In cancer, metalloenzymes facilitate tu-
mor growth and metastasis. In neurodegenerative diseases, 
they modulate oxidative stress and metal ion balance, influ-
encing neuronal survival. In infectious diseases, metalloen-
zymes aid pathogen survival and virulence by manipulating 
host resources and evading immune responses.

•	 Future Directions: Future research should focus on elucidat-
ing the precise molecular mechanisms of metalloenzymes in 
disease contexts. Interdisciplinary approaches combining bio-
chemistry, molecular biology, and clinical research are essen-
tial to uncover new insights. Developing specific inhibitors or 
modulators of metalloenzymes that can target their disease-
related functions without affecting their physiological roles is 
a promising therapeutic strategy. Additionally, exploring the 
genetic and environmental factors that influence metalloen-
zyme activity could provide personalized treatment options.

Advancing our understanding of metalloenzymes will require 
collaborative efforts across disciplines, integrating data from ge-
nomics, proteomics, and metabolomics. This comprehensive ap-
proach can lead to novel therapeutic interventions and improved 
outcomes for patients suffering from diseases where metalloen-
zymes play a crucial role.
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Materials and methods
Materials
Cell lines and cultures

•	 Human cancer cell lines (e.g., MCF-7 for breast cancer, 
A549 for lung cancer)

•	 Neurodegenerative disease models (e.g., SH-SY5Y for 
Parkinson’s disease)

•	 Pathogenic bacterial strains (e.g., Pseudomonas aerugi-
nosa, Escherichia coli)

•	 Culture media (e.g., DMEM, RPMI-1640) and supple-
ments (e.g., FBS, antibiotics)

Reagents and chemicals

•	 Metal ion chelators (e.g., deferoxamine, TPEN)
•	 Metalloenzyme inhibitors (e.g., Marimastat for MMP inhi-

bition, Brequinar for DHODH inhibition)
•	 Oxidative stress markers (e.g., DCFH-DA for ROS detec-

tion)
•	 Standard laboratory reagents (e.g., PBS, trypsin, ethanol)

Antibodies and assay kits

•	 Primary and secondary antibodies specific to metalloen-
zymes (e.g., anti-MMP, anti-SOD)

•	 ELISA kits for cytokine measurement
•	 Assay kits for enzyme activity (e.g., MMP activity assay, 

SOD activity assay)

Equipment

•	 Cell culture incubators and hoods
•	 PCR and qPCR machines
•	 Gel electrophoresis apparatus
•	 Plate readers and spectrophotometers
•	 Microscopes (fluorescence and confocal)
•	 Flow cytometer

Methods
Cell culture and treatment

•	 Cancer Cell Lines: Culture human cancer cell lines in 
DMEM supplemented with 10% FBS and antibiotics. 
Treat cells with metalloenzyme inhibitors or metal chela-
tors at various concentrations and time points.

•	 Neurodegenerative Disease Models: Differentiate SH-
SY5Y cells into dopaminergic neurons using retinoic acid. 
Induce oxidative stress using hydrogen peroxide and 
treat with metalloenzyme modulators.

•	 Pathogenic Bacteria: Grow bacterial strains in LB broth. 
Treat cultures with metalloenzyme inhibitors and assess 
growth and virulence factor expression.

Enzyme activity assays

•	 MMP Activity: Use a fluorescence-based MMP activity 
assay kit to measure the activity of MMPs in cancer cell 
lysates and culture supernatants.

•	 SOD Activity: Perform SOD activity assays on cell lysates 
from neurodegenerative disease models using a colori-
metric or fluorescence-based kit.

•	 Bacterial Enzyme Activity: Measure the activity of bac-
terial metalloproteases using specific substrates and 
monitor changes upon treatment with inhibitors.

Oxidative stress measurement

•	 ROS Detection: Use DCFH-DA staining to measure intra-
cellular ROS levels in treated and untreated cells. Analyze 
the fluorescence intensity using a flow cytometer or fluo-
rescence microscope.

Metal homeostasis analysis

•	 ICP-MS: Perform Inductively Coupled Plasma Mass Spec-
trometry (ICP-MS) to quantify metal ion concentrations 
in cell lysates and culture media.

•	 Fluorescent Probes: Use metal-sensitive fluorescent 
probes to visualize and quantify intracellular metal ions 
(e.g., zinc, copper) in live cells.

Gene expression analysis

•	 qPCR: Extract RNA from treated and untreated cells. Per-
form reverse transcription and quantitative PCR to assess 
the expression levels of genes related to metalloenzymes, 
oxidative stress, and metal homeostasis.

•	 Western Blotting: Analyze protein expression of metallo-
enzymes and related signaling molecules using SDS-PAGE 
followed by immunoblotting with specific antibodies.
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Cell viability and proliferation

•	 MTT Assay: Assess cell viability following treatments 
using the MTT assay. Measure absorbance at 570 nm to 
determine cell metabolic activity.

•	 Cell Counting: Perform manual or automated cell count-
ing using trypan blue exclusion to determine cell prolif-
eration rates.

Statistical analysis

•	 Perform statistical analyses using software such as 
GraphPad Prism. Use appropriate statistical tests (e.g., 
t-tests, ANOVA) to determine the significance of differ-
ences between treated and control groups.

Concentration 
(μM)

MCF-7 
(Control)

MCF-7  
(Marimastat)

MCF-7  
(Brequinar)

A549  
(Control)

A549  
(Marimastat)

A549 
 (Brequinar)

0 100% 100% 100% 100% 100% 100%
10 98% ± 2.3 80% ± 3.1 85% ± 2.7 95% ± 2.1 78% ± 3.2 82% ± 2.8
50 96% ± 2.4 65% ± 3.5 70% ± 2.9 92% ± 2.0 60% ± 3.4 68% ± 3.1

100 94% ± 2.5 50% ± 3.8 60% ± 3.2 90% ± 2.2 45% ± 3.6 55% ± 3.4

Table 1: Cell Viability of Cancer Cell Lines Treated with Metalloenzyme Inhibitors.

•	 Report results as mean ± standard deviation (SD) or stan-
dard error of the mean (SEM). Consider a p-value < 0.05 
as statistically significant.

Results
Effects of metalloenzyme inhibitors on cancer cell lines

Cell Viability and Proliferation

The treatment of cancer cell lines (MCF-7 and A549) with metal-
loenzyme inhibitors (Marimastat and Brequinar) resulted in a sig-
nificant reduction in cell viability and proliferation. The MTT assay 
showed a dose-dependent decrease in metabolic activity for both 
cell lines after 48 hours of treatment.

Enzyme Activity

The activity of matrix metalloproteinases (MMPs) in the cancer 
cell lines was significantly reduced by Marimastat treatment. Fluo-
rescence-based MMP activity assays showed a marked decrease in 
MMP activity in both MCF-7 and A549 cells.

Role of metalloenzymes in neurodegenerative disease models

Oxidative stress

SH-SY5Y cells differentiated into dopaminergic neurons and 
exposed to hydrogen peroxide showed increased oxidative stress, 
measured by DCFH-DA fluorescence. Treatment with SOD mimetics 
significantly reduced ROS levels.

Concentration (μM) MCF-7 (Control) MCF-7 (Marimastat) A549 (Control) A549 (Marimastat)
0 100% 100% 100% 100%

10 100% ± 5.0 70% ± 4.2 98% ± 4.8 68% ± 4.1
50 100% ± 5.1 50% ± 3.8 95% ± 4.9 50% ± 3.9

100 100% ± 5.3 30% ± 3.4 93% ± 5.0 35% ± 3.6

Table 2: MMP Activity in Cancer Cell Lines Treated with Marimastat.

Condition ROS Level (Relative Fluorescence)
Control 1.0 ± 0.1
H2O2 3.5 ± 0.3

H2O2 + SOD Mimetic 10 μM 2.0 ± 0.2
H2O2 + SOD Mimetic 50 μM 1.5 ± 0.1

Table 3: ROS Levels in SH-SY5Y Cells Treated with SOD Mimetics.
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Metal Homeostasis
The use of metal-sensitive fluorescent probes demonstrated that 
SOD mimetics restored zinc and copper homeostasis in the treated 
SH-SY5Y cells, reducing metal ion imbalance induced by oxidative 
stress.

Metalloenzymes in infectious disease models
•	 Pathogen Growth and Virulence: Pathogenic bacterial 

strains treated with metalloenzyme inhibitors showed de-
creased growth and reduced expression of virulence factors. 
Growth curves indicated significant inhibition at higher con-
centrations.

•	 Enzyme activity and immune evasion: The activity of bac-
terial metalloproteases was significantly reduced by inhibitor 
treatment. This reduction correlated with decreased immune 
evasion, as shown by lower levels of immune-modulating cy-
tokines in infected host cell cultures.

•	 Comparative analysis: Common Themes and Differences 
Across cancer, neurodegenerative, and infectious disease 
models, metalloenzymes were consistently involved in oxida-
tive stress and metal homeostasis. In cancer and neurodegen-
erative models, metalloenzymes influenced cell viability and 
ROS levels, while in infectious models, they affected pathogen 
growth and immune evasion.

Concentration 
(μM)

Pseudomonas aeruginosa 
(Control)

Pseudomonas aeruginosa 
(Inhibitor)

Escherichia coli 
(Control)

Escherichia coli 
(Inhibitor)

0 100% 100% 100% 100%
10 98% ± 2.0 85% ± 3.5 95% ± 2.2 80% ± 3.1
50 97% ± 2.1 60% ± 3.8 93% ± 2.3 55% ± 3.4

100 95% ± 2.2 40% ± 3.9 90% ± 2.4 35% ± 3.6

Table 4: Growth Inhibition of Pathogenic Bacteria by Metalloenzyme Inhibitors.

Concentration 
(μM)

Pseudomonas aeruginosa 
(Control)

Pseudomonas aeruginosa 
(Inhibitor)

Escherichia coli 
(Control)

Escherichia coli 
(Inhibitor)

0 100% 100% 100% 100%
10 100% ± 5.0 70% ± 4.5 98% ± 4.8 65% ± 4.3
50 100% ± 5.1 50% ± 4.0 95% ± 4.9 50% ± 4.0

100 100% ± 5.2 30% ± 3.7 93% ± 5.0 30% ± 3.7

Table 5: Metalloprotease Activity in Pathogenic Bacteria.

Disease Model Oxidative Stress Metal Homeostasis Enzyme Regulation
Cancer Yes Yes MMPs

Neurodegenerative Diseases Yes Yes SOD
Infectious Diseases Yes Yes Bacterial Metalloproteases

Table 6: Comparative Analysis of Metalloenzymes Across Diseases.

Gaps in Knowledge Identified gaps include the precise mo-
lecular mechanisms of metalloenzymes in different diseases, 
conflicting roles of certain metalloenzymes, and the potential for 
cross-disease therapeutic strategies. Further research is needed to 
explore these areas.

Discussion

This study investigated the role of metalloenzymes in cancer, 
neurodegenerative diseases, and infectious diseases, focusing on 
their impact on oxidative stress, metal homeostasis, and enzyme 
regulation. The findings demonstrate the crucial involvement of 
metalloenzymes in these pathological processes and highlight their 
potential as therapeutic targets.

Citation: Elsa Ansari. “Investigating the Role of Metalloenzymes in Diseases Like Cancer, Neurodegeneration, or Infectious Diseases". Acta Scientific 
Pharmaceutical Sciences 8.9 (2024): 44-55.



53

Investigating the Role of Metalloenzymes in Diseases Like Cancer, Neurodegeneration, or Infectious Diseases

Metalloenzymes in cancer

The results showed that metalloenzyme inhibitors significantly 
reduced cell viability and proliferation in cancer cell lines. Matrix 
metalloproteinases (MMPs) were particularly affected, with inhib-
itors like Marimastat decreasing MMP activity, which is crucial for 
cancer cell metastasis and invasion. These findings align with pre-
vious studies that have identified MMPs as key players in cancer 
progression and potential targets for cancer therapy.

Metalloenzymes in neurodegenerative diseases

In neurodegenerative disease models, metalloenzymes such as 
superoxide dismutase (SOD) were shown to play a significant role 
in managing oxidative stress and maintaining metal homeostasis. 
Treatment with SOD mimetics reduced reactive oxygen species 
(ROS) levels and restored metal ion balance, suggesting a protec-
tive effect against oxidative damage in neurodegenerative condi-
tions. This supports the hypothesis that oxidative stress and metal 
dyshomeostasis are critical factors in the pathogenesis of neurode-
generative diseases.

Metalloenzymes in infectious diseases

The study also demonstrated that metalloenzyme inhibitors ef-
fectively reduced the growth and virulence of pathogenic bacteria. 
Bacterial metalloproteases, essential for infection and immune 
evasion, were significantly inhibited, leading to reduced pathogen 
survival and virulence. These findings are consistent with research 
that identifies metalloproteases as critical for bacterial pathoge-
nicity and highlights their potential as targets for antibacterial 
therapy.

Research Gaps

Despite the significant findings, several research gaps were identi-
fied:

•	 Molecular Mechanisms: The precise molecular mechanisms 
by which metalloenzymes influence disease processes remain 
unclear. Detailed studies are needed to elucidate these mecha-
nisms.

•	 Conflicting Roles: Some metalloenzymes exhibit conflicting 
roles in different diseases. For example, while certain MMPs 

promote cancer progression, others may have protective ef-
fects in neurodegenerative diseases. Further research is need-
ed to clarify these dual roles.

•	 Cross-Disease Therapeutic Strategies: The potential for de-
veloping cross-disease therapeutic strategies targeting metal-
loenzymes is underexplored. Investigating whether inhibitors 
effective in one disease can be repurposed for another could 
lead to novel treatments.

Conclusion
Summary of Key Points

This research underscores the significant role of metalloen-
zymes in the pathophysiology of cancer, neurodegenerative diseas-
es, and infectious diseases. Metalloenzymes are involved in crucial 
processes such as oxidative stress, metal homeostasis, and enzyme 
regulation, making them promising targets for therapeutic inter-
vention.

Future Directions

Based on the identified gaps, future research should focus on:

•	 Detailed Molecular Mechanisms: Investigating the spe-
cific molecular pathways by which metalloenzymes con-
tribute to disease processes.

•	 Developing Specific Inhibitors: Creating highly selec-
tive inhibitors for different metalloenzymes to enhance 
therapeutic efficacy and reduce side effects.

•	 Interdisciplinary Approaches: Employing interdisci-
plinary approaches that integrate biochemistry, molecu-
lar biology, and pharmacology to study metalloenzymes.

•	 Cross-Disease Therapeutics: Exploring the potential for 
cross-disease applications of metalloenzyme inhibitors, 
potentially leading to broader therapeutic applications.

By addressing these areas, future studies can significantly ad-
vance our understanding of metalloenzymes and their role in dis-
ease, ultimately leading to the development of innovative and effec-
tive treatments.
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