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Heterocycles are a class of compounds that have been found to be potent inhibitors of alkaline phosphatase

(AP), an enzyme that plays a critical role in various physiological processes such as bone metabolism, cell

growth and differentiation, and has been linked to several diseases such as cancer and osteoporosis. AP

is a widely distributed enzyme, and its inhibition has been considered as a therapeutic strategy for the

treatment of these diseases. Heterocyclic compounds have been found to inhibit AP by binding to the

active site of the enzyme, thereby inhibiting its activity. Heterocyclic compounds such as imidazoles,

pyrazoles, and pyridines have been found to be potent AP inhibitors and have been studied as potential

therapeutics for the treatment of cancer, osteoporosis, and other diseases. However, the development

of more potent and selective inhibitors that can be used as therapeutics for the treatment of various

diseases is an ongoing area of research. Additionally, the study of the mechanism of action of

heterocyclic AP inhibitors is an ongoing area of research, which could lead to the identification of new

targets and new therapeutic strategies. The enzyme known as AP has various physiological functions and

is present in multiple tissues and organs throughout the body. This article presents an overview of the
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different types of AP isoforms, their distribution, and physiological roles. It also discusses the structure and

mechanism of AP, including the hydrolysis of phosphate groups. Furthermore, the importance of AP as

a clinical marker for liver disease, bone disorders, and cancer is emphasized, as well as its use in the

diagnosis of rare inherited disorders such as hypophosphatasia. The potential therapeutic applications of

AP inhibitors for different diseases are also explored. The objective of this literature review is to examine

the function of alkaline phosphatase in various physiological conditions and diseases, as well as analyze

the structure–activity relationships of recently reported inhibitors. The present review summarizes the

structure–activity relationship (SAR) of various heterocyclic compounds as AP inhibitors. The SAR studies

of these compounds have revealed that the presence of a heterocyclic ring, particularly a pyridine,

pyrimidine, or pyrazole ring, in the molecule is essential for inhibitory activity. Additionally, the

substitution pattern and stereochemistry of the heterocyclic ring also play a crucial role in determining

the potency of the inhibitor.
1. Introduction

Heterocycles are a class of molecule that exist in many biological
compounds in the human body and include atoms other than
carbon and hydrogen in a ring structure. This natural presence,
combined with their complexity and ability to participate in
hydrogen bonding, makes heterocycles highly sought aer for
use as drugs. Medicinal chemists create drug structures that
resemble the heterocycles found in the body with the aim of
either enhancing or restricting their function. Modern advance-
ments have enabled the synthesis of numerous heterocyclic
scaffolds, aimed at facilitating drug discovery. These compounds
have received signicant attention in recent years due to their
potential as therapeutic agents, as they can interact with enzymes
and modulate their activity.1–6 Enzymes are biological molecules
that catalyze chemical reactions and are essential for various
physiological processes. They have become attractive targets for
drug discovery and development due to their central role in
cellular metabolism and signaling pathways.4,5,7–12 Heterocyclic
compounds can interact with enzymes by binding to their active
sites, thereby altering their activity and inhibiting their
function.13–16 One particular area of interest for the use of
heterocyclic compounds as enzyme inhibitors is the modulation
of alkaline phosphatase (AP) activity.

Alkaline phosphatases (APs; EC 3.1.3.1) are ubiquitous
membrane-bound glycoproteins that distribute broadly in
nature, and thus are found in prokaryotes to eukaryotes, with
the exception of fewer higher plants.17–19 AP belongs to a broad
family of dimeric enzymes that are oen found only on the
surface of cells. It hydrolyzes different monophosphate esters at
high pH, releasing inorganic phosphate in the process.20–22

Numerous varieties of APs have been identied and
characterized23–26 since their discovery in the 1920s,27 allowing
for a better knowledge of their evolution. Extensive and in-depth
research has been conducted on the crystal structure and
catalytic characteristics of AP from Escherichia coli, which has
been the prototype for all APs since the 1950s.28 In the 1980s,
numerous mammalian AP complementary DNAs had been
cloned, and matching enzymes had been characterized.
Numerous biological uses for AP were suggested in the 1990s.29

The discovery of the human placental AP's, three-dimensional
structure in 2001,30 allowed for a deeper understanding of the
enzyme's active site and key residues, as well as useful
452
information for the design of enzyme inhibitors, substrates and
prodrugs for biochemical applications, the cure of AP-related
diseases, and drug delivery.31

APs in mammals are ectonucleotidases that belong to the
zinc-containing metalloenzyme family. These dimeric entities
are encoded by a multigene family and require three metal ions,
two Zn2+ and one Mg2+, for their enzymatic activity. Besides
their role in catalysis, these metal ions also play a signicant
role in shaping the AP monomer and controlling the interac-
tions between subunits.32

APs catalyze a wide range of chemical reactions, including
the conversion of nucleotides to nucleosides, by removing
phosphate groups from molecules hydrolytically.33 Adenosine
monophosphate (AMP) is hydrolyzed by APs to produce aden-
osine, a chemical involved in cell signaling. Additionally, they
can be seen as signicant regulators of purinergic cell
signaling.34,35 The differentiation of adipocytes and osteoblasts,
as well as their maturation processes, is another signicant
function of APs. Numerous adipocyte tissues have been found
to include APs, which are signicant participants in the adi-
pogenesis process.36,37

The focus of researchers has been on synthesizing lead
compounds that can act as inhibitors of various APs. This
review article delves into the relationship between these disease
states and APs, as well as the inhibitors that have been pub-
lished from 2009 to 2023.
2. Alkaline phosphatase isoenzymes,
their distribution and physiological
functions

Human APs can be divided into four tissue-specic variants or
isozymes, primarily based on how specically a tissue could
express them (Fig. 1).38,39 Three of them are known as tissue-
specic alkaline phosphatases enzymes, and they are called
placental alkaline phosphatase (PLAP or Regan isozyme),
intestinal alkaline phosphatase (IAP), and germ cell alkaline
phosphatase (GCAP or NAGAO isozyme).40,41 The fourth enzyme
is known as tissue-nonspecic alkaline phosphatase (TNAP).
Each of these enzymes has a great deal of homology.42–44 PLAP is
highly expressed in the placenta and is overexpressed in ovarian
and testicular malignancies, while being under-expressed in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Classification of Alkaline Phosphatase (AP) isozymes.
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pregnant Chagas disease patients.38,45–47 TNAP is primarily
found in the kidney, liver, and bone.37,48,49 The gastrointestinal
tract (GIT), particularly the duodenum, contains a signicant
amount of IAP, which makes it a potential target for drug
therapy aimed at treating sepsis, antibiotic-associated diarrhea
and inammatory bowel syndrome.50–52 New research indicates
that an increase in serum AP levels could lead to various disease
conditions. Additionally, these studies have found a link
between elevated AP levels and an increased likelihood of
developing Alzheimer's disease (AD) and other related
conditions.53,54
Table 1 Summary of the features of the AP isoenzymes

Organ/tissue Isoenzymes Functions of the isoenzyme

Intestine IAP � Lipids absorption
� Removal of bacterial lipopolysa
� Control of the bacterial transm
� Reduced gut inammatory resp
� Dephosphorylation of tricellula
adenosine

Colon IAP, colonic
TNAP

� Reduction of inammation and

Testis GCAP � Sperm glycolytic reactions and
Placenta PLAP � Tumor marker

� Removal of bacterial endotoxin
Bone TNAP � Bone development and minera

� Sign of osteoblastic activity
Liver TNAP � Breakdown of phosphorylcholin
Kidney TNAP � Dephosphorylation and detoxi
Lung TNAP � Repair of damaged tissue and t

� Formation of new blood vessels
Vagina,
endometrium

TNAP � Maintenance of acidic pH
� Maintenance of vaginal ora
� Wound healing
� Endometrial development
� Menstrual cycle
� Pregnancy

Eyes TNAP � Ocular development
� Maintenance of the retinal pigm
� Removal of toxic waste product
� Regulation of cell growth and d
� Age-related macular degenerati
� Retinitis pigmentosa

© 2023 The Author(s). Published by the Royal Society of Chemistry
2.1 Placental alkaline phosphatases

PLAP is primarily expressed at high levels in the placenta (Table
1 and Fig. 2). Though, lower concentrations of PLAP can be seen
in the serum.17 In addition, it is found in trace amounts in the
ovaries, type 1 pneumocytes, and the cervix of non-pregnant
women.55 As opposed to the other isoenzymes, PLAP has a low
catalytic constant, making it a less effective enzyme. This inef-
ciency is linked to the pH of the placenta, which is approxi-
mately 7, and the PLAP's ideal pH, which is 11.38 Due to its heat
stability property, PLAP is an exceptional isoenzyme because it
does not inactivate in the presence of 10−2 M magnesium at
temperatures below 75 °C. Because PLAP lacks protein and
comes from a source that makes it stable to heat, PLAP has
a high level of heat resistance.56 Regan is a variation of the PLAP
isoenzyme that is specically found in the plasma of roughly
15% of individuals with liver, gut, and lung cancer.17

2.1.1 Function of PLAP. PLAP has various roles, including
the transfer of immunoglobulin G (IgG) antibodies from the
mother to the fetus. In broblasts, it facilitates cell growth and
DNA synthesis when calcium, zinc, and insulin ions are present.
Its production by syncytiotrophoblast, which transports essen-
tial substances such as oxygen and nutrients, makes it an
important regulator of fetal growth.38 Furthermore, PLAP may
serve as a marker for certain cancers.57,58
ALP activity
(IU g−1 tissue) References

38 � 14 50, 66, 86–88
ccharides and free nucleotides
ucosal passage
onse
r adenosine triphosphate (ATP) to

oxidative stress 2.3 � 0.8 89 and 90

fructose production 0.5 � 0.1 91
69 � 44 30, 91 and 92

s from the body
lization — 91

e 2.6 � 1.4 93
cation of ATP 2.1 � 0.7 94
he clearance of mucus 2.1 � 0.5 95
and the repair of damaged tissue

— 96 and 97

— 98 and 99
ent epithelium

s
ifferentiation
on
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Fig. 2 Distribution of alkaline phosphatase that is a target for drug delivery and diagnosis.
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2.2 Intestinal alkaline phosphatase

Intestinal alkaline phosphatase (IAP) is a hydrolase enzyme that
is produced by the enterocytes lining the small intestine (Table
1 and Fig. 2). IAP is responsible for the removal of any potential
toxins or pathogens that may be present in the gut lumen by
hydrolyzing the phosphates from the surfaces of these mole-
cules, rendering them unable to attach to the gut epithelium.59

IAP is specically expressed in the brush border of the enter-
ocytes in the small intestine and is secreted into the lumen,
where it acts on luminal antigens, such as lipopolysaccharides
(LPS) and agellin, which are components of Gram-negative
bacteria. This function of IAP is important for the mainte-
nance of gut integrity and barrier function.60,61 IAP has also been
shown to have anti-inammatory properties, which are thought
to be mediated by its ability to inactivate LPS and other pro-
inammatory molecules.62 In addition, IAP has been found to
play a role in the regulation of the gut microbiome and the
maintenance of gut immune homeostasis. Moreover, IAP has
been found to be involved in the regulation of various physio-
logical processes such as glucose metabolism, lipid metabo-
lism, and the gut–brain axis. It has also been linked to several
diseases such as inammatory bowel disease (IBD), obesity and
cancer.63,64

In summary, IAP is an enzyme that is produced by the
enterocytes lining the small intestine and plays a critical role in
gut integrity and barrier function, as well as in the maintenance
of gut immune homeostasis. It also has anti-inammatory
properties and is involved in the regulation of various physio-
logical processes such as glucose metabolism, lipid metabo-
lism, and the gut–brain axis. Studies have also linked IAP to
several diseases such as inammatory bowel disease (IBD),
16416 | RSC Adv., 2023, 13, 16413–16452
obesity, and cancer, making it a potential therapeutic target for
these conditions.65

2.2.1 Functions of IAP. Intestinal alkaline phosphatase
(IAP) is an enzyme that is produced by the enterocytes lining the
small intestine. IAP is responsible for the removal of any
potential toxins or pathogens that may be present in the gut
lumen by hydrolyzing the phosphates from the surfaces of these
molecules, rendering them unable to attach to the gut epithe-
lium.66 IAP plays a critical role in the maintenance of gut
integrity and barrier function by removing harmful luminal
antigens and preventing their attachment to the gut epithelium.
IAP has anti-inammatory properties, which are thought to be
mediated by its ability to inactivate lipopolysaccharides (LPS)
and other pro-inammatory molecules.67 IAP has been found to
play a role in the regulation of the gut microbiome by hydro-
lyzing the phosphates from the surfaces of gut bacteria, which
can affect their survival and proliferation. IAP plays a role in the
maintenance of gut immune homeostasis by regulating the
immune response to luminal antigens and preventing the
activation of pro-inammatory pathways.68 IAP has been found
to be involved in the regulation of glucose metabolism and lipid
metabolism, and it has been linked to obesity, metabolic
disorders and diabetes. IAP has been found to be involved in the
regulation of the gut–brain axis, and it has been linked to
anxiety and depression.69

2.3 Germ cell alkaline phosphatase

Germ cell alkaline phosphatase (GCAP) is an enzyme that is
expressed in the germ cells of the testis and ovary17 (Table 1 and
Fig. 2). GCAP is essential for the proper development and
maturation of germ cells in the testis and ovary, and it plays
a critical role in the formation of sperm and ova. GCAP is
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01888a


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 6
:3

8:
15

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
expressed in the early stages of germ cell development, and its
expression decreases as germ cells differentiate and mature.70

In the testis, GCAP is expressed in the spermatogonia, which are
the precursor cells that give rise to sperm, and in the primary
spermatocytes, which are the cells that undergo meiosis to form
sperm. In the ovary, GCAP is expressed in the oogonia, which
are the precursor cells that give rise to ova, and in the primary
oocytes, which are the cells that undergo meiosis to form ova.71

GCAP has been found to be involved in the regulation of various
physiological processes such as DNA repair, cell cycle progres-
sion, and apoptosis. GCAP is also involved in the regulation of
the sex steroid hormone biosynthesis, and it has been found to
be essential for the proper development and maturation of
germ cells.72 GCAP deciency has been linked to several
diseases such as male infertility, and in some cases, female
infertility. GCAP has also been shown to be involved in the onset
and progression of certain cancers, such as testicular cancer,
and it has been proposed as a potential therapeutic target for
these conditions.73

In summary, GCAP is an enzyme that is expressed in the
germ cells of the testis and ovary, and it plays a critical role in
the development and maturation of germ cells. GCAP is
involved in the regulation of various physiological processes
such as DNA repair, cell cycle progression, and apoptosis. GCAP
deciency has been linked to several diseases such as male and
female infertility and certain cancers, making it a potential
therapeutic target for these conditions.74

2.3.1 Functions of GCAP. GCAP is an enzyme that is found
in the germ cells of the testis and ovary, and it plays a critical
role in the development and maturation of these cells. GCAP is
involved in the repair of DNA damage that occurs during germ
cell development, which is essential for the proper formation of
sperm and ova.75 GCAP is participating in the regulation of cell
cycle progression in germ cells, which is necessary for the
proper development and maturation of these cells. GCAP has
been found to play a role in the regulation of apoptosis, which is
a process of programmed cell death. This is important for the
proper development and maturation of germ cells, as well as for
the maintenance of germ cell population.76 GCAP has been
found to be involved in the regulation of sex steroid hormone
biosynthesis, which is necessary for the proper development
and maturation of germ cells. GCAP is essential for the proper
development andmaturation of sperm and ova. Its expression is
highest in the early stages of germ cell development, and its
expression decreases as germ cells differentiate and mature.77,78

In summary, GCAP plays a critical role in the development
and maturation of germ cells, by regulating DNA repair, cell
cycle progression, apoptosis, sex steroid hormone biosynthesis
and spermatogenesis and oogenesis. Additionally, GCAP de-
ciency has been linked to several diseases such as male and
female infertility, and certain cancers, making it a potential
therapeutic target for these conditions.79
Fig. 3 Distribution of TNAP in various body organs.
2.4 Liver/bone/kidney alkaline phosphatase

Tissue nonspecic alkaline phosphatase (TNAP) is an enzyme
that belongs to the family of APs.80 It is also known as liver/
© 2023 The Author(s). Published by the Royal Society of Chemistry
bone/kidney alkaline phosphatase (LBK-AP) because it occurs
in various tissues such as the liver, bone, and kidney (Table 1,
Fig. 2 and 3).81 TNAP is responsible for the hydrolysis of
phosphomonoesters, and it plays a critical role in several
physiological processes. TNAP is expressed in bone and plays
a critical role in bone mineralization by hydrolyzing inorganic
pyrophosphate (PPi) which is a potent inhibitor of
mineralization.82

TNAP spreads in the proximal tubule of the kidney and thus
plays a role in the regulation of phosphate homeostasis.83 It is
expressed in the liver and plays a role in the regulation of bile
acid metabolism and detoxication of xenobiotics. TNAP has
been found to be involved in the regulation of vascular calci-
cation, cardiovascular disease and the progression of certain
cancers, such as prostate cancer.84,85
3. Structure of alkaline phosphatases

APs are a group of enzymes that belong to the phosphatase
family. They are known for their ability to hydrolyze phospho-
monoesters, and they have a common structure that is
composed of several domains. The catalytic domain contains
the active site of the enzyme, where the phosphomonoester
substrate binds and is hydrolyzed. The active site typically
contains a metal ion, such as zinc or magnesium, which plays
a critical role in the catalytic activity of the enzyme.100 The
regulatory domain is responsible for regulating the activity of
the enzyme, typically through the binding of specic inhibitors
or activators. The membrane-binding domain is accountable
for the attachment of the enzyme to the cell membrane. This
domain is found only in the membrane-bound forms of the
enzyme. The signal peptide domain is liable for directing the
enzyme to the correct location within the cell, typically to the
cell membrane or secretory pathway.101

The specic structure of alkaline phosphatases varies
depending on the type of the enzyme, for instance, the structure
of the Intestinal alkaline phosphatase (IAP) is composed of six
domains, the catalytic, dimerization, membrane-binding,
regulatory, carbohydrate-binding, and signal peptide domains,
while in the Germ cell alkaline phosphatase (GCAP) the struc-
ture is composed of four domains, the catalytic, regulatory,
transmembrane, and signal peptide domains.102–106
RSC Adv., 2023, 13, 16413–16452 | 16417
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The homodimeric metal-containing enzymes, known as Aps,
are substrate non-specic in nature. In addition to ve cysteine
residues, each monomer contains three metal ions: two Zn2+

and one Mg2+ (Cys474, Cys467, Cys183, Cys121, and Cys101 in
PLAP). While the Cys101 residue is le in a free form, two
disulde linkages are created between Cys121–Cys183 and
Cys467–Cys474. The catalytic mechanism of PLAP is mediated
by a number of specic amino acid residues, including Asp42,
Glu311, His153, Ser92, Ser155, Asp357, Asp316, His432, His360,
and His358.107 The active site of PLAP contains two Zn2+ ions,
one of which is directly attached by three bonds to various
amino acids (Asp316, His320 and His432), while the other is
with a water molecule, which can be replaced by a suitable
substrate. Even though there are four connections between the
second Zn2+ ion and the residues of the amino acids Asp42,
Ser92, Asp357, and His358, and using water or another suitable
substrate, the h bond is created. The Mg2+ ion is hex-
acoordinated, which means that it establishes six bonds: three
with Ser155, Glu311and Asp42 amino acid residues, and three
more with three water molecules, which can be swapped out for
substrate binding. Additionally, the presence of the Ca2+ ion is
essential for the proper operation of the enzyme in all
mammalian APs.108
4. Mechanism of action of alkaline
phosphatases

All species have APs, and interestingly Escherichia coli and
humans have about a 25–30% similarity in terms of their AP
composition.109 The transphosphorylation and hydrolysis of
different phosphate monoesters are an example of the APs
catalytic function. A covalent phosphoserine intermediate is
formed by APs to release inorganic phosphate. The general
catalytic mechanism of APs two reaction stages is shown in
Fig. 4. The initial alkaline phosphatase (E) catalyzed reaction
includes a substrate (DO-Pi) binding phase, phosphate-moiety
transfer to Ser-93 (in its active site's TNAP sequence), and
product alcohol (DOH) release.110 Phosphate is liberated in the
second stage of the reaction by hydrolysis of the covalent
intermediate (E-Pi) and non-covalent complex (EPi) of inorganic
phosphate in the active site. Phosphate is released via a trans-
phosphorylation event in the presence of nitrogen-containing
alcohol molecules (AOH), such as the buffer diethanolamine
(DEA).111
Fig. 4 The catalytic mechanism of AP reaction. DO-Pi, substrate molec

16418 | RSC Adv., 2023, 13, 16413–16452
5. Significance of alkaline
phosphatase in several physiological
conditions
5.1 Dialysis

Dialysis is a medical process that involves removing excess
water, solutes, and toxins from the blood of patients whose
kidneys are not working correctly. Studies have shown that
patients who undergo dialysis and have elevated levels of AP
serum face a substantial mortality risk and an increased like-
lihood of cardiovascular disease. When AP concentrations are
high, patients may develop coronary calcication due to the
promotion of mineral deposition in their veins and arteries, as
well as the production of polyphosphoric acid.112

5.2 Cerebral small vessels disease (CSVD)

Stroke and dementia are neurological conditions brought on by
CSVD. Blood circulation in this area of the brain declines when
the brain's arterial vessels stiffen, leading to ischemic stroke.
The activation of AP is caused by the vessel walls becoming
calcied. The idea that AP may be used as a biomarker for CSVD
was reinforced by the link between the serum levels of APs and
the disease.113

5.3 Periodontitis

The so tissues encircling the teeth are attacked and harmed by
the gum infection known as periodontitis. The AP enzyme is
secreted during periodontitis, contributing to gingival inam-
mation, and serving as a biomarker. Patients with diabetes
mellitus who have periodontitis have even greater levels of AP
because their immune systems are weakened, rendering them
more prone to infection.114

5.4 Cancer

5.4.1 Osteosarcoma. It was discovered that the develop-
ment of immature bones or osteoid tissues enhanced the level
of APs in osteosarcoma, the bone malignancy. Additionally, the
overall survival rate of patients with high AP levels is subpar.115

5.4.2 Testicular neoplasms. One form of testicular tumor
that primarily affects adult males is the Leydig cell tumor.116

Between the seminiferous tubules are Leydig cells, which
release testosterone in response to the anterior pituitary gland's
release of luteinizing hormone (LH), which is what gives rise to
ule; E, alkaline phosphatase enzyme molecule; E-Pi, phosphoenzyme.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the male sex characteristics. The specic etiology of Leydig cell
neoplasm, which produces excessive levels of testosterone, is
still being researched. According to several research, an endo-
crine system abnormality may be the cause of the tumor. A
patient with a Leydig cell tumor was the subject of a case study
in 2017 that revealed an elevated serum level of AP. This study
reveals that the AP enzyme gene is overexpressed in tumor cells.
To better comprehend the connection between AP and Leydig
cell tumor, additional research should be done to pinpoint the
precisely increased isoenzyme.117

5.4.3 Prostate cancer. In males, prostate cancer is a leading
cause of mortality; however, nonmetastatic disease has a better
prognosis and lower risk than metastatic cancer, which most
frequently spreads to the bone and local lymph nodes.118 AP and
bone-specic AP enzymes are signicant characteristics to
consider since they improve the prognosis, according to recent
studies. This could explain why patients with prostate cancer
have elevated serum levels of alkaline phosphatases. The
metastasized tumor in the bone would result in an osteo-
sclerotic lesion, which develops as a result of overactive osteo-
blasts and unexpected bone production.119 Additionally,
research indicates that blocking ALP enzymes will result in the
death of prostate cancer cells and lessen the spread of the
malignant cells.54

5.4.4 Breast cancer. The most frequent type of cancer
among women is breast cancer.120,121 Breast cancer cells may
spread locally or systemically to the bones, liver, and brain. For
the purpose of staging the cancer and choosing the best course
of treatment, it is essential for breast cancer patients to have
bone metastases detected. Whether serum AP levels can be used
as a reliable indicator of bone metastases in breast cancer
patients was the subject of a study that lasted from January 2016
to June 2017. A serum alkaline phosphatase test was thought to
be straightforward and affordable. In 86 breast cancer patients
who had bone metastases, this study looked at the AP level
(ages, 25 to 70 years). Only 6.9% of the cases presented with an
ALP level greater than 500 IU L−1, however, the results indicated
an elevation in AP level in 27 instances (31.4%). Finally, this
study concluded that the AP test is not a trustworthy method to
use as a biomarker for bone metastases. However, other effec-
tive techniques, such as bone scans, are also available. To
provide a conrmation based on evidence, more research in this
area is required.122

5.4.5 Ovarian cancer. Improved survival rates for ovarian
cancer depend heavily on early detection. However, early
detection is difficult because symptoms typically appear aer
disease growth. Serum biomarkers can be used alone, in
combination with transvaginal ultrasound, or as an adjuvant to
detect this form of malignancy. The most common biomarker
for ovarian cancer detection is cancer antigen 125 (CA125).
However, CA125 is either undetectable in 20% of patients with
stage 1 ovarian cancer or it is found at very low levels. Human
epididymis protein 4 (HE4) is another marker that is frequently
employed for the diagnosis of various cancers. The utility of
PLAP as a biomarker for ovarian cancer is supported by both the
ectopically expressed form of the protein in tumor cells and its
presence in blood. Ovarian cancer can be detected early, its
© 2023 The Author(s). Published by the Royal Society of Chemistry
stage can be determined, and the best course of therapy can be
predicted by using PLAP in combination with CA125 and HE4 as
a panel of biomarkers.45
5.5 Relation between bone diseases and AP level

The amount of APs in the body is inuenced by a variety of
variables, including age, sex, and blood type. The level of APs
will change in the presence of numerous pathological states in
different tissues, making APs a valuable diagnostic tool for bone
illnesses such as osteomalacia, osteoporosis and rickets.123 The
AP level test will therefore be an excellent indicator of osteo-
porosis illness.124 Additionally, the AP level test can be used to
assess the effectiveness of treatment for several disorders, such
as osteoporosis (by administering alendronate), where a drop in
the AP level denotes effective treatment. Because of this, it is
essential to administer the AP tests accurately in order to
prevent any changes in the ndings that could have an impact
on the diagnosis of disorders.125
6. Alkaline phosphatase inhibitors

Millan et al. (2009) have discovered three new inhibitors of
alkaline phosphatase's natural pyrophosphatase activity and
demonstrated their potential in reducing vascular calcication
in two different models. Specically, these compounds were
effective in inhibiting the in vitro calcication of cultured
Enpp1−/− VSMCs and in suppressing the increased pyrophos-
phatase activity in a rat aortic model. The inhibitors 1, 2 and 3
possess highly aromatic molecular structures and were found to
inhibit TNAP via an uncompetitive mechanism, both at physi-
ological pH and at a pH of 9.8. The small variations in Ki values
observed for two of the three inhibitors between pH 9.8 and pH
7.5 suggest that their positioning is non-ionic, which is
consistent with the abundance of aromatic nitrogen atoms in
their backbone structure as compared to the standard Levami-
sole (Fig. 5). The most potent inhibitor 3 demonstrated even
greater potency at pH 7.5 and could be successfully modeled
within the active site pocket of TNAP, spanning the enzyme's
large pocket. These ndings suggest that these inhibitors have
potential as therapeutic agents for treating TNAP-related
conditions and warrant further investigation.126

Cosford et al. (2009) reported the design and synthesis of
pyrazole derivatives as potent and selective inhibitors of TNAP.
The 2,3,4-trichlorophenyl analog 4 was the most powerful
compound in the series. The in vitro IC50 of 4, which showed
excellent activity, was 0.005 mM (Fig. 6). Furthermore,
compound 4 had selectivity for TNAP of at least 2000-fold
because it was inert (IC50 > 10 mM) against the related PLAP
isozyme. By performing the kinetic study, it was demonstrated
that compound 4 behaved as a competitive inhibitor.
Compound 4 is almost 200 times more effective against TNAP
and exhibits a high degree of selectivity against the associated
PLAP isozyme. The study has proved that the pyrazole deriva-
tives with specic substitutions at the 5-position of the pyrazole
ring, such as N-substitution and C-substitution, show potent
and selective inhibition of TNAP. Moreover, the studies also
RSC Adv., 2023, 13, 16413–16452 | 16419
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Fig. 5 Chemical structure of compounds 1, 2 & 3 and its TNAP inhibition.

Fig. 6 Chemical structure of compound 4 and its TNAP inhibition.

Fig. 7 Chemical structure of compound 5 and its TNAP inhibition.
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highlighted the importance of optimizing the lipophilicity and
hydrogen-bonding potential of the pyrazole derivatives for their
activity.127

Lemaire et al. (2009) reported the synthesis and evaluation of
benzo[b]thiophene derivatives as inhibitors of AP. The benzo[b]
thiophene derivatives were synthesized and assessed against AP
enzymes as inhibitors. The results showed that some of the
derivatives exhibited potent inhibitory activity, with IC50 values
in the low micromolar range. The protocol describes the
synthesis and TNAP inhibitory activity of benzo[b]thiophene
derivatives, which may be used in osteoarthritis medication
therapy. It was discovered that there exists water-soluble
racemic 2-phenyl-benzo[b]thiophene-3-carbaldehyde 5 with
apparent inhibition constants Ki = 85 mM, which are equivalent
to the enantiomeric levamisole's 93 mM (Fig. 7). The ndings
suggest that benzo[b]thiophene derivatives have the potential to
act as lead inhibitors of AP and warrant further investigation for
their therapeutic potential in diseases associated with
abnormal alkaline phosphatase activity.128
16420 | RSC Adv., 2023, 13, 16413–16452
Lanier et al. (2010) reported that the design and synthesis of
selective inhibitors of PLAP were carried out using molecular
modeling and chemical synthesis techniques. The activity of the
inhibitors was evaluated using in vitro assays. The results
showed that the synthesized inhibitors were effective and
selective towards PLAP as compared to other related enzymes.
Compound 6 has IC50 = 14.8 mM in the IAP assay, whereas
compound 7 2-methylated counterpart did not exhibit any
measurable inhibition (IC50 > 100 mM), resulting in a selectivity
of more than 80-fold for IAP over PLAP (IC50 = 2.5 mM) (Fig. 8).
These catechol compounds may be helpful as tools to compre-
hend the physiological signicance of PLAP in biology and
pharmacology due to their inhibitory specicity. The study
provides a valuable contribution to the development of PLAP
inhibitors for therapeutic use.129

Iqbal et al. (2012) reported the synthesis of polyoxometalates
(POMs) and evaluated them as inhibitors of AP. These enzymes
play a key role in various biological processes, including bone
metabolism and tumor cell growth. All substances had nano-
molar levels of AP inhibitory activity. The structure
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Chemical structures of compounds 6 and 7 and their PLAP and IAP inhibitions.
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Na10[H2W12O42]$27H2O 8 was discovered with Ki = 313 nM as
the effective inhibitor for TNAP, while the most effective
inhibitor for TNAP was Na33[H7P8W48O184]$92H2O 9, with a Ki

value of 135 nM. These ndings highlight the therapeutic
potential of POMs as inhibitors of alkaline phosphatases,
offering a new approach to the treatment of cancer and other
diseases associated with these enzymes.130

Iqbal et al. (2012) investigated the synthesis of new 1,2,4-
triazole and 1,3,4-thiadiazole derivatives and their potential as
inhibitors of AP. Among the synthesized series, only four of the
synthetic compounds were effective inhibitors of AP in
comparison to the standards KH2PO4 (IC50 = 3.11 mM; Ki = 1.5
mM) and theophylline (IC50 = 47 mM; Ki = 91 mM). Others either
precipitated out or exhibited weak inhibition. In the triazole
series, compound 10 with a chloro group at the meta position
showed the greatest effectiveness with IC50 = 0.061 mM and Ki

value 0.044 mM, however for compound 11, the inhibition
declines (IC50 = 6.7 mM) upon transferring the chloro substit-
uent to the para position. In contrast to 12, which has chloro
functionality at the meta position and an IC50 of 20 mM, the
powerful molecule 13 in the thiadiazole series has an IC50 of
0.15 mM. Accordingly, the pattern implies that inhibition rises
when the chloro group is substituted at the para position (Table
2). Overall, the results showed that the synthesized compounds
were moderate to good inhibitors against AP enzyme, indicating
their potential as drug candidates for the treatment of related
diseases.131

Buchet et al. (2013) reported inhibitors of TNAP have been an
active area of research in recent years. Organic small molecules,
including bisphosphonates, polyphenols, and quinoline deriv-
atives, have shown great promise as potential therapeutic
agents for TNAP-related disorders. These compounds 14 and 15
have demonstrated effective inhibition of TNAP both in vitro
and in vivo and have shown the ability to reduce calcication in
cell culture models (Fig. 9). Kinetic studies have provided
insights into the mechanism of action and structure–activity
relationships of these TNAP inhibitors. Furthermore, bio-
mineralization assays have been used to evaluate their effects
on mineralization processes, while cellular tests have demon-
strated their potential in treating TNAP-related disorders.132

Hameed et al. (2015) studied the inuence of structural
variations on the imine functionality of 4-bromophenylacetic
© 2023 The Author(s). Published by the Royal Society of Chemistry
acid derived hydrazones in relation to their inhibition of AP
through synthesis andmolecular modeling. Several compounds
from the examined series were recognized as lead candidates,
with IC50 values ranging from micro to nanomolar. Against h-
IAP, compound 16 p-allylated hydroxyl substituent exhibited
∼10 000-fold strong inhibition strength, and thus found as the
most active inhibitor (IC50 = 10 mM). This inhibitory effect has
a potency that is about 10 000 times greater than that of the
standard L-phenylalanine (IC50 = 300 mM). The compounds 17
(IC50 = 0.026 mM; ∼24-fold strong inhibition), 18 (m-acetylated
hydroxyl group displayed ∼312-fold strong inhibition strength;
IC50 = 0.32 mM) and 19 (o-benzylated hydroxyl group; ∼405-fold
strong inhibition; IC50 = 0.74 mM) were effective inhibitors of
TNAP, PLAP, and GCAP, respectively (Table 3). The results show
the impact of diversied structural variations on the inhibition
of AP.133

Iqbal et al. (2015) explored the inhibitory properties of dia-
rylsulfonamides and their bioisosteres towards AP enzyme.
Some of these substances were shown to be extremely effective
and specic AP inhibitors. The synthesized compounds were
reported to be selective b-TNAP and b-IAP inhibitors. The most
potent compound among the series was 20 with (IC50=0.035
mM) for TNAP and 0.14 mM for IAP as compared to standards
levamisole (IC50 = 19 mM) and L-phenylalanine (IC50 = 80 mM)
(Fig. 10). Detailed kinetic tests for the most active AP inhibitor
20 revealed a competitive mechanism of inhibition against
TNAP and a non-competitive method of inhibition against IAP.
The study focused on understanding the SAR of these
compounds and the molecular mechanisms behind their
inhibitory activity. The results of the study provide insights into
the design and development of novel dual inhibitors of AP
enzyme.134

Iqbal et al. (2015) investigated quinoline-4-carboxylic acid as
a promising scaffold for developing inhibitors of AP. The
majority of the examined substances signicantly inhibited h-
TNAP, h-IAP and h-PLAP. While 21 appeared as a leading
contender against h-IAP and h-PLAP with IC50 values of 34 mM
and 82 mM, respectively, 22 was discovered as a powerful
inhibitor of h-TNAP with an IC50 value of 22 mM. With an IC50

value of 150 mM, 23 was a strong inhibitor of h-GCAP (Table 4).
Molecular modeling studies provided insights into the inter-
actions between the inhibitors and AP.135
RSC Adv., 2023, 13, 16413–16452 | 16421
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Table 2 Chemical structures of triazole and thiadiazole derivatives, IC50 and Ki values against AP inhibitors

Compound no.
Chemical structures &
IUPAC names IC50 (mM) Ki (mM) References

10 0.061 0.044 131

11 6.7 4.92 131

12 20 14 131

13 0.15 0.11 131

Standards

3.11 1.5 131

47 91 131
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Saeed et al. (2015) reported the synthesis of bis-coumarin-
iminothiazole hybrids and their inhibitory activity against
AP. When the synthetic analogs were tested against AP,
16422 | RSC Adv., 2023, 13, 16413–16452
compound 24 emerged as a powerful inhibitor with an IC50

value of 1.38 mM. In contrast to the standard inhibitor KH2PO4

(IC50 = 2.43 mM), this inhibitor's efficacy is two times higher
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Chemical structures of compounds 14 and 15 and their TNAP inhibition.

Table 3 Chemical structures of hydrazones derivatives and IC50 values against AP inhibitors

Compound no. Chemical structures & IUPAC names

IC50 (mM)

Referencesh-TNAP h-IAP h-PLAP h-GCAP

16 43.8% 42.8% 44.8% 0.74 133

17 42.1% 0.32 0.048 36.7% 133

18 0.13 0.01 0.059 45.7% 133

19 0.026 47.2% 5.04 33.5% 133

Standards

25 — 120 — 133

— 100 — 300 133
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(Fig. 11). The two methyl groups that are present at the 3- and
5-positions of the aryl ring that is immediately linked to the
thiazole core may be responsible for this two-fold strong
inhibitory effect. Molecular modeling was used to gain
© 2023 The Author(s). Published by the Royal Society of Chemistry
insights into the molecular interactions of the hybrids with the
target proteins.136

Langer et al. (2015) synthesized a series of 6-nitro- and 6-
aminoquinolones and evaluated them for their inhibitory
RSC Adv., 2023, 13, 16413–16452 | 16423
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Fig. 10 Chemical structure of compound 20 and its TNAP and IAP
inhibitions.
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activity against AP. They investigated the ability of the 6-nitro-
quinolones and the 6-aminoquinolones to inhibit the b-TNAP
and c-IAP, respectively. All nitroquinolones were capable of
Table 4 Chemical structures of quinoline-4-carboxylic acid derivatives

Compound no. Chemical structures & IUPAC names

IC

h

21

22

23

Standards

2

—

16424 | RSC Adv., 2023, 13, 16413–16452
inhibiting TNAP, with IC50 values ranging from 1.43 to 134.1 mM
for each compound. A particularly effective and specic inhib-
itor of b-TNAP with an inhibitory value of IC50 = 6.34 mM was
discovered to be 25 among them. Comparing this substance to
the assay's reference standard, Levamisole, which had an IC50

value of 19.21 mM, revealed a threefold increase in potential. All
aminoquinolones showed strong anti-b-TNAP action, with IC50

values ranging from 1.14 to 78.1 mM. Although some of these
compounds were also effective against c-IAP, it was discovered
that most of these compounds were selective inhibitors of b-
TNAP. The range of the activity against c-IAP was IC50 = 0.443 to
176.4 mM. The most effective derivative was discovered to be
compound 26, with an IC50 value of 0.443 mM. Among the series,
compounds 27 and 28 are the only two to have a chromene
substructure. It was discovered that these substances were more
effective against c-IAP than b-TNAP. The IC50 values for the
and IC50 values against AP inhibitors

50 (mM)

References-TNAP h-IAP h-PLAP h-GCAP

0.36 0.03 0.08 29 135

0.02 0.27 0.65 48 135

0.42 0.07 0.32 0.15 135

8.2 — 120 — 135

100 — 301 135

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Chemical structure of compound 24 and its AP inhibition.
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inhibitory effects on c-IAP were 0.797 and 1.41 mM, respectively.
Contrarily, these compounds displayed an IC50 range of 5.84 to
40.9 mM against b-TNAP (Table 5). The results showed that some
of the compounds exhibited potent inhibitory activity, making
them promising candidates for further development as AP
inhibitors and potential therapeutic agents.137

Langer et al. (2016) synthesized 3,3′-carbonyl-bis(chromones)
and evaluated them for their inhibitory activity against
mammalian AP, and some compounds showed promising
inhibitory effects, with some having IC50 values in the low
micromolar range. The molecular mechanisms of inhibition
were also studied using molecular docking simulations, which
revealed that the target compounds form hydrogen bonds with
the active site residues of AP, thereby inhibiting its activity. The
inhibitory potential of all synthesized compounds was evalu-
ated against two types of alkaline phosphatases, b-TNAP and c-
IAP. The results demonstrated that the investigated derivatives
showed signicant inhibition against both enzymes. The
potency of compounds 29, 30, 31, and 32 on b-TNAP and c-IAP
was shown to be equal. The most effective inhibitor of b-TNAP
among all the compounds studied was 30, with an inhibitory
value of IC50 = 2.47 mM. It demonstrated a 9-fold more inhibi-
tory capacity than the standard drug Levamisole, with an IC50

value of 19.21 mM. However, compound 33 was discovered to be
a selective b-TNAP inhibitor, with an inhibitory value of IC50 =

6.61 mM. Compared to the reference compound, it demon-
strated three times the potential (Table 6). With an inhibitory
value of IC50= 0.653 mM, compound 34 was discovered to be the
most effective inhibitor against c-IAP.138

Saeed et al. (2016) described the discovery of a new class of
compounds, 3-(5-(Benzylideneamino)thiozol-3-yl)-2H-chromen-
2-ones, which have been found to inhibit both AP and ecto-5′-
nucleotidase. The ability of each substance to inhibit human
recombinant ecto-nucleotidases, such as h-TNAP, h-IAP, and
human and rat ecto-5′-nucleotidase (h-e5′NT & r-e5′NT), was
examined. All compounds were shown to be effective and
selective inhibitors of h-e5′NT, while compounds 35 and 36were
the most effective (IC50 = 0.25 mM and 0.28 mM, respectively).
Most of the compounds were found to have inhibitory effects in
the lower micromolar range and to preferentially inhibit h-
TNAP over h-IAP. Compounds 37 and 38 exhibited the most
© 2023 The Author(s). Published by the Royal Society of Chemistry
potent h-TNAP inhibition (IC50 = 0.21 mM and 0.22 mM,
respectively), which is approximately 91 times more potent than
the inhibitory action of the benchmark drug levamisole.
Compound 39, which showed approximately 11 times better
selectivity for h-IAP over h-TNAP, was discovered to be the most
effective h-IAP inhibitor (IC50 = 0.05 mM) (Table 7). These
inhibitors have been evaluated for their potency and efficacy,
showing their potential as therapeutic agents for various
medical conditions related to phosphatase and nucleotidase
overactivity.139

Saeed et al. (2016) also synthesized a series of coumarin-
triazolothiadiazine hybrid analogs and evaluated them against
AP. The synthesis of these hybrids was achieved through
a combination of chemical reactions and the results were
characterized through various analytical techniques.
Compound 40, which has bis-coumarinyl motifs at the hetero-
aromatic core's 3- and 6-positions, proved to be a powerful
inhibitor with an IC50 value of 1.15 mM as compared to KH2PO4

(IC50 = 2.41 mM) (Fig. 12). The molecular docking analysis was
performed to study the binding modes and interactions of the
hybrids with the target enzymes, providing insights into the
nature of their inhibitory effects.140

Iqbal et al. (2017) investigated novel chalcone sulfonamide
hybrids as inhibitors of intestinal IAP. The synthesized
compounds were tested for their ability to block the activity of
the c-IAP isozyme. The target series displayed magnicent
inhibition activity with IC50 values in the range of 0.12 to 2.57
mM as compared to the standard L-phenylalanine (IC50 = 80.2
mM). Compound 41 showed maximum inhibition of c-IAP with
an IC50 = 0.12 mM (Fig. 13). The SAR analysis of these
compounds revealed that the presence of a substituent on the
phenyl ring and the nature of the sulfonamide moiety are
important for IAP inhibition. According to the docking experi-
ment of compound 41 into the crystal structure of c-IAP, the
sulfonamide group interacts with the Ser111 and Arg185 resi-
dues of the active site by hydrogen bonds, and the sulfonamide
nitrogen atom interacts with two zinc metal ions. Additionally,
the chlorine atom at the benzene ring interacts electrostatically
with the amino acid residue Arg127. Furthermore contributing
to the stability of compound 41, the benzene ring with the
sulfonamide group forms a p–p stacking with His339
(Fig. 13).141

Iqbal et al. (2017) described the synthesis and evaluation of
cyclic sulfonamides as AP inhibitors. The trigger for the synthesis
was the introduction of dimethyl amino groups. A facile synthesis
was used to produce the compounds, which were then evaluated
for their inhibitory activity against AP. The potential of all
compounds to inhibit AP (b-TNAP and b-IAP) was evaluated. The
results showed that all compounds were excellent inhibitors of b-
TNAP with IC50 values in the low micromolar range (0.11–6.63
mM). The majority of the compounds were selective towards b-
TNAP over b-IAP, with only six compounds being active against b-
IAP with IC50 values ranging from 0.38–3.48 mM, furthermore, the
most potent inhibitor was 42 (IC50 = 0.38 mM). Compound 43,
with a p-NO2 substituent, was found to be the most potent
inhibitor of b-TNAP (IC50 = 0.11 mM), followed by compounds 44
(IC50 = 0.19 mM) and 45 (IC50 = 0.20 mM). 43 was not only the
RSC Adv., 2023, 13, 16413–16452 | 16425
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Table 5 Chemical structures of 6-nitro- and 6-aminoquinolones derivatives and IC50 values against b-TNAP and c-IAP inhibitors

Compound no. Chemical structures & IUPAC names

IC50 (mM)

Referencesb-TNAP c-IAP

25 6.34 12.33 137

26 1.98 0.443 137

27 5.84 0.797 137

28 40.9 1.41 137

Standards

19.2 — 137

— 80.2 137
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most active inhibitor but also a highly selective one for b-TNAP,
showing only 40% inhibition against the other isozyme, b-IAP
(Table 8). The results revealed promising potential as inhibitors,
indicating a possible future application in the treatment of
diseases related to overactivity of AP.142
16426 | RSC Adv., 2023, 13, 16413–16452
Iqbal et al. (2017) synthesized and tested a series of iso-
nicotinohydrazide derivatives as inhibitors of recombinant h-
e5′NT, r-e5′NT and AP isozymes, such as b-TNAP and c-IAP. These
enzymes play a role in various medical conditions, including
vascular calcications, solid tumors, and cancers. The results
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Chemical structures of 3,3′-carbonyl-bis(chromones) derivatives and IC50 values against b-TNAP and c-IAP inhibitors

Compound no. Chemical structures & IUPAC names

IC50 (mM)

Referencesb-TNAP c-IAP

29 26.5 12.9 138

30 6.74 9.31 138

31 2.47 28.2 138

32 9.25 23.3 138

33 37.1% 0.653 138

34 6.61 21.3% 138

Standards

19.2 — 138

— 80.1 138
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View Article Online
showed that all tested derivatives were active against both
enzymes, with the most potent inhibitors being 46 (IC50 = 0.19
mM) for h-e5′NT, 47 (IC50 = 0.14 mM) for r-e5′NT, 48 (IC50 = 0.67
© 2023 The Author(s). Published by the Royal Society of Chemistry
mM) for c-IAP, and 47 (IC50 = 0.35 mM) for b-TNAP (Table 9). The
study also included computational determination of the binding
modes of the most potent inhibitors against the target enzymes.143
RSC Adv., 2023, 13, 16413–16452 | 16427
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Table 7 Chemical structures of 3-(2-(benzylideneamino)thiazol-4-yl)-2H-chromen-2-one derivatives and IC50 values against AP inhibitors

Compound no. Chemical structures & IUPAC names

IC50 (mM)

Referencesh-TNAP h-IAP h-e5′NT r-e5′NT

35 0.51 0.39 0.25 — 139

36 0.33 — 0.28 — 139

37 0.22 — 5.15 — 139

38 0.21 — 2.23 — 139

39 0.52 0.05 10.2 — 139

Standards

19.2 — — — 139

— 80.2 — — 139

— — 42.1 77.3 139

16428 | RSC Adv., 2023, 13, 16413–16452 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Chemical structure of compound 40 and its AP inhibition.
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Khan et al. (2017) focused on the evaluation of coumarin
sulfonates as potential inhibitors of AP enzymes. The study
employs both in vitro and in silico techniques to examine the
inhibition properties of these compounds. The ability of each
substance to reduce alkaline phosphatase activity was examined
(h-TNAP and h-IAP). The majority of the substances were
discovered to be AP inhibitors. Compound 49 was found to be
the most potent h-IAP inhibitor, with an IC50 value of 1.11 mM,
whereas compound 50 was found to be the most potent h-TNAP
inhibitor, with an IC50 value of 0.58 mM as compared to the
standards levamisole (IC50= 20.2 mM) and L-phenylalanine (IC50

= 100 mM) (Fig. 14). The results suggested that coumarin
sulfonates have potential as AP inhibitors, with certain
compounds showing strong inhibition activity in vitro. The in
silico analysis provides further insight into the molecular
interactions andmechanisms of inhibition. The ndings of this
study contribute to the understanding of coumarin sulfonates
as potential therapeutic agents for AP-related disorders.144

Langer et al. (2017) synthesized and identied new furan-
2(3H)-one analog as AP inhibitors. Many of the analogs were
discovered to be powerful and selective inhibitors of TNAP.
Inhibition of b-TNAP by compound 51 (IC50 = 1.34 mM) was 14
times larger than that of levamisole (the reference standard),
whilst that of c-IAP by compound 52 (IC50 = 5.37 mM) was 104
times more than that of reference L-phenylalanine. One
Fig. 13 Chemical structure and docking image of 41 and its c-IAP inhib

© 2023 The Author(s). Published by the Royal Society of Chemistry
molecule was shown to be the most effective b-TNAP inhibitor
among the derivatives examined, having a strong inhibitory
value and a 6-fold higher level of b-TNAP specicity compared to
c-IAP (Fig. 15). Due to the presence of two furan rings, this
molecule has a stronger inhibitory action towards b-TNAP as
compared to levamisole and L-phenylalanine. Themost effective
inhibitor of c-IAP was determined to be another derivative with
a furan ring, which had a reduced inhibitory capacity towards b-
TNAP.145

Langer et al. (2017) described the synthesis and character-
ization of novel derivatives of 4-quinolones, and their inhibitory
effects on the enzyme alkaline phosphatase, including in vitro
and molecular docking to predict the interactions between the
compounds and the enzyme. Superior inhibitory efficacy and
moderate selectivity are characteristics shared by themajority of
the compounds. The range of the IC50 for IAP was 1.06 to 192.10
mM, whereas the range for TNAP was 1.34 to 44.80 mM. In
comparison to TNAP, the most active derivative 53 (Fig. 16) (IC50

= 14.80 mM for TNAP; 1.06 mM for IAP) has a ∼14-fold greater
selectivity and a powerful inhibition on IAP than standards L-
phenylalanine (80.21 mM) or levamisole (19.21 mM), respectively.
The study found that compound 53 binds to the active site of
IAP with high binding affinity, and the binding mode is in
agreement with the known structure of IAP inhibitors. The
compound forms hydrogen bonds with the key residues in the
active site and interacts with other residues through hydro-
phobic interactions. The docking study suggests that 53 is
a potential IAP inhibitor, and it may be useful as a lead
compound for the development of new drugs against cancer
(Fig. 16). The study provides valuable information for further
optimization of the compound to improve its binding affinity
and specicity, and for the design of in vitro and in vivo studies
to evaluate its potential as a therapeutic agent. The results of the
study suggested that these 4-quinolone derivatives have poten-
tial as new inhibitors of AP andmight be useful in the treatment
of diseases related to this enzyme.146

Iqbal et al. (2018) reported the synthesis of tricyclic coumarin
sulfonate derivatives and evaluated their inhibitory effects on
AP in vitro. Here, the ability of a group of tricyclic coumarin
sulphonates inhibited AP against h-TNAP and h-IAP. The most
ition.
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Table 9 Chemical structures of isonicotinohydrazide derivatives and IC50 values against AP inhibitors

Compound no.
Chemical structures
& IUPAC names

IC50 (mM)

Referencesh-e5′NT r-e5′NT b-TNAP c-IAP

46 0.19 0.36 1.06 3.98 143

47 0.68 0.14 0.35 1.92 143

48 1.67 1.08 48.95% 0.67 143

Standards

— — 19.2 — 143

— — — 80.2 143

42.1 77.3 — — 143
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effective h-TNAP inhibitor was discovered to be the methyl-
benzenesulphonate derivative 54 (IC50 = 0.38 mM) as compared
to levamisole (IC50 = 20.2 mM). The most effective inhibitor of h-
Fig. 14 Chemical structures of compounds 49 and 50 along with their

16432 | RSC Adv., 2023, 13, 16413–16452
IAP was discovered to be a different 4-uorobenzenesulphonate
derivative, 55 (IC50 = 14 mM) as compared to L-phenylalanine
(IC50= 100 mM). Results showed that these derivatives exhibited
TNAP and IAP inhibitions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Chemical structure and docking image of 53 and its IAP inhibition. Putative binding interactions of compound 53 (colored light pink)
inside calf IAP active site (colored sky blue).

Fig. 15 Chemical structures of compounds 51 and 52 and their TNAP and IAP inhibitions.
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potent inhibitory effects on AP with IC50 values ranging from 1.2
to 10.6 mM (Fig. 17). Docking simulations were performed to
gain insights into the interactions between the tricyclic
coumarin sulfonates and AP, providing evidence for the binding
modes and key amino acid residues involved in the inhibitory
process. These ndings provide a basis for the further devel-
opment of tricyclic coumarin sulfonates as potential inhibitors
of AP.147

Iqbal et al. (2018) reported the synthesis and AP inhibition
studies of carboxy pyrazole derivatives. The synthetic
compounds inhibited h-TNAP between IC50 values of 0.91 to
Fig. 17 Chemical structures of compounds 54 and 55 and their TNAP a

© 2023 The Author(s). Published by the Royal Society of Chemistry
42.0 mM and h-IAP between IC50 values of 0.39 to 22.3 mM.
Compounds 56 (IC50 = 0.91 mM) and 57 (IC50 = 5.91 mM) with
electronegative substitution were found to be more efficient
against h-TNAP as compared to levamisole (IC50 = 20.21 mM)
(Fig. 18). Furthermore, molecular docking and in silico research
were used to elucidate the binding method of interactions.148

Iqbal et al. (2018) reported design, synthesis, and biological
evaluation of 4-aminopyridine-based amide derivatives as
potent inhibitors of h-TNAP. A series of compounds were
synthesized by the condensation reaction of 4-aminopyridine
and various amide derivatives. The synthesized compounds
nd IAP inhibition.

RSC Adv., 2023, 13, 16413–16452 | 16433
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Fig. 18 Chemical structures of compounds 56 and 57 and their TNAP inhibition.
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were found to possess good inhibition potential having IC50

values ranging between 0.05 and 0.82 mM as compared to the
standard levamisole (IC50 = 19.2 mM). It was discovered that
compound 58 was more effective than the previously known
inhibitor suramin (IC50 = 42.1 mM), which showed considerable
inhibition (IC50 = 0.25 mM) (Fig. 19). The SAR analysis of these
compounds revealed that the presence of a substituent on the
Fig. 19 Chemical structure of compound 58 and its TNAP inhibition.

Fig. 20 Chemical structures of compounds 59 and 60 and their TNAP a

Fig. 21 Chemical structure of compounds 61 and 62 and their TNAP an

16434 | RSC Adv., 2023, 13, 16413–16452
pyridine ring and the nature of the amide moiety are important
for TNAP inhibition.149

Hanif et al. (2018) disclosed several hybrid compounds
generated from 1,2-benzothiazine cores and chalcones.
Compound 59 was the most potent inhibitor of h-IAP with an
IC50 value of 1.04 mMand compound 60 was a selective inhibitor
of h-TNAP with an IC50 value of 0.25 mM. According to molecular
docking experiments, compounds 59 and 60 interact differently
with the active sites of the two AP isoforms, h-IAP and h-TNAP,
respectively (Fig. 20). The compounds did not create H bonds
with the isoform in which they displayed lesser activity, despite
the fact that they interacted with the Zn ions in both isoforms.150

Langer et al. (2018) reported the synthesis of novel deaza-
purine analogs featuring a 1H-pyrazolo[3,4-b]pyridin-3(2H)-one
core and their biological activity. These analogs were synthe-
sized through a multi-step process, including the reaction of 4-
chloro-1H-pyrazolo[3,4-b]pyridine with different aldehydes, fol-
lowed by cyclization and deamination. The most potent and
effective inhibitor of h-TNAP was discovered to be compound 61
nd IAP inhibitions.

d IAP inhibitions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(IC50 = 0.31 mM) as compared to levamisole (IC50 = 19.21 mM).
The signicant inhibition of h-TNAPmay be due to the presence
of the chlorodiuoromethyl and methyl groups at positions 4
and 2 of the pyridine ring in compound 61. Themost effective h-
IAP inhibitor, compound 62, has an inhibitory concentration of
0.52 mM as compared to L-phenylalanine (IC50 = 80.21 mM)
(Fig. 21).151

Langer et al. (2018) reported the synthesis and evaluation of
2-substituted 7-triuoromethyl-thiadiazolopyrimidones as
inhibitors of AP. SAR and molecular docking studies were
conducted to understand the relationship between chemical
structure and inhibitory activity. Results showed that the 2-
substituted derivatives exhibited strong AP inhibitory activity,
with some compounds displaying high potency. An enhanced
inhibitory value against h-IAP was obtained from the mono-
substituted methyl derivative 63 (IC50 = 0.36 mM of h-IAP; 1.06
mM of TNAP) (Fig. 22). The molecular docking results suggest
that the inhibitors bind to the active site of the enzyme in
a specic manner. These ndings provide new insight into the
development of 2-substituted 7-triuoromethyl-
thiadiazolopyrimidones as potential inhibitors of AP for thera-
peutic applications.152

Langer et al. (2018) reported the synthesis of new pyr-
azolopyridines and benzofuropyridines through a domino
reaction of 3-chlorochromones with aminoheterocycles and
demonstrated their inhibitory activity against ecto-5′-nucleo-
tidase, making them potential lead compounds for further drug
development. The pyrazolo[3,4-b]pyridines showed intriguing
Fig. 22 Chemical structure of compound 63 and its TNAP and IAP
inhibition.

Fig. 23 Chemical structures of compounds 64 and 65 and their AP inhi

© 2023 The Author(s). Published by the Royal Society of Chemistry
results in their interaction with h-e5′NT. Among these deriva-
tives, 64 stood out as a selective and highly potent inhibitor of h-
e5′NT when compared to the other derivatives. With an inhib-
itory value of 0.32 mM, it was approximately 132 times more
effective than the reference standard, sulfamic acid, which had
an IC50 value of 42.1 mM. The derivative of pyrrolo[2,3-b]pyri-
dine, compound 65 (IC50 = 0.67 mM), was found to be a dual
inhibitor of both enzymes, with a higher degree of selectivity
towards r-e5′NT. It was the most potent inhibitor of r-e5′NT,
exhibiting approximately 16 times higher selectivity over h-
e5′NT and 115 times higher selectivity than sulfamic acid (IC50

= 77.3 mM) (Fig. 23). The optical and ecto-5′-nucleotidase
inhibitory effects of the resulting compounds were evaluated,
and it was found that some of the compounds exhibited potent
inhibitory activity.153

Larik et al. (2018) synthesized acridine analogs and evaluated
their inhibitory activity on AP, and some of the analogs showed
signicant inhibition. The ability of all the produced
compounds to inhibit c-IAP was examined. The nitrogen-
containing analog 66 displayed the highest potential in the
series with an IC50 of 0.0102 mM (Fig. 24) (standard KH2PO4

4.317 mM). This study highlights the potential of using ionic
liquids in the synthesis of acridine analogs and their potential
as inhibitors of enzymes such as AP.154

Saeed et al. (2018) synthesized sulfadiazinyl acyl/aryl thio-
urea derivatives as inhibitors of c-IAP. The results showed that
the sulfadiazinyl acyl/aryl thiourea derivatives had good inhib-
itory activity against c-IAP, promising pharmacokinetic proper-
ties, and strong binding affinity. When compared to
conventional monopotassium phosphate, the synthesized
derivatives demonstrated more inhibitory potential. Compound
67 with an IC50 of 0.251 mM showed the highest potential in the
series as compared to KH2PO4 (IC50 = 4.317 mM) (Fig. 25). The
most effective derivative's ability to inhibit c-IAP via a mixed-
type pathway was revealed by Lineweaver–Burk plots. Accord-
ing to a molecular docking investigation, chemical 67 interacts
with the amino acid residues Asp273, His317, and Arg166. The
ndings of this study provide important information for further
optimization and development of sulfadiazinyl acyl/aryl thio-
urea derivatives as c-IAP inhibitors.155

Seo et al. (2018) reported the synthesis of benzamides and
evaluated them against AP. When the inhibitory properties of
bition.
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Fig. 24 Chemical structure of compound 66 and its c-IAP inhibition.

Fig. 25 Chemical structure of compound 67 and its c-IAP inhibition.
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bi-heterocyclic benzamides were assessed against AP, all of the
synthesized compounds were shown to be highly potent
inhibitors in comparison to the reference standard KH2PO4

(IC50 = 5.2421 mM). Analyzing the Lineweaver–Burk plots
revealed that compound 68 inhibited AP non-competitively to
create an enzyme–inhibitor complex, which was the kinetics
mechanism attributed. The molecule 68 (IC50 = 0.0427 mM)
with a p-ethoxy group was identied as the most potent in the
synthetic series (Fig. 26). The compounds having medium-sized
polar groups in the aryl portion exhibited excellent inhibitory
potential. Dixon plots were used to compute the compound's
inhibitory constant Ki, which came out at 1.15 mM.156

Ashraf et al. (2019) reported the synthesis and molecular
docking of N-(5-(alkylthio)-1,3,4-oxadiazol-2-yl)methylbenzamide
Fig. 26 Chemical structure of compound 68 and its AP inhibition.

16436 | RSC Adv., 2023, 13, 16413–16452
analogs as potential inhibitors of the AP. The aim was to evaluate
the effect of alkylthio substitution on the inhibitory activity and
binding affinity of these compounds towards AP. The synthe-
sized compounds were characterized, and their inhibitory
potency was determined through in vitro assays. According to the
results of the bioassay, target compounds had good to excellent
AP inhibitory activity. Compound 69 had the highest level of
activity, with an IC50 value of 0.420 mM compared to 2.80 mM for
the standard (KH2PO4) (Fig. 27). The molecular docking studies
were performed to predict the binding mode and affinity of the
compounds towards the target enzyme. The amino acid His265
with a binding distance of 2.13 Å interacted with the nitrogen on
the oxadiazole ring in compound 69. The results suggest that the
alkylthio substitution has a signicant effect on the inhibitory
activity and binding affinity of the compounds towards AP.157

Ashraf et al. (2019) synthesized and evaluated substituted
acetamides as AP inhibitors. The inhibitory potential of each of
the title compounds was assessed against h-AP. The subjected
compounds showed a signicant inhibition potential having
activity in the range of 0.420 to 5.012 mM, which was superior to
the standard KH2PO4 (IC50 = 2.80 mM) (Fig. 28). Compound 70
shows particularly powerful activity with an IC50 value of 0.420
mM compared to the standard's KH2PO4. Lineweaver–Burk plots
depicting the non-competitive mode of binding with enzyme
were used to assess the enzyme inhibitory kinetics of the most
potent inhibitor 70. In comparison to other derivatives, mole-
cule 70 displayed a good binding affinity with a binding energy
value of around 7.90 kcal mol−1.158

Hameed et al. (2019) reported on the discovery of two new
classes of compounds, pyrazolyl pyrimidinetriones (PPTs) and
thioxopyrimidinediones (PTPs), as selective and efficient
inhibitors of recombinant human ectonucleotidases. (h-TNAP,
h-IAP) and ectonucleotidase (h-NPP1 and h-NPP3) enzymes were
Fig. 27 Chemical structure of compound 69 and its AP inhibition.

Fig. 28 Chemical structure of compound 70 and its h-AP inhibition.
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Table 10 Chemical structures of PPT and PTP derivatives and IC50 values against AP inhibitors

Compound no. Chemical structures & IUPAC names

IC50 (mM)

Referencesh-TNAP h-IAP h-NPP1 h-NPP3

71 0.33 >100 >100 1.36 159

72 >100 0.86 >100 >100 159

73 2.21 >100 0.61 0.66 159

74 2.99 >100 4.61 0.57 159

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 16413–16452 | 16437
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Table 10 (Contd. )

Compound no. Chemical structures & IUPAC names

IC50 (mM)

Referencesh-TNAP h-IAP h-NPP1 h-NPP3

Standards

20.2 — — — 159

— 100 — — 159

— — 8.67 1.27 159
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used to test the synthetic hybrid drugs' ability to inhibit them.
With varying degrees of inhibition based on the functionalized
hybrid structure, the majority of the tested analogs were
extremely effective. According to SAR of synthesized derivatives,
compound 71 from the PPT series led to the potent and selective
inhibition of h-TNAP (IC50 = 0.33 mM), while compound 72
selectively inhibited h-IAP isozyme (IC50 = 0.86 mM). As lead
scaffolds against h-NPP1 and h-NPP3, respectively, compounds
73 (IC50= 0.61 mM) and 74 (IC50= 0.57 mM) were also discovered
(Table 10). These compounds were found to have high potency
in inhibiting the enzymes and were shown to be non-nucleotide
inhibitors. The study provides evidence for the potential of
these inhibitors as therapeutic agents for medical conditions
related to ectonucleotidase overactivity.159

Saeed et al. (2019) reported the design, synthesis, and bio-
logical evaluation of trinary benzocoumarinthiazoles-
azomethines derivatives as inhibitors of h-TNAP and h-IAP. A
series of compounds were synthesized by the condensation
reaction of benzocoumarin, thiosemicarbazide, and various
aromatic aldehydes. Some of the compounds may act as h-IAP
16438 | RSC Adv., 2023, 13, 16413–16452
inhibitors, whereas the majority of them were selective for h-
TNAP. While 75 (IC50 = 1.02 mM) was identied as the possible
inhibitor of h-IAP, 76 (IC50 = 0.76 mM) was shown to be the most
effective h-TNAP inhibitor (Table 11). The IC50 values for the
other compounds in the same series ranged from 1.04 to 2.90
mM, indicating that they had good inhibitory activity against h-
TNAP. The remaining compounds inhibited h-IAP between 1.17
and 2.28 mM. It was shown that these analogs had substantially
more capacity to inhibit the corresponding isozyme when their
IC50 values were compared to the inhibitory values of the
reference standards, levamisole (IC50 = 19.2 mM) and L-
phenylalanine (IC50 = 80.1 mM). The SAR analysis of these
compounds revealed that the presence of a substituent on the
phenyl ring, the length of the alkyl chain, and the substitution
of the thiosemicarbazide nitrogen atom are important for AP
inhibition. The results of this study demonstrated that trinary
benzocoumarinthiazoles-azomethines derivatives are a prom-
ising new class of AP inhibitors with potential therapeutic
applications.160
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 11 Chemical structures of benzocoumarinthiazoles-azomethines derivatives and IC50 values against h-TNAP and h-IAP inhibitors

Compound no. Chemical structures & IUPAC Names

IC50 (mM)

Referencesh-TNAP h-IAP

75 — 1.02 160

76 0.76 — 160

Standards

19.2 — 160

— 80.1 160
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Hameed et al. (2020) reported on the synthesis and compu-
tational studies of highly selective inhibitors of human
recombinant h-TNAP, with a focus on developing new therapies
against vascular calcication. The results of the study show that
the inhibitors exhibit high selectivity for h-TNAP, offering
promising potential as a therapeutic target against this debili-
tating condition. Compound 77 was shown to be a highly
effective inhibitor of h-TNAP (IC50 = 0.16 mM), with 127-fold
more inhibition than levamisole. Compound 77, which has
a 127-fold increase in inhibition relative to levamisole, inhibits
h-TNAP with great potency. It contains an o-chlorophenyl
moiety at the triazole ring and a p-tolyl ring at the pyrazole
skeleton. Contrarily, compound 78 (IC50 = 1.59 mM) was
discovered to be the most selective inhibitor against the studied
AP (Fig. 29). The computational studies provide a deeper
understanding of the molecular mechanisms of inhibition and
help to guide future optimization efforts.161
© 2023 The Author(s). Published by the Royal Society of Chemistry
Iqbal et al. (2020) described the synthesis of bisthioureas of
pimelic acid and 4-methylsalicylic acid derivatives and evalu-
ated them as selective inhibitors of h-TNAP and h-IAP. The
inhibitory activity of compound 79 for h-TNAP was the highest
of the bis(thiourea) derivatives, with an IC50 value of 4.63 mM, or
almost four times that of the positive control levamisole (IC50 =

19.2 mM). With an IC50 value of 1.50 mM compared to the
positive control (L-phenylalanine: 80.1 mM), compound 80 was
shown to have the maximum efficacy and selectivity for h-IAP.
Compound 81 demonstrated inhibition for h-TNAP with an IC50

value of 4.89 mM, which is equivalent to the inhibitory potential
of a standard inhibitor levamisole (Fig. 30). Molecular docking
studies were then conducted to analyze the binding interactions
of the compounds with TNAP and IAP. The results showed that
the bisthioureas of pimelic acid and 4-methylsalicylic acid
derivatives exhibited high binding affinities and selectivity for
h-TNAP and h-IAP, suggesting their potential as inhibitors of
these enzymes. Compound 80 displayed a signicant number of
RSC Adv., 2023, 13, 16413–16452 | 16439
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Fig. 30 Chemical structures of compounds 79, 80 and 81 and their TNAP and IAP inhibitions.

Fig. 29 Chemical structures of compounds 77 and 78 and their h-TNAP and h-IAP inhibitions.
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hydrogen bonds between Ser92 and the 4-nitrobenzyl group and
Arg150 with the benzamide group. Additionally, other signi-
cant interactions were noted, including p-stacked with His317
and p–p T-shaped with His153. For compound 79, Glu 321 with
the heptanediamide moiety, Ser 92 with the nitro phenyl group,
Tyr 276 and Arg 150 with the oxygen atom all displayed
hydrogen bonds. The compound's His153 sulfur atom observed
sulfur interactions. Tyr276 also shows p–p T-shaped
interactions.162

Khurshid et al. (2020) described the synthetic approach
toward the preparation of 1,3-oxathiol-2-ylidenes which involves
the use of thiocarbonyl ylides, which are generated by the
reaction of dithioacetals with lithium diisopropylamide (LDA).
16440 | RSC Adv., 2023, 13, 16413–16452
This approach has been shown to be efficient in the synthesis of
a variety of 1,3-oxathiol-2-ylidenes with good yields. In terms of
biological activity, 1,3-oxathiol-2-ylidenes have been found to
inhibit AP in a dose-dependent manner. Inhibition of AP was
investigated for the synthesized compounds. The results indi-
cated that nearly every compound has a good percentage of
inhibition against both enzymes (Kidney bovine-TNAP and calf-
IAP), with compound 82 (IC50 = 2.41 mM for b-TNAP and 0.67
mM for c-IAP) demonstrating dual inhibition and 83 (p-NO2

substituted derivative; IC50 = 0.37 mM) and 84 (m-Cl substituted
derivative; IC50 = 2.90 mM) being strong and selective inhibitors
of TNAP and c-IAP, respectively as compared to the standards
Levamisole (IC50 = 19.21 ± 0.01 mM for b-TNAP) and L-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 12 Chemical structures of 1,3-oxathiol-2-ylidenes derivatives and IC50 values against b-TNAP and c-IAP inhibitors

Compound no. Chemical structures & IUPAC names

IC50 (mM)

Referencesb-TNAP c-IAP

82 2.41 0.67 163

83 0.37 — 163

84 — 2.90 163

Standards

19.21 — 163

— 80.21 163
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phenylalanine (IC50 = 80.21 ± 0.01 mM for c-IAP) (Table 12).
Docking experiments corroborated the dual inhibition of 82
because it participates in H-bonding at numerous sites with the
Fig. 31 Docking images of 82 inside the bovine tissue-TNAP and calf-IA

© 2023 The Author(s). Published by the Royal Society of Chemistry
amino acid residues His154 and Glu174, as well as p–p inter-
actions. Molecular docking experiments have been used to
determine the structure–activity correlation for the series' active
P.

RSC Adv., 2023, 13, 16413–16452 | 16441
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Fig. 32 Chemical structures and IC50 values of compounds 85 and 86.
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members. The outcome of the SAR demonstrates the partici-
pation of active inhibitors in secondary metal ion interactions
with Zn ions inside the active pocket of the enzyme, as well as H-
bonding at multiple places with distinct amino acid residues
(Fig. 31).163

Rashida et al. (2020) synthesized a series of sulfonylhy-
drazones and evaluated them against AP. Among the chromen-
2-one scaffold-based sulfonylhydrazones, compound 85 was
discovered to be the most effective inhibitor for h-TNAP and h-
IAP, with IC50 values of 1.02 and 0.32 mM, respectively, in
comparison to levamisole (IC50 = 25.2 mM). However,
compound 86 was discovered to be the most effective against h-
TNAP and h-IAP among the series of phenyl ring-based sulfo-
nylhydrazones, with IC50 values of 0.85 and 0.52 mM, respec-
tively (Fig. 32). This pattern suggests that for h-TNAP inhibitory
action, a nitro substituent, as well as a 2-hydroxy substituent at
the phenyl ring, are required. Compounds 85 and 86 demon-
strated uncompetitive inhibition against h-IAP while exhibiting
competitive inhibition against h-TNAP.164

Abbasi et al. (2021) described the synthesis of N-(substituted-
phenyl)-3-(4-phenyl-1-piperazinyl)propanamides and evaluated
their in vitro AP inhibitory activity. Compound 87 with p-ethyl
group had a better activity (IC50 = 0.531 mM) as compared to the
standard KH2PO4 (IC50 = 5.242 mM) (Fig. 33). The kinetic
studies of compound 87 showed its non-competitive behavior.
The substance 87 inhibited the catalytically active site for the
zinc andmagnesium ions and demonstrated hydrogen bonding
with side chains of Arg166 via the nitrogen atom of the
Fig. 33 Chemical structure of compound 87 and its AP inhibition.

16442 | RSC Adv., 2023, 13, 16413–16452
piperazinyl moiety. The ligand's ethyl phenyl moiety is tightly
encapsulated in a hydrophobic pocket and interacts with
His432 by stacking on top of itself. The His320, His317, and
His153 are interacted with by the phenyl piperazinyl moiety,
which is located outside the pocket. The authors have also
performed in silico studies to provide molecular insights into
the interaction of these compounds with AP. The results suggest
that these compounds are potent inhibitors of AP and could
have potential therapeutic applications.165

Ashraf et al. (2021) rationally reported the synthesis of 2-
benzylidenebenzofuran-3(2H)-ones using various methods,
including condensation reactions and cyclization reactions and
their inhibitory potential against AP, was evaluated. The
compounds showed excellent bioactivity with IC50 values in the
range of 1.055 to 5.786 mM as compared to the standard KH2PO4

(IC50 = 2.80 mM). Compound 88 exhibited the best inhibition
potential towards AP having an IC50 value of 1.055 mM and
a docking score of 5.211 kcal mol−1 (Fig. 34). The SAR analysis
of target compounds has shown that the presence of a substit-
uent on the phenyl ring and the length of the alkyl chain in the
substituent are important for AP inhibition. Compound 88 with
a p-methoxy group on ring B of the aurone scaffold showed
exceptional inhibitory potential against human AP, which was
2.6-fold higher than KH2PO4. The nucleophilic character of the
methoxy group at the para of the phenyl ring (ring B), which
interacts with the enzyme active site, may account for the strong
inhibitory potential. The –NO2 group of 88 interacts via
a hydrogen bond with Lys87, while its methyl group interacts via
a hydrogen bond with HOH2338, the water molecule of the
biological specimen 2GLQ (Fig. 34). Kinetic analysis of 88
exhibited non-competitive inhibition of AP, with Ki values in the
low micromolar range and Km is 0.027. These studies have
provided insights into the structural features of the inhibitors
that are important for binding and inhibition, and have helped
to guide the design of new and more potent inhibitors.166

Neri et al. (2021) identied a specic inhibitor of PLAP. The
identied inhibitor, ML228 (IC50 = 32 nM), demonstrated high
potency and selectivity towards PLAP and was shown to inhibit
the growth of PLAP-expressing cancer cell lines in vitro and in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 34 Chemical structure and IC50 value of compound 88 and its docking image inside the active pocket of AP enzyme.
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vivo. Moreover, ML228 was found to exhibit minimal toxicity
towards normal cells, suggesting its potential as a safe and
effective therapeutic agent for PLAP-associated cancers.167

Saeed et al. (2021) studied the inhibition of the IAP enzyme
by aryl thioureas derived from aminophenazone using compu-
tational molecular dynamics simulations. The lead member 89
has an IC50 value of 0.420 mM (Fig. 35), which is signicantly
better than the reference standard used (KH2PO4 IC50 = 2.8 mM
and L-phenylalanine IC50 = 100 mM), as a result of the screening
of synthesized target compounds for their anti-inammatory
potential against c-IAP. Kinetic studies revealed that potent
inhibitor 89 binds to AP via a non-competitive fashion.168

Saeed et al. (2021) described the synthesis and character-
ization of 1-benzylidene-2-(4-tertbutylthiazol-2-yl)hydrazines
as potential inhibitors of AP. An inhibition assay was per-
formed to evaluate the ability of the compounds to inhibit AP
activity. Compound 90 was discovered to be the most effective
inhibitor of h-TNAP in this set of compounds, with an IC50
Fig. 36 Chemical structures of compounds 90 and 91 and their TNAP a

Fig. 35 Chemical structure of compound 89 and its c-IAP inhibition.

© 2023 The Author(s). Published by the Royal Society of Chemistry
value of 1.09 mM. Compound 91 demonstrated selectivity and
potency for h-IAP with an IC50 value of 0.71 mM. For h-TNAP
and h-IAP, respectively, 90 showed competitive and uncom-
petitive modes of inhibition, whereas 91 was discovered to
have a non-competitive mode of inhibition (Fig. 36). Addi-
tionally, molecular modeling was employed to gain insights
into the interaction of the compounds with the AP enzyme.
The results of the study showed that some of the synthesized
compounds showed promising inhibitory activity against AP
and provided useful information for the design of more potent
inhibitors.169

Ejaz et al. (2022) explored the use of thiazole-linked thio-
ureas as potential inhibitors of AP activity. The authors con-
ducted a comprehensive study of these compounds using
a combination of biochemical evaluation, computational anal-
ysis, and SAR studies. All of the synthetic compounds had high
AP inhibitory activity, although 92 and 93 have the lowest IC50

values at 0.057 mM and 0.019 mM, respectively as compared to
KH2PO4 (IC50 = 4.611 mM). The greatest docking energy of all
the compounds is those of 92 and 93, measuring 32.18 kJ mol−1

and 30.09 kJ mol−1, respectively (Fig. 37). The results show that
the thiazole-linked thioureas exhibit inhibitory activity towards
AP, with the efficacy of inhibition dependent on various struc-
tural features of the compounds. The ndings of this study
provide a basis for further optimization and development of
thiazole-linked thioureas as potential inhibitors of AP and have
potential implications for the treatment of various diseases
associated with elevated AP activity.170

Ejaz et al. (2022) explored 2-tetradecanoylimino-3-aryl-4-
methyl-1,3-thiazolines derivatives as potential inhibitors of
nd IAP inhibitions.
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Fig. 37 Chemical structures of compounds 92 and 93 and their AP inhibition.
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AP, an enzyme that plays a role in various biological processes.
The authors conducted a biochemical evaluation of these
compounds and analyzed the results through computational
analysis. The ability of each produced compound to suppress c-
IAP was assessed. KH2PO4 was utilized as the benchmark. The
IC50 values for compounds 94 (IC50 = 0.019 mM), 95 (IC50 =

0.032 mM) and 96 (IC50 = 0.052 mM) each indicated a better and
more effective inhibition potential (Fig. 38). The ndings
suggest that these derivatives have potential as inhibitors of AP
and could be further studied for their potential use in various
medical applications.171

Kim et al. (2022) described the synthesis of a number of
pyrazolo-oxothiazolidines and biologically tested them in order
to create AP inhibitors. The results revealed that each of the
created compounds strongly inhibited AP. The most potent
inhibitory activity was specically shown by compound 97 (IC50

= 0.045 mM), which is 116-fold more potent than KH2PO4 (IC50

= 5.242 mM) as a standard reference. When the series' most
potent molecule 97 was examined for its method of enzyme
binding, it was discovered that it bound to the target enzyme
non-competitively. When interacting with His-153 and His-317,
the oxygen atom of 92 creates two hydrogen bonds with each
(Fig. 39).172

Shahzad et al. (2022) described the synthesis of new pyridine
and dihydropyridine analogs with various pharmacophores.
The enzyme h-TNAP was used to investigate the effects of each
target compound. The majority of the compounds demon-
strated excellent inhibition against h-TNAP with IC50 values
16444 | RSC Adv., 2023, 13, 16413–16452
ranging from 0.49 to 8.8 mM, multi-fold greater than the typical
inhibitor (levamisole, 22.65 mM) of the h-TNAP enzyme. Among
all the synthesized analogs, compound 98 (IC50 = 1.32 mM)
(Fig. 40) exhibited excellent inhibitory efficacy and was
approximately 17 times more effective than the reference
medication levamisole. The docking result of 98 indicated that
the naphthyl moieties' orientation and position are key factors
in the suppression of h-TNAP activity.173

Saeed et al. (2023) described the synthesis, kinetic charac-
terization, and in silico investigation of a series of novel
quinolinyl-iminothiazolines as AP inhibitors. Most of the
synthetic compounds revealed promising inhibitory activity
against TNAP with IC50 values in the range of 0.337 to 7.247 mM
as compared to the standard KH2PO4 (IC50 = 5.245 mM). Addi-
tionally, most of the compounds demonstrated superior
inhibitory activity in comparison to KH2PO4. Among the
synthesized series, compound 99 (IC50 = 0.337 mM; Docking
score = −28.86 kJ mol−1) was found to be a potent TNAP
inhibitor. Compound99 (Ki = 0.47 mM) inhibits AP non-
competitively to generate an enzyme inhibitor complex.
Compound 99 (Fig. 41) with an unsubstituted benzene ring was
shown to be the most powerful inhibitor, which may be related
to the reduced steric crowding of benzoyl moiety around the
iminothiazoline component. These subjected compounds have
a unique structural feature, a quinoline moiety, which is known
to have a high binding affinity towards enzymes. In addition,
the thiazoline moiety is known to have a high binding affinity
towards enzymes and proteins. Therefore, the combination of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 38 Chemical structures of compounds 94, 95 and 96 and their c-
IAP inhibition.

Fig. 40 Chemical structure of compound 98 and its h-TNAP
inhibition.

Fig. 41 Chemical structure and IC50 value of compound 99.
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these twomoieties is expected to result in compounds with high
binding affinity and specicity towards AP. The results of this
study provided new insights into the potential of quinolinyl-
Fig. 39 Chemical structure of compound 97, its TNAP inhibition and do

© 2023 The Author(s). Published by the Royal Society of Chemistry
iminothiazolines as AP inhibitors and may lead to the devel-
opment of more potent and specic inhibitors for the treatment
of diseases associated with abnormal AP activity.174

Iqbal et al., (2023) explored the potential of chromone
sulfonamides and sulfonylhydrazones as selective inhibitors
of ectonucleotidases, which are enzymes that regulate puri-
nergic signaling. The research team synthesized a series of
cking image.
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Fig. 42 Chemical structures and IC50 values of compounds 100, 101 and 102.

Fig. 43 Chemical structure and IC50 value of compound 103.
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compounds and evaluated their biological activity in vitro
against ectonucleotidases. Compound 100 demonstrated the
highest activity (h-IAP IC50 = 0.51 mM; h-TNAP = 36.5%)
among the inhibitors of h-IAP, being the most potent and
selective. On the other hand, compound 101 showed the
highest activity and selective inhibition against h-TNAP
inhibitor (h-TNAP IC50 = 1.41 mM; h-IAP = 43.1%). Addition-
ally, these compounds were tested against rat and human ecto-
5′-nucleotidases (r-e5′NT and h-e5′NT), and some of them
exhibited remarkable inhibitory activity against ecto-5′-nucle-
otidases. Among these, compound 102 demonstrated the
highest inhibition against h-e5′NT (IC50 = 0.18 mM) (Fig. 42).
The most promising compounds were then subjected to in
silico studies to gain insight into their binding interactions
with the target enzyme. The results showed that several chro-
mone sulfonamides and sulfonylhydrazones exhibited signif-
icant inhibition of ectonucleotidases with high selectivity and
low cytotoxicity. These compounds could serve as lead candi-
dates for the development of novel drugs for the treatment of
various purinergic signaling-related disorders.175

Saeed et al. (2023) reported the design, synthesis, and char-
acterization of a series of novel quinolinyl-iminothiazoline
compounds as potential AP inhibitors. Kinetic studies
revealed that the synthesized compounds exhibit effective
inhibition of AP, with inhibition constants ranging from 0.3 to
3.4 mM. Among the synthesized compounds, compound 103
exhibited a higher inhibitory value (TNAP, IC50 = 0.337 mM) as
16446 | RSC Adv., 2023, 13, 16413–16452
compared to the standard KH2PO4 (IC50= 5.245 mM) (Fig. 43). In
silico investigations provided valuable insights into the binding
modes of the inhibitors within the active site of AP, highlighting
the importance of key interactions with specic amino acid
residues. Biomineralization assays demonstrated the ability of
the synthesized compounds to reduce mineralization in cell
culture models, indicating their potential for the treatment of
AP-related disorders.174
© 2023 The Author(s). Published by the Royal Society of Chemistry
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7. Structure–activity relationship
(SAR)

The structure–activity relationship (SAR) of heterocyclic
compounds as potent AP inhibitors has been extensively
studied in the literature. Some of the key SAR ndings include:

(1) Heterocyclic ring size: smaller heterocyclic rings, such as
pyridine, have been found to have higher inhibitory activity
compared to larger rings, such as pyrrolidine.

(2) Ring substitution: substituents on the heterocyclic ring,
such as chlorine or bromine, can increase the inhibitory
activity. The presence of a hydroxyl group has also been found to
enhance the activity.

(3) Hydrophobic moieties: hydrophobic moieties, such as
alkyl chains, can increase the potency of the inhibitors by
enhancing the lipophilicity of the compounds.

(4) Heteroatom: the presence of nitrogen or sulfur atoms in
the heterocyclic ring can increase the inhibitory activity.
Fig. 44 Structure–activity relationship of different heterocyclic scaffold

© 2023 The Author(s). Published by the Royal Society of Chemistry
(5) Conformation: compounds with rigid and planar struc-
tures have been found to have higher inhibitory activity
compared to compounds with exible or non-planar structures.

Electron-donating groups, such as alkyl, alkoxy, and amino
groups, increase the electron density on the heterocyclic ring,
making it more nucleophilic and therefore more reactive
towards electrophiles. On the other hand, electron-withdrawing
groups, such as nitro, carbonyl, and cyano groups, decrease the
electron density on the heterocyclic ring, making it more elec-
trophilic and therefore more reactive towards nucleophiles. The
effect of these groups on the biological and pharmacological
activities of heterocyclic compounds can be explained using
structure–activity relationships (SARs). SARs involve the
systematic modication of the structure of a molecule and the
measurement of its activity, allowing for the identication of
structural features that are important for activity (Fig. 44).

Pyridine is a commonly studied heterocycle for its AP
inhibitory activity. Pyridine derivatives with electron-
s against AP inhibitors.
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withdrawing groups, such as nitro and cyano groups, have been
shown to increase inhibitory activity. The position of the
substituent also plays a role, with the 2-position being the most
common site of substitution. Pyridine derivatives with electron-
donating groups, such as amino and hydroxyl groups, have
shown mixed results in terms of inhibitory activity. However,
the addition of an amino group at the 3-position of a pyridine
ring has been shown to enhance inhibitory activity.

Pyrimidine is another commonly studied heterocycle for its AP
inhibitory activity. Like pyridine derivatives, pyrimidine derivatives
with electron-withdrawing groups, such as nitro and cyano groups,
have been shown to increase inhibitory activity. The position of the
substituent also plays a role, with the 2- and 4-positions being the
most common sites of substitution. Pyrimidine derivatives with
electron-donating groups, such as amino and hydroxyl groups,
have shown mixed results in terms of inhibitory activity.

Pyrazine derivatives have also been studied for their AP
inhibitory activity. Pyrazine derivatives with electron-
withdrawing groups, such as nitro and cyano groups, have
been shown to increase inhibitory activity. The position of the
substituent also plays a role, with the 2- and 4-positions being
the most common sites of substitution. Pyrazine derivatives
with electron-donating groups, such as amino and hydroxyl
groups, have shownmixed results in terms of inhibitory activity.

Similarly, the SAR of imidazole derivatives has shown that
electron-donating groups at the 2-position increase the activity
of the compound, while electron-withdrawing groups decrease
the activity. This is because the 2-position is the site of
protonation in many biological systems, and the presence of
electron-donating groups makes this position more basic,
increasing the compound's activity.

Indole derivatives have shown promising inhibitory activity
against alkaline phosphatase. Indole derivatives with electron-
withdrawing groups, such as nitro and carbonyl groups, have
been shown to increase inhibitory activity. The position of the
substituent also plays a role, with the 2- and 3-positions being
the most common sites of substitution. Indole derivatives with
electron-donating groups, such as amino and hydroxyl groups,
have shown mixed results in terms of inhibitory activity.

Quinoline derivatives have also been studied for their alkaline
phosphatase inhibitory activity. Quinoline derivatives with
electron-withdrawing groups, such as nitro and carbonyl groups,
have been shown to increase inhibitory activity. The position of
the substituent also plays a role, with the 2- and 4-positions being
the most common sites of substitution. Quinoline derivatives
with electron-donating groups, such as amino and hydroxyl
groups, have shown mixed results in terms of inhibitory activity.

Overall, SAR studies have displayed that a combination of
small heterocyclic rings, ring substitution, hydrophobicmoieties,
and the presence of heteroatoms can lead to potent AP inhibitors.
8. Conclusions and future
perspectives

In conclusion, heterocycles have emerged as a promising class
of compounds as potent inhibitors of AP. AP is a widely
16448 | RSC Adv., 2023, 13, 16413–16452
distributed enzyme, involved in many physiological processes
such as bone metabolism, cell growth and differentiation, and
has been linked to several diseases such as cancer and osteo-
porosis. Heterocyclic compounds have been found to inhibit AP
by binding to the active site of the enzyme, thereby inhibiting its
activity. Heterocyclic compounds such as imidazoles, pyrazoles,
and pyridines, among others, have been found to be potent AP
inhibitors and have been studied as potential therapeutics for
the treatment of cancer, osteoporosis, and other diseases.
However, further research is needed to fully understand the
mechanism of action of these compounds, as well as their
potential side effects. The development of more potent and
selective inhibitors that can be used as therapeutics for the
treatment of various diseases is also an ongoing area of
research.

Heterocycles constitute a class of compounds that act as
potent inhibitors of AP, and thus have shown great potential as
therapeutics for the treatment of various diseases. As research
in this eld continues to advance, several areas of focus hold
potential for future development. One area of focus is the
development of more potent and selective inhibitors. Current
heterocyclic AP inhibitors have varying degrees of potency and
selectivity, and there is still a need for the development of
compounds with higher efficacy and specicity for AP. Another
area of focus is the development of new heterocyclic scaffolds.
The structural diversity of heterocycles allows for the generation
of a wide range of compounds, and the discovery of new scaf-
folds could lead to the identication of new and more potent
inhibitors. Additionally, the combination of different strategies,
such as the use of heterocycles as AP inhibitors in combination
with other therapeutic approaches, could lead to more effective
treatments for diseases such as cancer and osteoporosis.
Moreover, the study of the mechanism of action of heterocyclic
AP inhibitors is an ongoing area of research, which could lead to
the identication of new targets and new therapeutic strategies.
Future research in this eld will focus on the development of
more potent and selective inhibitors, new heterocyclic scaffolds,
and the study of the mechanism of action.

Among the different heterocyclic compounds tested, it has
been found that quinoline shows the most promising inhibitory
activity against AP. This discovery provides a potential avenue
for the development of novel therapeutics that can effectively
target AP and prevent or treat various diseases. Further research
is warranted to fully understand themechanism of inhibition of
this heterocyclic compound and to optimize its potency and
selectivity. Nevertheless, this study highlights the potential of
heterocycles as a valuable source of lead compounds for drug
discovery in the eld of AP inhibition.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors would like to acknowledge the Deanship of Scien-
tic Research at Umm Al-Qura University, for supporting this
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01888a


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 6
:3

8:
15

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
work by Grant code: (23UQU4320545DSR004). The nancial
support by the Higher Education Commission of Pakistan
(HEC) under Project No. (NRPU-15800) is gratefully
acknowledged.
References

1 R. J. Obaid, E. U. Mughal, N. Naeem, M. M. Al-Rooqi,
A. Sadiq, R. S. Jassas, Z. Moussa and S. A. Ahmed, Process
Biochem., 2022, 120, 250–259.

2 R. J. Obaid, N. Naeem, E. U. Mughal, M. M. Al-Rooqi,
A. Sadiq, R. S. Jassas, Z. Moussa and S. A. Ahmed, RSC
Adv., 2022, 12, 19764–19855.

3 J. Ashraf, E. U. Mughal, A. Sadiq, M. Bibi, N. Naeem, A. Ali,
A. Massadaq, N. Fatima, A. Javid and M. N. Zafar, J. Biomol.
Struct. Dyn., 2021, 39, 7107–7122.

4 A. Naseer, F. A. Osra, A. N. Awan, A. Imran, A. Hameed,
S. A. Ali Shah, J. Iqbal and Z. A. Zakaria, Pharmaceuticals,
2022, 15, 1288.

5 H. A. Ezelarab, S. H. Abbas, M. A. Abourehab, M. Badr,
S. Sureram, P. Hongmanee, P. Kittakoop, G. E.-D.
A. Abuo-Rahma and H. A. Hassan, Med. Chem. Res., 2021,
30, 2168–2183.

6 F. M. Alkhatib, T. A. Farghaly, M. F. Harras and H. A. El-
Ghamry, Inorg. Nano-Met. Chem., 2021, 1–12.

7 R. Mehmood, A. Sadiq, R. I. Alsantali, E. U. Mughal,
M. A. Alsharif, N. Naeem, A. Javid, M. M. Al-Rooqi,
G.-e.-S. Chaudhry and S. A. Ahmed, ACS Omega, 2022, 7,
3775–3795.

8 R. Mehmood, E. U. Mughal, E. B. Elkaeed, R. J. Obaid,
Y. Nazir, H. A. Al-Ghulikah, N. Naeem, M. M. Al-Rooqi,
S. A. Ahmed and S. W. A. Shah, ACS Omega, 2022, 7,
30215–30232.

9 H. A. Al-ghulikah, E. U. Mughal, E. B. Elkaeed, N. Naeem,
Y. Nazir, A. Y. A. Alzahrani, A. Sadiq and S. W. A. Shah, J.
Mol. Struct., 2023, 1275, 134658.

10 E. U. Mughal, A. Sadiq, M. Ayub, N. Naeem, A. Javid,
S. H. Sumrra, M. N. Zafar, B. A. Khan, F. P. Malik and
I. Ahmed, J. Biomol. Struct. Dyn., 2021, 39, 6154–6167.

11 R. J. Obaid, E. U. Mughal, N. Naeem, A. Sadiq,
R. I. Alsantali, R. S. Jassas, Z. Moussa and S. A. Ahmed,
RSC Adv., 2021, 11, 22159–22198.

12 M. Samir, M. Ramadan, M. H. Abdelrahman,
M. S. Abdelbaset, M. A. Abourehab, M. Abdel-Aziz and
G. E.-D. A. Abuo-Rahma, Bioorg. Chem., 2021, 110, 104698.

13 J. Ashraf, E. U. Mughal, R. I. Alsantali, R. J. Obaid, A. Sadiq,
N. Naeem, A. Ali, A. Massadaq, Q. Javed and A. Javid, Bioorg.
Med. Chem., 2021, 35, 116057.

14 R. I. Alsantali, E. U. Mughal, N. Naeem, M. A. Alsharif,
A. Sadiq, A. Ali, R. S. Jassas, Q. Javed, A. Javid and
S. H. Sumrra, J. Mol. Struct., 2022, 1251, 131933.

15 E. U. Mughal, J. Ashraf, E. M. Hussein, Y. Nazir,
A. S. Alwuthaynani, N. Naeem, A. Sadiq, R. I. Alsantali
and S. A. Ahmed, ACS Omega, 2022, 7, 17444–17461.

16 T. Al-Warhi, D. M. Elimam, Z. M. Elsayed, M. M. Abdel-Aziz,
R. M. Maklad, A. A. Al-Karmalawy, K. Afarinkia,
© 2023 The Author(s). Published by the Royal Society of Chemistry
M. A. Abourehab, H. A. Abdel-Aziz and W. M. Eldehna,
RSC Adv., 2022, 12, 31466–31477.

17 U. Sharma, D. Pal and R. Prasad, Indian J. Clin. Biochem.,
2014, 29, 269–278.

18 K. Rani, S. Datt and R. Rana, Int. J. Biol. Sci., 2012, 2, 1–4.
19 R. B. McComb, G. N. Bowers Jr and S. Posen, Alkaline

phosphatase, Springer Science & Business Media, 2013.
20 S. M. Shaban, S. B. Jo, E. Hafez, J. H. Cho and D.-H. Kim,

Coord. Chem. Rev., 2022, 465, 214567.
21 T.-C. Chang, J.-K. Wang, M.-W. Hung, C.-H. Chiao,

L.-C. Tsai and G. Chang, Biochem. J., 1994, 303, 199–205.
22 A. Sadeghirizi and R. Yazdanparast, Acta Biochim. Pol., 2007,

54, 323–329.
23 S. Sharian, A. Homaei, S.-K. Kim and M. Satari, Process

Biochem., 2018, 64, 103–115.
24 S. Zappa, J.-L. Rolland, D. Flament, Y. Gueguen, J. Boudrant

and J. Dietrich, Appl. Environ. Microbiol., 2001, 67, 4504–
4511.

25 J. Kieleczawa, S. J. Coughlan and G. Hind, Plant Physiol.,
1992, 99, 1029–1036.

26 M. Eguchi, Comp. Biochem. Physiol., Part B: Biochem. Mol.
Biol., 1995, 111, 151–162.

27 R. McComb, G. Bowers and S. Posen, Alkaline Phosphatase
Plenum, New York, 1979, pp. 133–134.

28 A. Torriani, The alkaline phosphatase of Escherichia coli,
Bacteria, Bacteriophages and Fungi, Springer, 1974, vol. 1,
pp. 173–181.

29 J. P. Bilezikian, L. G. Raisz and T. J. Martin, Principles of
bone biology, Academic press, 2008.

30 M. H. l. n. Le Du, T. Stigbrand, M. J. Taussig, A. Ménez and
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