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Bio-Conjugated Metallic Complexes in Drug Design
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ABSTRACT

Background: This comprehensive review highlights the importance of bio-conjugated metallic
complexes in drug design, particularly in the field of metallo-pharmaceutical science. The review
emphasizes the need for biological relevance and the coordination of biomolecules or modified
bio-compounds with metallic systems to maximize drug action and minimize toxicity. Materials
and Methods: The objective of this review is to discuss various diseases, which exemplify the
potential of bio-conjugated metallic complexes as a promising approach for drug design.
Results: Utilizing physiologically active ligands in metal complexes has demonstrated improved
antioxidant, antiviral, antitubercular and antitumor effects. Conclusion: Bio conjugated systems
have become a viable method for creating molecules with several uses that are good for human
health.The development of metal-based imaging agents and drug delivery systems has increased
due to the conjugation of metals with biologically active compounds.
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INTRODUCTION

The design of stable metal-based contrast agents for imaging and
therapy has been the focus of extensive research in recent years.'?
One promising approach is to use chelating ligands that can
form stable complexes with metal ions. These ligands are often
tailored to bind specifically to the target biomolecule, such as an
antibody, to enhance specificity and reduce oft-target effects.’?
Chelating ligands; other strategies have also been explored,
including encapsulation of the metal ion in nanoparticles or
micelles, or incorporation of the metal ion into the structure of
the biomolecule itself. Metals have a vital role in medicine, not
only as contrast agents for diagnostic and therapeutic purposes
but also as essential cofactors in many enzymes, known as
metalloproteins.” These metalloproteins play a crucial role in
various biological processes, such as metabolism, respiration
and DNA replication.” The imbalance of metals in the body can
lead to diseases, such as hemochromatosis and Wilson's disease,
which require interventional and natural methods to restore
equilibrium.

The catalytic and structural properties of metal ions make them
essential in many biological processes and certain metal ions in
specific oxidation states are required for specific functions (Table
1). For example, iron is a critical component of heme, which is
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essential for oxygen transport in the blood.” Whereas, copper is
necessary for electron transfer in cytochrome c oxidase, a crucial
element in the respiratory series.® The role in enzymes, metals
similarly show an essential protagonist in immune function,
acting as signaling molecules and regulating inflammatory
responses. Zinc, for example, is essential for the function of
T-cells and NK-cells, while selenium plays a part in immune
response to bacterial and viral infections.” The importance of
metals in biological processes is vast and varied, ranging from
the structural and catalytic properties of metalloproteins to the
regulation of immune function. Further research in this field will
undoubtedly reveal new insights into the character of metals in
well-being of humanity and illness/disorders, which could lead
to the development of novel therapies targeting metal-based
pathways.

Bioinorganic chemistry plays a vital act in the expansion of
metal-containing therapeutics, which has become a multi-billion-
dollar industry in recent years. One of the focuses of this field; is
the projection and synthesis of metal coordinates that can mimic
the functional properties of natural metalloproteins. Metal ions,
when coordinated with macromolecular ligands, can exhibit
unique properties that are useful in medicinal chemistry."

One area of interest in bioinorganic chemistry is the development
of metal-based compounds that can mimic the action of insulin.
Sodium vanadate and Bismaltolatooxovanadium (IV) complexes
(BMOV) are two such compounds that have shown promising
results in lowering blood sugar levels in diabetic patients. These
metal-based compounds act by mimicking the action of insulin
and enhancing glucose uptake by the body's cells."
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Gold and silver-based compounds are also being investigated
for their potential in stabilizing blood glucose levels in diabetes
patients.!? These metal-based compounds work by binding to
glucose molecules and enhancing their uptake by the cells. The
bioinorganic chemistry is a rapidly growing field that has made
significant contributions to the development of metal-containing
therapeutics. Metal-based compounds, such as those that mimic
the action of insulin, offer promising treatments for diabetes
and other diseases. Further research in this growing area will
undoubtedly lead to the expansion of novel metal-based therapies
with enhanced efficacy and reduced side effects.”

Diabetes is a prolonged metabolic ailment that affects billions of
individuals worldwide. Insulin injections and oral hypoglycemic
drugs are the two main categories of drugs used to manage
diabetes. While insulin injections are typically reserved for serious
cases, oral hypoglycemic medications are generally appropriate
for grownup patients."

There are many types of oral hypoglycemic drugs existing in
the marketplace, including sulphonylureas, biguanides and
alpha-glucosidase inhibitors."”® Sulphonylureas are medications
that stimulate the pancreas to produce more insulin, helping to
lessenblood glucoselevels. Theymaybeasource increase in weight,
hypoglycemia, allergic responses and therefore contraindicated
in gestation, lactation and Type 1 DM. Sulphonylureas work by
disturbing the pancreatic p-cells and stimulating the crusade of
insulin-containing secretory granules to the cell exterior and into
circulatory system.'®

Biguanides such as metformin, on the other hand, prevent the liver
from producing glucose, thereby improving the body's response
to insulin. Although they cause momentary side effects such as
nausea, diarrhea, appetite loss and a metallic taste, biguanides
are generally well tolerated. They are contraindicated in patients
with nephro or hepatic disorders and heart problems. Another
type of oral hypoglycemic drug is the alpha-glucosidase inhibitor
(acarbose).'” this medication acts by slowing down absorption
of carbohydrates in the small intestine, thereby reducing the rise
in blood sugar levels post meals. They may be reason behind
side effects such as diarrhea, gas, constipation, or stomach
pain. Despite the availability of these medications, the hunt for
more smart and competent antihyperglycemic or hypoglycemic
agents continues. One area of investigation focuses on clinically
permitted use of metal-comprising molecules to identify newer
medicinal compounds from all through the periodic table to be

cast-off anti-hyperglycemic as well as antioxidant tackles.'®"

Bio-mineralization

Elemental medicine has emerged as a rapidly developing
field focused on the development of novel therapeutic and
diagnostic metal complexes. Researchers have made significant
improvements in the biotransformation of metal complexes
and aiming for various diseases. Platinum therapeutics, gold
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anti-arthritic and bismuth antiulcer agents have been dynamic
research targets for eras.® Studies have shown that iron and
copper complexes can be more effective in cell destruction and
inhibiting DNA synthesis than uncompelled organic moieties.”

The arena of inorganic chemistry in medical line can be broadly
categorized in dual classes. The first involves moieties as drugs that
aim metal ions in certain way, either free or protein-bound. The
second involves metal-dependent drugs and imaging compounds,
in which core metal ion plays a critical role in the mechanism
of action.”? Researchers are also interested in molecules of
metals with previously recognized organic medicines, such
as aspirin, paracetamol and metformin. It has been observed
that the biological significance of these compounds upsurges
on associating with the particular ligands, resulting in organic
medicinal coordinates.”

Studies in this area has made substantial advancement in
utilizing transition metal agents as agents to cure many human
ailments, including carcinomas, lymphomas, infection control,
anti-inflammatory, diabetes neurological
Therefore, development of metal conjugates for medical
applications has great potential to revolutionize the management
of various disorders and improve patient outcomes. Cancer
holds the second position behind high mortalities around the
world. The findings on antitumor property of cisplatin initiated
an exploration for other metal adducts with cytotoxic activities
against malignancies. An immediate evidence concerning
antitumor tendencies of the top ten active metals: As, Sb, Bi,
Au, V, Fe, Rh, Ti, Ga and Pt have been at present updated. In
spite of the effectiveness of cancer cure employing cisplatin, the
usage is still restricted on account of critical adverse effects such
as neuro-, hepato- and nephrotoxicity and through resistance
phenomenon.”” Gold (III)-dithiocarbamato conjugate has
currently extended growing consideration as possible anticancer
agents for the reason of their severe tumor cell growth inhibition
actions, commonly accomplished by misusing non-cisplatin
like MOA. The field of medicinal chemistry has seen significant
progress in the advance of non-platinum dependent anticancer
agents. Among these, Mo-based complexes have shown potential
in curing diseases such as cancer and malignant. Ruthenium
compounds have also emerged as promising drug candidates
due to their lessened toxicity and ability to be abided in vivo. The
different OS, MOA and ligand replacement kinetics of ruthenium
molecules contribute an advantage above platinum-based
complexes, providing a promising cytotoxic profile.?®

and diseases.*

Transition metals, such as ruthenium, also play an essential role
as micronutrients and co-factors of different metalloenzymes
in biological systems.”” this additionally supports the validation
behind synthesizing and evaluating novel transition metal-based
complexes for their antitumor activities. The application of
replaced organic ligands and their metal conjugates shows
potential in bringing forth effective anticancer agents. Structural

S$17



Patle and Sengar: Bio-Conjugated Metallic Complexes-Drug Design

modifications could afford these complexes improved strength
beside a range of malignancies, along with little toxicity and
enhanced solubility.*®

Research in this area continues to progress, with a focus on
developing metal complexes with novel ligands and evaluating
the efficacy and toxicity of these compounds. The expansion of
new metal-based drugs and imaging agents with specific targeting
properties is also an active area of research. The application of
metal complexes in medicinal chemistry has the potential to
revolutionize cancer treatment and other diseases.”

Metal-Based Antioxidants

Antioxidants have expanded much consideration in recent ages
for their possible health benefits due to their capacity to scavenge
free radicals and stop oxidative damage to cells. Transition metal
complexes have emerged as promising candidates for antioxidant
therapy due to their unique chemical properties. Particular, Co
(II), Ni (II), Cu (II) and Mn (II) conjugates have shown to possess
antioxidant activity.*

Various methods have been developed to govern the antioxidant
commotion of these complexes. In vitro studies grounded on
biological oxidants, such as O_s-, HOs, H,0,, ROOs and NO«
radicals are commonly used to gauge the antioxidant property
of metal complexes. On-biological testing methods, such as the
scavenging of two, DPPHe assay and the foraging of ABTS assay,
are also widely used. The TBARS and protein carbonyl assays
seems to be employed to assess antioxidant activity.”!

Recently, a novel electrochemical approach has been developed
to appraise the antioxidant activity of metal complexes.
This method depends on reaction with the stable radical 2,
2'-Diphenyl-1-Picrylhydrazyl (DPPH) censored through RDE
method. Compared to traditional spectrophotometric assays,
this electrochemical approach is advantageous as seems to
be applicable to colored molecules and in a varied array of
deliberations.*

Dementia Related Metallic Arrangements

Metal chelating agents have been examined for their budding
capability to treat Alzheimer's Disease (AD) due to their ability to
bind to metal ions such as copper and iron, which are involved in
the development of beta-amyloid plaques in the brain. Quercetin,
a natural flavonoid, has been studied as an antioxidant and
metal chelator for its potential in treating AD.* Studies have
shown that Ni(II) complex of 6-bromo-3-(3(4-chlorophenyl)
acryloyl)-2H-chromen-2-one exhibits superior
activity compared to other metal complexes such as Cobalt (II),
Copper (II) and Manganese (II).**

antioxidant

Metal adducts are found to possess higher free radical scavenging
activity than their respective free ligands, making them potential
therapeutic agents for diseases such as AD. Some metal complexes
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with antioxidant properties have also demonstrated significant
larvicidal activity. The synthetic chemistry community has been
focusing on developing bioactive compounds for anti-malignant,
antioxidant and enzyme inhibition researches in in vitro and in
vivo subjects.®

The growth of metal-based therapeutics has become an important
area of research, as they offer the potential for targeted therapies
with lower toxicity compared to traditional chemotherapy
drugs. In particular, metal complexes with unique structures
and properties have resulted promising outcomes in preclinical
studies for the management of different cancers and other
diseases.’

The Biomarkers

Biochemical alleyways are highly complex and dynamic and their
depiction in diagrams and models requires simplification to some
extent. However, the challenge for molecular and cell biologists
is to recognize that the labels assigned to various proteins or
molecules in these depictions do not reflect the full range of their
interactions and functions in the cell. For example, labeling a
protein as a GFP and assuming it will continue to function in
the same way is a simplistic view. Scientists now understand that
observing living organisms at the molecular level can perturb
the precise things they are trying to study and efforts are being
made to minimize these effects through innovative techniques

Table 1: Common amino acids with their nature.

SI. No. Amino acids Amino acid type

1 Alanine Nonpolar, aliphatic
2 Arginine Polar, basic

3 Asparagine Polar uncharged

4 Aspartic acid Polar, acidic

5 Cysteine Polar, uncharged

6 Glutamic acid Polar, acidic

7 Glutamine Polar, uncharged

8 Glycine Nonpolar, aliphatic
9 Histidine Polar, basic

10 Isoleucine Nonpolar, aliphatic
11 Leucine Nonpolar, aliphatic
12 Lysine Polar, basic

13 Methionine Nonpolar, aliphatic
14 Phenylalanine Nonpolar, aromatic
15 Proline Nonpolar, aliphatic
16 Serine Polar, uncharged
17 Threonine Polar, uncharged
18 Tryptophan Nonpolar, aromatic
19 Tyrosine Polar, aromatic

20 Valine Nonpolar, aliphatic
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and technologies.”” Antidiabetic and antioxidant investigation,
mounting biomarkers and treatment stratagems have both
received significant attention. For instance, several studies have
identified potential biomarkers for early detection and diagnosis
of diabetes, including HbAlc, FPG and OGTT. The use of natural
antioxidants such as quercetin, resveratrol and curcumin (Figure
1) has gained interest as potential therapeutic agents for managing
oxidative stress-related complications in diabetes.*®

The current research focus is on the development of innovative
strategies for targeting specific molecules involved in diabetes
and antioxidant pathways (Figure 2). For instance, antagonists
of DPP-4 and SGLT2 shown promising results in managing
blood glucose levels and reducing the threat of cardiovascular
complications in human subjects with diabetes.” Similarly,
targeting specific molecules involved in antioxidant pathways,
such as Nrf2 and HO-1 is being scrutinized as a potential
therapeutic approach for reducing oxidative stress-related
complications in diabetes.*

Diabetes and Bio-coupling

Metallopharmaceutical drugs have been studied as potential
treatments for diabetes.! Thiazolidinediones (TZD) found
as active anti-diabetic drugs that mend insulin response via
stimulation of PPAR-y and adipocyte-specific transcription
factor. Recently, selective PPARy modulators (sPPARyM) have
been discovered that hold insulin-sensitizing response while
minimizing side effects equated to traditional TZDs. In vitro
assays using an amalgamation of docking, SPR-based interaction,
luciferase reporter, etc., used to investigate binding mode, binding
affinity and positive response of L312 to PPARy.*

Pharmaceutical isoforms that have an anti-diabetic effect have
been found to improve biochemical parameters, which is likely
due to their high content of polyphenolic compounds. These
compounds have been found to have beneficial properties on
insulin sensitivity, glucose homeostasis and oxidative stress in
preclinical and clinical studies.” Researchers have focused on
identifying effective antihyperglycemic agents for the treatment
of diabetes. Among them, metallic compounds such as vanadium
complexes have shown promising results in STZ-induced diabetic
rats. Vanadate and vanadyl forms of vanadium found to possess
insulin-like effects in various cells, indicating their potential as
antidiabetic agents. To improve the efficacy of antidiabetic drugs,
current research is focused on exploring the basic aspects of
diabetes, including the molecular categorization of insulin, its
chemical basis and secretion, as well as the mode of action of
hypoglycemic drugs associated with diabetes.*

In a comparative study of isoforms of bis (maltolato) oxovanadium
(IV) (BMOV) having different metallic centers, it was found that
BMOYV, in an orally available formulation, is the most effective
glucose- and lipid-lowering agent among all isoforms studied.
This indicates that the meticulous selection of ligands and metals
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is crucial for formulating efficient antidiabetic compounds; the
discovery of metallic compounds like vanadium complexes and
the identification of effective antidiabetic agents like BMOV
highlight the importance of ongoing research in the development
of efficient treatments for diabetes. These findings may pave the
way for the improvement of new and improved antidiabetic
drugs. The bio conjugate chemistry of antihyperglycemic metallic
complexes has offered promising outcomes in the quest for
efficient antidiabetic agents. The usage of Cr (III)-amino acid
complex contrary to nicotinamide-streptozotocin originated
diabetic Wistar rats exposed that supplement Cr (III)-complex
for 8 weeks lessened the blood sugar level in the array of
46.446-79.593%.* The V-(IV)-adenine adduct got announced
as potential pharmacological exemplary for diabetic problems.
It has been reported that a Zinc Metal-Organic Framework
(ZMOF) with noticeable in vivo anti-diabetic activity and low
in vitro cell toxicity was made utilizing 5-aminotetrazole and
methyl-2-amino-4-isonicotinate anionic moiety.*® In order to
cure non-insulin dependent DM and turn out as an antioxidant,
neodymium N, N-dimethylbiguanide hydrochloride complexes
havebeen developed and their activity hasbeen stronglyinfluenced
by the location of the functional group within each ligand. An
important approach in the creation of ligands with advantageous
features is the use of biogenic ligands.*”” when developing a potent
anti-diabetic medication, the choice of ligands and metals should
be carefully taken into account. These complexes' agonistic
activity, affinity and interaction pattern with their targets is
crucial to properly understanding the mechanism of action of
these compounds.® Natural compounds including chromones,
flavonoids and coumarins are gaining increased interest in the
field of bio conjugate chemistry due to their potential medical
applications. When complexed with metal ions, these compounds
exhibit enhanced medical properties, making them suitable for
the treatment of diseases like diabetes mellitus.* Recent research
has focused on the regulation of Human Aldose Reductase (HAR)
enzymatic activity, which has potential therapeutic applications
in DM. Docking studies of HAR with dissimilar ligands,
including embelin, copper-embelin complex, zinc-embelin
complex, vilangin and quercetin (Figure 3) have been conducted
to evaluate their putative binding sites and interaction energy.
The study found that vilangin had the highest interaction energy
(-48.94 kcal/mol) while metformin had the minimum interaction
energy (19.52 kcal/mol) in comparison to many other scrutinized
ligands, making them potential candidates for HAR inhibitory
activity and the deterrence of DM-associated disorders.”® These
outcomes deliver new awareness into the prospective of natural
compounds as antidiabetic agents and highlight the importance
of bio conjugate chemical drug research in developing efficient
antidiabetic agents.

Recent research has highlighted the significance of enantiomer’s
in the ligand-target interactions and biological activities of target
compounds. In a study evaluating the antioxidant activity of
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Figure 1: Chemical structure of resveratrol and curcumin.
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Figure 2: Biomarkers in biological system.

resveratrol using in vitro and in vivo methods, it was found that
the biological activity of the compound is largely dependent on
its enantiomeric form.” This emphasizes the need to consider the
stereochemistry of target compounds when designing ligands for

their targets.

Molecular modeling studies have also played a crucial role in
understanding ligand-target interactions and their mode of
action. By predicting the binding mode and affinity of a ligand
with its target, molecular modeling provides valuable insights into

the design of ligands with improved potency and selectivity. In
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particular, molecular docking has been extensively used to study
ligand-protein interactions and its accuracy has been verified
by experimental results.”> Computer aided drug design such as
molecular dynamics simulations and free energy calculations
have also been employed to study the dynamics of ligand-target
complexes and the free energy changes associated with their
binding.”

Antioxidant Activity and Bio conjugation

Antioxidant studies are performed using various standard
methods and it has been found that metal dyshomeostasis is allied
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Figure 3: Chemical structure of Embelin, Vilangin and Quercetin,

with various ailments, including AD, Parkinson's and cancer.
Latest reports suggested that certain metallic compounds of
certain ligands might exhibit activity while others may be inactive
in antioxidant activity tests using picryhydrazyl (DPPH).*

Polyphenols was recommended as competent antioxidant and
anti-inflammatory contenders and their metallic complexes
are projected to unveil boosted antioxidant action due to the
malleable oxidation state of the metal center. Ni complexes of
NSAID diflunisal (Hdifl) have been found to result in additive
antioxidant effects of the respective ligand.” It was directed that
ligand-receptor associations and cellular events are principally
reliant on the enantiomerism of a receptor moiety, as observed
in the case of resveratrol. Therefore, the choice of ligands and
metals in designing antioxidant compounds should be done
meticulously to obtain efficient results. Further investigations
are needed to better comprehend the approach of action of these
compounds and their potential therapeutic applications.

Antioxidant activity is an important characteristic of many
compounds, as it has been linked to several health benefits,
including decline in the possibility of chronic diseases such as
cancer and cardiovascular diseases.” The use of metal complexes
has gained attention in the development of compounds with
enhanced antioxidant activity. One of the reasons for this is the
flexibility of the oxidation state of metal centers, which allows
them to participate in various redox reactions and potentially
enhance the antioxidant action of the ligand.

Several studies have investigated the antioxidant activity of
metal complexes of various ligands. For instance, the Cu
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(II) conjugate of bis (N-(3-methoxysalicylidene)-4-amino-
phenyl) ether has been shown to exhibit superior antioxidant
effectiveness against radicals of DPPH, O,, -OH and ABTS
compared to the ligand and the Mn (III) conjugate.”’” In another
study, biotin-8-hydroxyquinoline conjugates and their metal
conjugates with Mn(II), Co(II), Ni(II), Cu(II) and Zn(II) were
investigated for their potential application in oxidative stress and
were found to exhibit varying degrees of antioxidant activity.
Similarly, metallic amalgams of p-coumaric acid, 2-(3-amino-
4, 6-dimethyl-1H-pyrazolo3, 4-bpyridin-1-yl) aceto-hydrazide
and chromone Schiff base have also shown enhanced antioxidant
activity compared to their respective ligands.*®

It is important to note that the choice of ligand and metal should
be carefully considered to articulate an effective antioxidant
complex. Additionally, the method used to evaluate antioxidant
activity can also affect the results obtained. Various standard
methods, such as DPPH, ABTS, superoxide and hydroxyl radical
scavenging methods, are commonly used to evaluate antioxidant
activity.” Recent studies have shown that some metallic
compounds of certain ligands may exhibit activity or inactivity
depending on the method used. The ability of a complex to
avoid ROS generation is another important aspect to consider in
antioxidant studies. Ag complex of one, 10-phenanthroline has
exposed fascinating behavior in this background. This complex
has been shown to have potent antioxidant activity and exhibits a
shielding effect contrary to hydrogen peroxide-induced oxidative
stress in human fibroblast cells. Importantly, it does not generate
ROS, which is a desirable property as ROS can cause oxidative
damage to cells.®
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Sugar and Urea Derivative Centered Complexes

Urea derivatives are a group of pharmacologically active ligands
that have been extensively studied due to their biological
properties, such as anti-tubercular and antiviral potential, as well
as their activity against protozoa, smallpox and certain types of
tumors.® Thiosemicarbazone is another class of ligands that has
been widely studied for its chelating properties with diverse metal
ions, including transition and non-transition elements.

The capability of sugars in seizing metal has gained attention in
the conceivable growth of metal chelates for scientific application
and prototypes for biologically essential molecules. Amino
sugars can formulate Schiff base using salicylaldehyde, with
some additional aromatic aldehydes, though limited information
of transition metal complexes of synthesized molecules were
established. Metal chelation has been proposed as a sensible
therapeutic tactic for prohibiting Alzheimer's pathogenesis. In
AD, amyloid plaques, which exist as bunches of peptides and
metal ions, accumulate amid neurons inside brain. Augmenting
the pursuing and efficiency of metal-ion chelates as representatives
over sugar-appended ligands brings a latest tactic in progress of
subsequent generation of metal chelators.

CONCLUSION

An integration of biomolecules and metallic systems has
opened new avenues in the area of medicinal chemistry. The
use of metal complexes of biologically active ligands has shown
enhanced antioxidant, anti-tubercular, anti-viral and anti-tumor
properties. Thiosemicarbazone has been extensively studied for
their chelating properties with different metal ions. Moreover,
the chelation of metals through amino sugars has shown promise
as a therapeutic strategy for forbidding Alzheimer's disease
pathogenesis.

Metallo-pharmaceuticals have been designed to mimic
gasotransmitter pathways for potential therapeutic applications.
Bio conjugated systems have emerged as a promising approach to
developing multi-purposeful compounds with beneficial effects
for human health. The conjugation of metals with biologically
active molecules has raised the development of metal-based
imaging agents and drug delivery systems. With further research,
these bio-conjugated systems have the potential to develop highly
effective and targeted compounds for various human health
applications. The combination of biomolecules and metallic
systems is a fruitful area for future exploration and development

of novel therapeutic agents.
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ABBREVIATIONS

Nk-Cells: Natural Killer Cells; DM: Diabetes Mellitus; O,":
Superoxide Radical; HO": Hydroxyl Radical; H,0,": Hydrogen
Peroxide Radical; ROO": Peroxyl Radical; NO*: Nitric Oxide
Radical; DPPH: 2, 2'-Diphenyl-1-Picrylhydrazyl; ABTS: 2,
2-Azinobis-(3-Ethylbenzothiazoline6-Sulphonate); RDE:
Rotating Disk Electrode; AD: Alzheimer’s Disease; GFP:
Green Fluorescent Protein; Hbalc: Glycated Hemoglobin;
FPG: Fasting Plasma Glucose; OGTT: Oral Glucose Tolerance
Test; Dpp-4: Dipeptidyl Peptidase 4; SGLT 2: Sodium-Glucose
Cotransporter 2; Nrf2: Nuclear Factor Erythroid 2-Related
Factor 2; HO-1: Heme Oxygenase-1; TZD: Thiazolidinediones;
PPAR-y: Peroxisome Proliferator-Activated Receptor Gamma;
STZ: Streptozotocin; HAR: Human Aldose Reductase; NSAID:
Non-Steroidal Anti-Inflammatory Drug; OS: Oxidation State;
MOA: Mechanism Of Action.

SUMMARY

Bioconjugation is a versatile technique used to attach
various molecules, such as peptides, proteins, or ligands, to
metallopharmaceuticals. Metallopharmaceuticals are drugs or
therapeutic agents that contain metal ions as an integral part of
their structure and function. These metal ions often play a crucial
role in the therapeutic action of the drug. Bio-conjugated metallic
complexes in drug design offer a versatile approach to enhance
the therapeutic properties of metal-based drugs. Their ability to
enable targeted drug delivery, improve imaging capabilities and
facilitate combination therapies makes them valuable tools in
modern pharmaceutical research and development.

REFERENCES

1. Lv J, Roy S, Xie M, Yang X, Guo B. Contrast Agents of Magnetic Resonance Imaging
and Future Perspective. Nanomaterials (Basel). 2023;13(13):2003. doi: 10.3390/nano
13132003. PMID: 37446520; PMCID: PMC10343825.

2. Waldron KJ, Rutherford JC, Ford D, Robinson NJ. Metalloproteins and metal sensing.
Nature. 2009;460(7257):823-30. doi: 10.1038/nature08300.

3. Han X, Xu K, Taratula O, Farsad K. Applications of nanoparticles in biomedical
imaging. Nanoscale. 2019;11(3):799-819. doi: 10.1039/c8nr07769j, PMID 30603750.

4. Tesauro D. Metal complexes in diagnosis and therapy. Int J Mol Sci. 2022;23(8):4377.
doi: 10.3390/ijms23084377, PMID 35457194,

5. Pernil R, Schleiff E. Metalloproteins in the biology of heterocysts. Life (Basel,
Switzerland). 2019;9(2):32. doi:10.3390/1ife9020032, PMID 30987221.

6. Wang B, Fu Y, Zhao W, Duan D, Jin Q, Gong T. Metal homeostasis and regulating
factors in pathogenic bacteria. Curr Top Med Chem. 2016;16(23):2589-97.

7. Abbaspour N, Hurrell R, Kelishadi R. Review on iron and its importance for human
health. Journal of research in medical sciences: The official journal of Isfahan
University of Medical Sciences. 2014;19(2):164-74, PMID 24778671.

8. Horn D, Barrientos A. Mitochondrial copper metabolism and delivery to cytochrome
C oxidase. [UBMB Life. 2008;60(7):421-9. doi:10.1002/iub.50, PMID 18459161.

9. Mocchegiani E, Malavolta M. Role of zinc, copper and selenium in chronic
inflammatory diseases. Int J Mol Sci. 2020;21(7):E2355.

10. Haas KL, Franz KJ. Application of metal coordination chemistry to explore and
manipulate cell biology. Chem Rev. 2009;109(10):4921-60. doi:10.1021/cr900134a,
PMID 19715312.

11. Srivastava S, Gupta B, Gupta U. Recent advances in the field of metal-based
compounds for the treatment of diabetes. Bioorg Chem. 2018;77:548-64.

Indian Journal of Pharmaceutical Education and Research, Vol 59, Issue 1 (Suppl), Jan-Mar, 2025



Patle and Sengar: Bio-Conjugated Metallic Complexes-Drug Design

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32

33.

34.

Indian Journal of Pharmaceutical Education and Research, Vol 59, Issue 1 (Suppl), Jan-Mar, 2025

. Bansal SA, Kumar V, Karimi J, Singh AP, Kumar S. Role of gold nanoparticles in

advanced biomedical applications. Nanoscale Adv. 2020;2(9):3764-87. doi:10.1039/
dOna00472c, PMID 36132791.

. Ghosh P, Rathinasamy K, Senthil Kumar G. Metal-based compounds for the treatment

of diabetes mellitus. RSC Adv. 2015;5(19):14587-605.

. American Diabetes Association. Standards of medical care in diabetes-2021. Diabetes

Care. 2021; 44(Suppl 1):515-33. doi: 10.2337/dc21-5002.

. Feingold KR. Oral and Injectable (Non-Insulin) Pharmacological Agents for the

Treatment of Type 2 Diabetes. 2022 Aug 26. In: Feingold KR, Anawalt B, Blackman
MR, Boyce A, Chrousos G, Corpas E, de Herder WW, Dhatariya K, Dungan K, Hofland
J, Kalra S, Kaltsas G, Kapoor N, Koch C, Kopp P, Korbonits M, Kovacs CS, Kuohung W,
Laferrére B, Levy M, McGee EA, McLachlan R, New M, Purnell J, Sahay R, Shah AS,
Singer F, Sperling MA, Stratakis CA, Trence DL, Wilson DP, editors. Endotext [Internet].
South Dartmouth (MA): MDText.com, Inc.; 2000. PMID: 25905364.

. Inzucchi SE, Bergenstal RM, Buse JB, Diamant M, Ferrannini E, Nauck M, et al.

Management of hyperglycemia in type 2 diabetes: A patient centered approach:
position statement of the American Diabetes Association (ADA) and the European
Association for the Study of Diabetes (EASD). Diabetes Care. 2012;35(6):1364-79. doi:
10.2337/dc12-0413, PMID 22517736.

. DeFronzo RA, Goodman AM. Efficacy of metformin in patients with non-insulin-

dependent diabetes mellitus. The multicenter metformin study group. N Eng J Med.
1995;333(9):541-9. doi:10.1056/NEJM199508313330902, PMID 7623902.

. Krentz AJ, Bailey CJ. Oral antidiabetic agents: current role in type 2 diabetes mellitus.

Drugs. 2005;65(3):385-411.  doi: PMID

15669880.

10.2165/00003495-200565030-00005,

. Qi LW, Liu EH, Chu C, Peng YB, Cai HX, Li P. Anti-diabetic agents from natural products

- an update from 2004 to 2009. Curr Top Med Chem. 2010;10(4):434-57. doi: 10.2174
/156802610790980620, PMID 16516322.

Bernhardt R. Cytochromes P450 as versatile biocatalysts. J
2006;124(1):128-45. doi: 10.1016/j.jbiotec.2006.01.026, PMID 16516322.

Rukkumani R, Aruna K, Varma PS, Rajasekaran KN, Menon VP. Comparative effects
of curcumin and its analog on alcohol- and polyunsaturated fatty acid-induced
alterations in circulatory lipid profiles. J Med Food. 2005;8(2):256-60. doi:10.1089/jm
.2005.8.256, PMID 16117621.

Das S, Barman S. Antidiabetic and antihyperlipidemic effect of ethanolic extract
of leaves of Punica granatum in alloxan-induced non-insulin-dependent diabetes
mellitus albino rats. Indian J Pharmacol. 2012;44(2):219-24. doi: 10.4103/0253-7613.
93853. PMID 22529479.

Baranwal J, Barse B, Fais A, Delogu GL, Kumar A. Biopolymer: A Sustainable Material
for Food and Medical Applications. Polymers (Basel). 2022;14(5):983. doi: 10.3390/po
lym14050983. PMID: 35267803; PMCID: PMC8912672.

Stanley Mainzen Prince PSM, Menon VP. Hypoglycaemic and hypolipidaemic action
of alcohol extract of Tinospora cordifolia roots in chemical induced diabetes in rats.
Phytother Res. 2003;17(4):410-3. doi: 10.1002/ptr.1130, PMID 12722152.

Marzano C, Ronconi L, Chiara F, Giron MC, Faustinelli I, Cristofori P, et al. Gold(lll)-
dithiocarbamato anticancer agents: activity, toxicology and histopathological
studies in rodents. Int J Cancer. 2011;129(2):487-96. doi: 10.1002/ijc.25684, PMID
20853318.

Lee SY, Kim CY, Nam TG. Ruthenium Complexes as Anticancer Agents: A Brief History
and Perspectives. Drug Des Devel Ther. 2020;14:5375-92. doi: 10.2147/DDDT.527500
7. PMID: 33299303; PMCID: PMC7721113.

Smethurst DGJ, Shcherbik N. Interchangeable utilization of metals: new perspectives
on the impacts of metal ions employed in ancient and extant biomolecules. J Biol
Chem. 2021;297(6):101374. doi: 10.1016/j.jbc.2021.101374, PMID 34732319.

Boros E, Dyson PJ, Gasser G. Classification of metal-based drugs according to their
mechanisms of action. Chem. 2020;6(1):41-60. doi: 10.1016/j.chempr.2019.10.013,
PMID 32864503.

Kostova |, Balkansky S. Metal complexes of biologically active ligands as potential
antioxidants. Curr Med Chem. 2013;20(36):4508-39. doi: 10.2174/09298673113206
660288, PMID 23834169.

Ahmad S, Alrouji M, Alhajlah S, Alomeir O, Pandey RP, Ashraf MS, et al. Secondary
Metabolite Profiling, Antioxidant, Antidiabetic and Neuroprotective Activity of
Cestrum nocturnum (Night Scented-Jasmine): Use of in vitro and in silico Approach in
Determining the Potential Bioactive Compound. Plants (Basel). 2023;12(6):1206. doi:
10.3390/plants12061206. PMID: 36986895; PMCID: PMC10051713.

Bergendi L, Kratsmar-Smogrovic J, Durackova Z, Zitnanova |. The superoxide
dismutase-like activity of some copper(ll) complexes derived from tridentate Schiff
bases. Free Radic Res Commun. 1991;12-13 Pt 1:195-204. doi: 10.3109/10715769109
145786. PMID: 1649089.

Patel KS, Patel JC, Dholariya HR, Patel VK, Patel KD. Synthesis of Cu(ll), Ni(ll), Co(ll)
and Mn(ll) complexes with ciprofloxacin and their evaluation of antimicrobial,
antioxidant and anti-tubercular activity. Open J Met. 2012;2:49-59. doi: 10.4236/0j
metal.2012.23008.

Anand David AV, Arulmoli R, Parasuraman S. Overviews of biological importance of
quercetin: a bioactive flavonoid. Pharmacogn Rev. 2016;10(20):84-9. doi:10.4103/
0973-7847.194044, PMID 28082789.

Arjmand F, Yasir Khan H, Tabassum S. Progress of Metal-Based Anticancer
Chemotherapeutic Agents in Last two Decades and their Comprehensive
Biological (DNA/RNA Binding, Cleavage and Cytotoxicity Activity) Studies. Chem

Biotechnol.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Rec. 2023;23(3):e202200247. doi: 10.1002/tcr.202200247. Epub 2023 Feb 10. PMID:
36762719.

Asma ST, Acaroz U, Imre K, Morar A, Shah SRA, Hussain SZ, et al. Natural Products/
Bioactive Compounds as a Source of Anticancer Drugs. Cancers (Basel).
2022;14(24):6203. doi: 10.3390/cancers14246203. PMID: 36551687; PMCID:
PMC9777303.

St Johnston D. The art and design of genetic screens: Drosophila melanogaster. Nat
Rev Genet. 2002;3(3):176-88. doi: 10.1038/nrg751, PMID 11972155.

Mahgoub MO, Ali Il, Adeghate JO, Tekes K, Kalasz H, Adeghate EA. An Update on
the Molecular and Cellular Basis of Pharmacotherapy in Type 2 Diabetes Mellitus. Int
J Mol Sci. 2023;24(11):9328. doi: 10.3390/ijms24119328. PMID: 37298274; PMCID:
PMC10253663.

MathurV, Alam O, Siddiqui N, Jha M, Manaithiya A, Bawa S, et al. Insight into Structure
Activity Relationship of DPP-4 Inhibitors for Development of Antidiabetic Agents.
Molecules. 2023;28(15):5860. doi: 10.3390/molecules28155860. PMID: 37570832;
PMCID: PMC10420935.

Li S, Yang H, Chen X. Protective effects of sulforaphane on diabetic retinopathy:
activation of the Nrf2 pathway and inhibition of NLRP3 inflammasone formation. Exp
Anim. 2019;68(2):221-31. doi: 10.1538/expanim.18-0146, PMID 30606939.

Xie X, Zhou X, Chen W, Long L, Li W, Yang X, et al. L312, a novel PPARy ligand with
potent anti-diabetic activity by selective regulation. Biochim Biophys Acta. 2015;
1850:62-72. doi: 10.1016/j.bbagen.2014.09.027, PMID 25305559.

Trevifo S, Velazquez-Vazquez D, Sdnchez-Lara E, Diaz-Fonseca A, Flores-Hernandez
JA, Pérez-Benitez A, et al. Metforminium decavanadate as a potential
metallopharmaceutical drug for the treatment of diabetes mellitus. Oxid Med Cell
Longev. 2016:6058705. doi:10.1155/2016/6058705, PMID 27119007.

Aryaeian N, Sedehi SK, Arablou T. Polyphenols and their effects on diabetes
management: a review. Medical Journal of the Islamic Republic of Iran. 2017;31:134.
doi: 10.14196/mjiri.31.134, PMID 29951434.

Adeghate E. Medicinal chemistry of novel anti-diabetic drugs. Open Med Chem J.
2011; 5(Suppl 2):68-9. doi: 10.2174/1874104501105010068. Epub 2011 Sep 9. PMID:
21966326; PMCID: PMC3174520.

Sarian MN, Ahmed QU, Mat So'ad SZ, Alhassan AM, Murugesu S, Perumal V, et al.
Antioxidant and antidiabetic effects of flavonoids: A structure-activity relationship
based study. BioMed Res Int. 2017; 2017:8386065. doi: 10.1155/2017/8386065, PMID
29318154.

Gao Q, Bai Q Zheng C, Sun N, Liu J, Chen W, et al. Application of metal-organic
framework in diagnosis and treatment of diabetes. Biomolecules. 2022;12(9):1240.
doi: 10.3390/biom12091240. PMID 36139080.

Ekins S, mestres J, Testa B. In silico pharmacology for drug discovery: methods for
virtual ligand screening and profiling. B J Pharmacol. 2007;152(1):9-20. doi: 10.1038/
5j.bjp.0707305, PMID 17549047.

Dirir AM, Daou M, Yousef AF, Yousef LF. A review of alpha-glucosidase inhibitors from
plants as potential candidates for the treatment of type-2 diabetes. Phytochem Rev.
2022;21(4):1049-79. doi: 10.1007/511101-021-09773-1, PMID 34421444.
Rodriguez-Arce E, Saldias M. Antioxidant properties of flavonoid metal compleses
and their potential inclusion in the development of novel strategies for the treatment
against neurodegenerative diseases. Biomed Pharmacother. 2021;143:112236. doi: 1
0.1016/j.biopha.2021.112236, PMID 34649360.

Antony P, Vijayan R. Identification of novel aldose reductase inhibitors from molecular
docking and simulation study. PLOS ONE. 2015;10(9):e0138186. doi: 10.1371/journal
.pone.0138186, PMID 26384019.

Arbo BD andre-Miral C, Nasre-Nasser RG, Schimith LE, Santos MG, Costa-Silva D, et
al. Resveratrol derivatives as potential treatments for Alzheimer’s and Parkinson’s
disease. Front Aging Neurosci. 2020;12:103. doi: 10.3389/fnagi.2020.00103, PMID
32362821.

Panwar S, Kumari A, Kumar H, Tiwari AK, Tripathi P, Asthana S. Structure-based
virtual screening, molecular dynamics simulation and in vitro evaluation to identify
inhibitors against NAMPT. J Biomol Struct Dyn. 2022;40(20):10332-44. doi: 10.1080/0
7391102.2021.1943526, PMID 34229568.

King E, Aitchison E, Li H, Luo R. Recent developments in free energy calculations for
drug discovery. Front Mol Biosci. 2021;8:712085. doi: 10.3389/fmolb.2021.712085,
PMID 34458321.

Paul S, Saikia JP, Samdarshi SK, Konwar BK. Investigation of the antioxidant activity
of iron oxide particles by 1’-1'diphenylpicryl hydrazyle (DPPH) method. J Magn Magn
Mater. 2009;321(21):3621-3. doi: 10.1016/jjmmm.2009.07.004.

Snetkov P, Morozkina S, Olekhnovich R, Uspenskaya M. Diflunisal targeted delivery
system. Materials. 2021;14(21):6687. doi: 10.3390/ma14216687.

de Araujo EL, Barbosa HFG, dockal ER, cavalheiro ET. Synthesis, characterization and
biological activity of Cu(ll), Ni(ll) and Zn(ll) complexes of biopolymeric Schiff base of
salicylaldehydes and chitosan. Int J Biol Macromol. 2017;95:168-76. doi: 10.1016/j.ijb
iomac.2016.10.109, PMID 27851928.

Turnaturi R, Oliveri V, Vecchio G. Biotin-8-hydroxyquinoline conjugates and their
metal complexes: exploring the chemical properties and the antioxidant activity.
Polyhedron. 2016;110:254-60. doi: 10.1016/j.poly.2016.02.025.

Pham-Huy LA, He H, Pham-Huy C. Free radicals, antioxidants in disease and health.
Int J Biomed Sci. 2008;4(2):89-96. PMID 23675073.

Granato MQ, Mello TP, Nascimento RS, Pereira MD, Rosa TLSA, Pessolani MCV, et
al. Silver(l) and copper (Il) complexes of 1,10-phenanthroline-5,6-dione against

S23



Patle and Sengar: Bio-Conjugated Metallic Complexes-Drug Design

Phialophora verrucosa: A focus on the interaction with human macrophages and 60. Bano B, Kanwal KKM, Khan KM, Lodhi A, Salar U, Begum F, et al. Synthesis, in vitro
Galleria mellonella larvae. Front Microbiol. 2021;12:641258. doi: 10.3389/fmicb.202 urease inhibitory activity and molecular docking studies of thiourea and urea
1.641258, PMID 34025603. g;;l;/g;’l;/;s Bioorg Chem. 2018;80:129-44. doi: 10.1016/j.bioorg.2018.06.007, PMID

59. Kenche VB, Barnham KJ. Alzheimer”s disease and metals: Therapeutic oppourtunities. 61. Ghosh AK, Brindisi M. Urea derivatives in modern drug discovery and medicinal
B J Pharmacol. 2011;163(2):211-9. doi: 10.1111/j.1476-5381.2011.01221.x, PMID chemistry. J Med Chem. 2020;63(6):2751-88. doi.org/10.1021/acs.jmedchem.9b015
21232050. 41, PMID 31789518.

Cite this article: Patle D, Sengar NPS. Bio-Conjugated Metallic Complexes in Drug Design. Indian J of Pharmaceutical Education and Research.
2025;59(15):516-524.

S24 Indian Journal of Pharmaceutical Education and Research, Vol 59, Issue 1 (Suppl), Jan-Mar, 2025



