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REVIEW ARTICLE
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ABSTRACT
Boronic acids/esters have recently emerged in the field of medicinal and pharmaceutical research due to
their exceptional oxophilicity, low toxicity, and unique structure. They are known as potent enzyme inhibi-
tors, cancer therapy capture agents, and can mimic certain types of antibodies to fight infections. They
have been designed and developed into drugs, and this approach has emerged in the last 20 years. Five
boronic acid drugs have been approved by the FDA and Health Canada, two of which are used to treat
cancer, specifically multiple myeloma. The purpose of this review is to investigate boronic acid/ester deriv-
atives as potential pharmaceutical agents as well as the mechanism of action. It will concentrate on six
types of cancer: multiple myeloma, prostate cancer, breast cancer, lung cancer, cervical cancer, and colon
cancer. Some newly developed boron-containing compounds have already demonstrated highly promising
activities, but further investigation is required before final conclusions can be drawn.
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Introduction

In the past, several pharmaceutical industries have started to
develop organic molecules derived from nature. It can be argued
that the creation of drug discovery with its rare, presented ingre-
dients is a daring endeavour1. Enzyme inhibition plays a critical
role in drug discovery since many diseases and disorders result
from the abnormal activity of specific enzymes. Enzymes are bio-
logical catalysts that catalyse various biochemical reactions in liv-
ing organisms. Inhibiting the activity of specific enzymes can help
to regulate or block the biological process that leads to the
disease2.

Enzyme inhibition can be achieved through different mecha-
nisms, including uncompetitive inhibition, non-competitive inhib-
ition, and competitive inhibition. Competitive inhibition involves a
molecule that competes with the substrate for the enzyme’s active
site3. Non-competitive inhibition involves a molecule that binds to
a location on the enzyme other than the active site, thereby alter-
ing the enzyme’s conformation and reducing its activity.
Uncompetitive inhibition involves a molecule that binds to the
enzyme-substrate complex, preventing the enzyme from catalys-
ing the reaction4.

In drug discovery, enzyme inhibitors are often used as thera-
peutic agents to treat various diseases. For example, enzyme
inhibitors can be used to treat viral infections, cancer, and meta-
bolic disorders. For example, inhibitors of HIV protease are used
to treat HIV infections, while inhibitors of histone deacetylases
(HDACs) are used to treat cancer5,6. Enzyme inhibitors can also be
used to improve the efficacy of existing drugs by slowing down
their metabolism or enhancing their activity.

Drug discovery strategies are based on medical needs that are
addressed through various drug development techniques, which
can be difficult and require conventional thinking to exploit the
special unique properties of these components, one of which is
boronic acid/ester. It is an important chemical entity for humans,
animals, and plants7. It is essential for bone and brain health,
increases the level of antioxidant enzymes, raises magnesium
absorption, beneficial for sex hormones, and vitamin D. In add-
ition, it has been shown to lower biomarker levels that cause
inflammation, such as tumour necrosis factor-alpha (TNF-a) and
highly sensitive C-reactive protein (hs-CRP). Also, hs-CRP and TNF-
a decrease immediately as boron levels increase in the human
body. The hs-CRP and TNF-a are responsible factors for some
types of cancer8,9. It has also led to great preventive and thera-
peutic effects in many cancer types, such as multiple myeloma
(MM), prostate, breast, lung, cervical, and colon cancers9. Boronic
acid/ester has been successfully incorporated into cancer treat-
ments and therapy mainly due to its remarkable oxophilicity and
low toxicity levels in the body as small derivatives tend to be
water soluble and are often excreted through the kidneys unmeta-
bolized10. Oxophilicity increases binding which converts the

geometry from a trigonal form to a tetrahedral form that facili-
tates the movement of receptors through the cell wall11.

Organoboron’s main strength as an anticancer agent is its abil-
ity of proteasome inhibition, defined as a sophisticated protease
found to achieve hydrolysis of client proteins in an efficient and
selective pathway6. Additionally, it is polymerised to create a bio-
marker for regulated proteolysis in eukaryotic cells by collaborat-
ing with ubiquitin12. Scorei et al. concluded that organoboron is
not only an anticancer agent but also has the ability to prevent
cancer in the first place13,14.

Boronic acids/esters have been widely developed and used in
drug design and discovery for the protection and masking of
groups that serve as a drug reservoir and can trigger tumour
microenvironmental abnormalities such as high levels of reactive
oxygen species (ROS) and overexpressed enzymes15–18. Boronate
esters A (Figure 1) are usually hydrolysed under aqueous bio-
logical conditions, giving free boronic acid B and alcohol deriva-
tives19. The carbon-boron bond in boronic acids/esters can be
further oxidised using reactive species such as hydrogen peroxide,
peroxynitrite and hypochlorite anion20. This remarkable oxophilic-
ity of boron with an empty p orbital makes it available for nucleo-
philic attack by the oxygen of the reactive species, forming an
activated tetrahedral boronate intermediate C21. The Bora-Brook
rearrangement involves the migration of carbon to oxygen giving
a borate derivative D, which is then hydrolysed to give the
desired alcohol drug E and boric acid22. It is worth noting that
under physiological pH, the oxidation/Bora-Brook rearrangement
step using peroxynitrite is much faster (106 times) than the con-
version using hydrogen peroxide. This is more likely due to the
neutral form of hydrogen peroxide (H2O2) at physiological pH
compared to the anionic form of peroxynitrite20.

The boronic acid/ester functionalities can reversibly react with
aromatic or aliphatic alcohols17,18,20,23, enols24 or cis-diol systems
commonly found in glycoproteins and sugar molecules25. In add-
ition, boronic acid/ester-containing prodrugs of aliphatic or aro-
matic hydroxylated moieties in drug scaffolds have also been
designed to increase bioavailability by reducing first-pass
metabolism26.

This type of masking is commonly usually used as temporary
moieties and can be easily removed under physiological condi-
tions. It can be attached either directly to the core structure of
the prodrug or through a spacer such as a carbonate or a carba-
mate using amino or hydroxyl functionality27. The length and vol-
ume of the spacer should contribute to better masking without
affecting the biological activity, which can be removed by oxida-
tion, and a subsequent rearrangement process resulted in the free
release of the parent prodrug at physiological pH.

There are various biomedical uses for organoboron medica-
tions as shown in Figure 228. It is used as a boronic acid derivative
in medications to treat MM, such as bortezomib 1 (VelcadeVR ) and
ixazomib 2 (NinlaroVR ) and in boron neutron capture therapy

Figure 1. The release mechanism of active prodrug from boron-masking using direct C–B bond oxidation/rearrangement strategy.
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(BNCT) for other cancer treatments. The use of boron as an entity
in the synthesis of bioorganic derivatives is well known29.

Organoboron derivatives can also be used as antibacterial
agents30 or antifungal agents such as diazaborine 331, oxazaboroli-
dine 432, diphenyl borinic ester 533, tavaborole 6 (KerydinVR )34, and
iodinated benzoboroxoles 7,835. In addition, crisaborole 9
(EucrisaVR )36 is used for the treatment of mild-to-moderate atopic
dermatitis (eczema) in adults and children. Another organoboron
medication called vaborbactam 10 (VabomereVR ) is used for urin-
ary tract infections and pyelonephritis37.

Herein, this article discusses the challenges and opportunities
associated with using boron-containing drugs and prodrugs in
enzyme inhibition-based drug discovery in six types of cancer: mul-
tiple myeloma, prostate cancer, breast cancer, lung cancer, cervical
cancer, and colon cancer. These cancers were chosen because they
are the most discussed cancers and demonstrated excellent results
in the literature where boron derivative has been used in its clinical
treatment or pre-clinical whether in vivo or in vitro.

Approved boronic acid anticancer drugs

Cancer is estimated as the cause of one-sixth of all deaths worldwide
and is the second leading cause of death with almost 9.6 million

cancer deaths in 201838. To this day, drug therapy and surgery are the
first methods of choice in cancer treatment39, and in this perspective,
cancer drug medications typically cause unwanted side effects, tox-
icity and drug resistance. Therefore, more research on improved can-
cer medications is still needed to encounter these challenges.

Bortezomib 1: marketed under the name VelcadeVR , is a boron-
containing medication and is the first FDA-approved proteasome
inhibitor used for the treatment of MM. It got approved by the
FDA in 200340, and by Health Canada in 200841. The structure was
originally discovered through peptide aldehydes that are found to
bond covalently to nucleophilic threonine residue through co-crys-
tallization. However, boronic acid analogs were tested and showed
high potency since aldehydes are not suitable for further drug
development42. Its mechanism of action includes the blocking of
the ubiquitin-proteasome pathway attaching to the chymotrypsin-
like (CT-L) site of the 20S proteolytic core of the 26S prote-
asome43. More specifically, it binds to the catalytic site of the pro-
teasome, preventing it from cleaving proteins. This leads to the
accumulation of misfolded or damaged proteins within the cancer
cell, which triggers a series of cellular events culminating in apop-
tosis43,44. This is important in myeloma cells because it involves
inhibiting the proteasome complex and disrupting various cellular
processes, ultimately leading to cancer cell death.

Figure 2. Some biological active organoboron derivatives in medicine.
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Bortezomib is the standard treatment for multiple myeloma
and the first line of therapy recommended for patients with MM.
For adults with previously untreated MM, bortezomib is given as a
weekly injection in combination with Prednisone (a glucocorticoid
medication) and Melphalan (a MM medication) for nine cycles.
Every IV injection contains 1.3mg/m2 of bortezomib. It is given
twice a week in cycles 1–4 and given once a week in cycles 5–9.
For adults with relapsed MM, the 1.3mg/m2 IV dose is given twice
a week for twoweeks with a 10-day rest period or once a week
for fourweeks followed by a 13-day rest period45.

Ixazomib 2: is another boronic acid medication, marketed
under the name NinlaroVR . It is the 2nd proteasome inhibitor
boron-containing drug to get approved by the FDA in 201546 and
by Health Canada in 201647 to also treat MM. Like bortezomib 1,
the inhibition of proteasome activity by ixazomib 2 leads to the
accumulation of misfolded or damaged proteins within the cancer
cell, resulting in cellular stress and ultimately leading to apoptosis.
Due to its unique structure, it rapidly absorbed into the blood-
stream and distributed throughout the body.

Ixazomib 2 has found to be even more potent and less likely
to cause side effects. It does not only target CT-L, but also trypsin-
like (T-L) and caspase-like (C-L) subunits44. Therefore, it is reported
to have a higher selectivity and is usually given to patients who
develop resistance to bortezomib 148. Despite the fact that borte-
zomib 1 and ixazomib 2 are both reversible inhibitors of the same
class with comparable potencies, ixazomib 2 has a substantially a
shorter protease dissociation half-life for proteasome binding than
bortezomib 1 (18 vs. 110min t1/2),

49,50 a greater ability to perme-
ate tissues, higher enrichment in tumour tissue, and the ability to
trigger apoptosis of drug-resistant cell lines, resulting in a better
anti-MM action than bortezomib.51 Bortezomib’s slow dissociation
rate from the proteasome in red blood cells limits medication dis-
tribution. Therefore, ixazomib 2 had been developed to address
this problem. Ixazomib’s fast off-rate allows it to associate and dis-
associate with various proteasomes, allowing it to reach more cells
and spread more widely for achieving a therapeutic effect while
minimising toxicity49.

In addition, bortezomib 1 is an injectable medication while ixa-
zomib 2 is an oral medication. It has three different doses; 2.3mg,
3mg, and 4mg. It is given to patients who have had at least one
previous therapy and is used in combination with dexamethasone
(a glucocorticoid medication) and lenalidomide (a MM medica-
tion). For adults, 4mg is given through a 28-day cycle on days 1,
5, and 18 with a two-week resting period until the next cycle
begins. The doses may be adjusted52. Ixazomib is currently being
tested as combination therapy with other drugs to treat MM, as
many patients may require multiple lines of treatment48,52,53.

The safety profile of approved B-containing anticancer
drugs

Generally, safety assessment is a vital process in drug discovery
and development that makes decisions about the drug candidates
to be approved by FDA as available drugs in the market. This pro-
cess does not end at this stage but continues through post-mar-
keting safety surveillance, which sometimes resulted the drug
being withdrawn from the market.

A comprehensive drug assessment safety profile is built by tak-
ing the drug candidate through several phases; starting from pre-
clinical trials, which include in vitro and in vivo testings and cross-
ing up the clinical trial studies (Phase I, II, III) until approved by
the FDA to get into the market and continue to phase IV (the
post-marketing monitoring)54. These lengthy processes take a
long time, estimated to take 12–15 years55. The two major tests
that cause the drugs to be withdrawn are hepatotoxicity and car-
diotoxicity56. Bortezomib 1 (VelcadeVR ) and ixazomib 2 (NinlaroVR )
can be administered with manageable side effects, with the per-
ipheral nervous system (PNS), circulatory system (hematological
toxicity) and the gastrointestinal (GI) system to be the most
affected (Table 1)57.

The incidence rate of some side effects of bortezomib among
patients is influenced by the route of administration; subcutane-
ously (SC) vs intravenously (IV)58. In the case of MM, peripheral
neuropathy has been reported in phase 3, it occurring with tox-
icity grade 2 in 24% of patients administered bortezomib SC vs
39% in the IV administration group, while the toxicity percentage
for grade 3 was 6% for SC vs 15% for IV58. The incidence rate of
peripheral neuropathy for ixazomib 2 administered orally was 18%
of patients for grade 1, 18% for grade 2, and 2% for grade 358.
The incidence rate of thrombocytopenia that occurred in patients
treated with bortezomib showed significant rates in grades 3 and
4, in this cases reaching the severity which was 35%, 43%, and
30% of patients, respectively59. Whereas in groups treated with
ixazomib, the rates were 13% for grade 3 and 17% for grade 459.
Gastrointestinal toxicity manifests in several common symptoms,
such as diarrhoea, nausea and vomiting. All grades showed a high
incidence rate for both bortezomib and ixazomib58,59. Finally, car-
diotoxicity and hepatotoxicity are rare with both drugs60.

While both bortezomib and ixazomib are medications used to
treat multiple myeloma, they differ in their side effects61. Both
medications may cause gastrointestinal symptoms such as nausea,
vomiting, diarrhoea, and constipation, as well as peripheral neur-
opathy and fatigue. However, bortezomib has a higher incidence
and severity of peripheral neuropathy than ixazomib. In contrast,
ixazomib may cause liver toxicity, blood clots, and cardiac effects
such as heart failure or changes in heart rhythm, which are rare

Table 1. The safety profile of VelcadeVR and NinlaroVR .

Toxicity/side effect Bortezomib (VELCADEVR ) Ixazomib (NINLAROVR ) Managing the side effect Reference

Peripheral neuropathy Grade � 2, 24–39%
Grade � 3, 6–15%)

Grade 1 (18%)
Grade 2 (11%)
Grade 3 (2%)

Monitor the symptoms, decrease the dose
or decrease the dose-intense schedule

58

Thrombocytopenia Grade 3 (35%)
Grade 4 (43%)
Severe (30%)

Grade 3 (13%)
Grade 4 (17%)

Monitor blood count regularly and adjust
dosing accordingly

59

Cardiac toxicity �1% No significant cardiovascular risk Monitor patients with existing heart diseases 60

Gastrointestinal toxicity
(diarrhoea, nausea, and
vomiting)

Diarrhoea (55–58%, severe 7–8%)
Nausea (57–64%, severe 2–7%)
Vomiting (35–36%, severe 3–7%)

All grades:
Diarrhoea (52%)
Nausea (32%)
Vomiting (26%)
Severe (2–3%)

Use of antiemetic and antidiarrheal
medications or fluid replacement

57–59

Hepatotoxicity �1% �1% Monitor hepatic enzymes 60

4 M. K. AL-OMARI ET AL.



side effects not typically associated with bortezomib. Additionally,
bortezomib may cause more severe blood count abnormalities
than ixazomib, including low platelets and anaemia. Skin reac-
tions, such as rash or itching, are common with both medications
but may require topical treatment for ixazomib-induced reactions.

Boron-containing anticancer drugs that failed clinical
trials

The successful development of bortezomib and ixazomib led to
the discovery of other potential boronic acid drugs62. Talabostat
(PT-100) 11, also called Val-Boro-Pro, has been discovered for the
treatment of non-Hodgkin’s lymphoma, leukaemia, lung cancer,
pancreatic cancer and melanoma63. It is dipeptidyl peptidase
(DPP) and fibroblast activation protein-alpha (FAP) inhibitors that
cause cell death through the upregulation of cytokines and che-
mokines that boosts the immune system response63. The DPP
cleaves Xaa-Pro (an amino acid that’s adjacent to proline), and
was designed by replacing Xaa-Pro with boronic acid instead of
the carboxylic acid to be able to bind to catalytic serine64.
However, it has failed phase III clinical trials as its results have not
been conclusive and its mechanism of action is not fully known62.
The most commonly reported side effects of talabostat included
gastrointestinal disturbances such as nausea, vomiting, and diar-
rhoea. Other potential side effects may include fatigue, headache,
and injection site reactions65.

Research into proteasome inhibitors continues also due to the
resistance that bortezomib causes in some patients66. Delanzomib
(CEP-18770) 12 has been tested in clinical trials for the treatment
of solid tumours, MM, and non-Hodgkins lymphoma. Delanzomib
works like bortezomib 1 and ixazomib 2 by inhibiting the protea-
some’s actions and stopping the nuclear factor kappa B alpha (NF-
KB a) which results in apoptotic tumour cell death. It passed the
non-Hodgkins and solid tumour test in the phase I trials but failed
the MM test in phase II trials67. Some of the most commonly
reported side effects of delanzomib included gastrointestinal dis-
turbances such as nausea, vomiting, and diarrhoea. Other poten-
tial side effects may include fatigue, headache, and fever68. In
preclinical studies, delanzomib has been shown to have some tox-
icity to the liver and kidneys.

Other anticancer boron-containing drugs discovery

Han et al. did a structure-activity relationship (SAR) approach
between different proteasome inhibitors and discovered boronic
acid 13 (Figure 2). It showed activity against the 20S proteasome
and activity against 11 cancer cell lines during in vitro assays. In
vivo mice assays showed anti-tumour activity and stronger
pharmacokinetics than bortezomib. This compound is currently
under pre-clinical trials in response to these promising results69.
Moreover, Lei et al. investigated a proteasome inhibitor for the
treatment of MM in addition to triple-negative breast cancer
(TNBC) by a SAR test combining both bortezomib and ixazomib
analogs, boronic ester 14 was then discovered. It contains an
eight-membered ring boronic ester pro-drug. In vitro, in silico and
in cellulo, it showed low nanomolar activities that were very simi-
lar to the two FDA-approved drugs70. In vivo assays on TNBC on
mice, it revealed great results for tumour necrosis71. More
recently, Zhou et al. designed a new peptide boronate derivative
15 (Figure 2) from two known active drugs, entinostat (HDAC
inhibitor) and bortezomib targeting dual activities. They substi-
tuted the zinc-binding moiety of HDAC with the solvent-exposed
group of bortezomib72 and exhibited excellent proteasome

inhibition of IC50 values of 1.1 compared to 19.4 nmol/L for borte-
zomib. Furthermore, compound 15 showed antiproliferative activ-
ity against cell lines RPMI-8226, KM3 and U266 in MM with IC50
values of 6.66, 10.1 and 4.31 nmol/L, respectively. Interestingly, it
showed a remarkable potent antiproliferative activity towards MM
cell line KM3/BTZ with an IC50 value of 8.98 nmol/L compared to
226 nmol/L for bortezomib. This two-inhibitors combination design
revealed a promising candidate for the treatment of MM and fur-
ther improvements are expected in the near future.

Wang et al. reported recently the synthesis of a series of dipep-
tide boronic acid esters and investigated their ability to inhibit the
b5 subunit of 20S proteasome as potential oral proteasome inhibi-
tors for the treatment of MM73. A new prodrug was found to be
stable enough in simulated gastric juice and simulated intestinal
juice and displayed strong anti-RPMI-8226 activity both in vitro
and in vivo in comparison to the known ixazomib citrate. This
new compound also showed good pharmacokinetic properties,
with an oral bioavailability of 34% and elimination half-lives suit-
able for development as an oral drug. In vivo mouse xenograft
models of RPMI-8226 showed that compound 18 u effectively
inhibited tumour growth without obvious side effects, making it a
potentially effective oral prodrug for MM treatment.

Llona-Minguez et al. used HTS-adapted Malachite Green assay
and subsequent optimisation steps discovered a unique boronic
acid derivative 16 that inhibits dCTPase (IC50 0.057mmol/L) and
enhances cellular efficacy with EC50 of 0.046mmol/L and kills
HL60 leukaemia cells74. Although the results were promising, it
showed moderate solubility in water (52mmol/L) and low stability
(11% remaining after 4 h) in plasma. In this regard, the boronic
acid group was protected with N-methyliminodiacetic acid (MIDA)
to form the MIDA-boronate ester 17, which enhanced the aque-
ous solubility and plasma stability to >100mmol/L and 86%
respectively without affecting the inhibitory activity of dCTPase
(IC50 ¼ 0.047mmol/L).

In addition, Zhang et al. designed a new benzoxaborole deriva-
tive 18 (Figure 2) using SAR studies and found a remarkable anti-
proliferation activity towards ovarian cancer cells with an IC50
value of 21 nmol/L75. Further studies showed nearly 200-fold
selectivity towards cancer cells, effectively inhibited colony forma-
tion and induced cancer cell apoptosis. Compound 18 was also
investigated in vivo and provided efficacy and low toxicity for
tumour xenograft mouse models with 2 and 10mg/kg dosages.

A pinacolate boronic acid derivative 19 is a prodrug of
Endoxifen, that is designed and reported by Zhang and co-work-
ers as an effective hormone therapy for breast cancer76. Endoxifen
is a selective oestrogen receptor modulator (SERM) that failed in
clinical trials due to its rapid first-pass metabolism via O-glucuroni-
dation, resulting in poor bioavailability. Compound 19 provided a
40-fold increase in endoxifen concentration making it more of an
efficient drug candidate for further investigations. An overall clin-
ical and biomedical presentation of all B-containing anticancer
drugs and prodrugs is presented in Table 2.

Effective boron-containing drug and prodrug
candidates in cancer treatments

Multiple myeloma

Multiple Myeloma (MM, cancer of plasma cells) is a type of bone
marrow cancer that may affect different areas of the body like the
ribs, skull, pelvis and spine94. MM is a malignant hematological B
cell type of cancer that is characterised by the proliferation of
abnormal antibodies called monoclonal cells and their infiltration

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 5
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of the bone marrow. They are made with no control and do not
respond to or fight off infections in the body95. They are mostly
secreting non-functional clonal immunoglobulins in heavy chains
and, in some cases clonally by light chains. There is a rare non-
secretarial MM variant96. It is the 3rd most common type of hema-
tological cancer after non-Hodgkin’s lymphoma and leukaemia.
According to the study by Knauf et al., in Germany, 6000 patients
are diagnosed each year and there is a five-year survival rate of
40%96. Treatment initiation starts by considering if patients have
hypercalcemia, renal insufficiency, anaemia, or bone disease, this
is called the CRAB criteria. Patients without any CRAB symptoms
are kept under active surveillance97,98.

High-dose chemotherapy with autologous peripheral blood
stem transplantation is often the first choice of treatment when it
comes to physically fit patients (< 70 years)95,97. Another type of
treatment is proteasome inhibitors, they stop the development of
proteasome proteins that help in the proliferation of the myeloma
cells. Proteasome inhibitors specifically target the myeloma cells
to stop replicating, making it less likely to damage healthy cells in
the body, unlike chemotherapy95. In this regard, bortezomib 1
and ixazomib 2 are the only two FDA-approved boron-containing
medications made specifically for the treatment of MM but may
also be used for other types of cancer (Figure 2). Other types of
treatment include immunomodulatory drugs, CAR T-cell therapy,
monoclonal antibodies, HDAC inhibitors, nuclear export inhibitors,
and finally drug conjugates, which are the combination of two
drugs72,98 MM is still considered an incurable disease because it
goes into remission periods with relapses and progression which
can lead to disease resistance66.

Breast cancer

Breast cancer, like other malignancies, can enter and thrive in the
tissue surrounding the breast. It can also spread to other parts of
the body and cause additional tumours to grow. Surgery is often
the first line of defence against breast cancer. Chemotherapy, radi-
ation, or in rare situations, hormonal or targeted therapies are
generally administered after surgery.

One of the targeted therapies includes BNCT to treat local inva-
sive malignant cancer99. BNCT is a type of treatment based on a
radiation technique that is employed for different types of cancers
including brain and neck cancers. It usually involves placing an
organoboron derivative enriched 10B isotope (the non-radioactive
boron) into a tumour. Upon irradiation with low-energy (<0.5 eV)
thermal neutrons cause the release of a-particles from 10B
nuclei82. In cases with oligometastatic breast cancer, BNCT may
permit the selective elimination of several tumours with a thera-
peutic purpose. BNCT could also be useful in treating breast can-
cer-related metastatic brain lesions83. Fujimoto et al. reported the
therapy of a 65-year-old lady had an MRI taken and showed a
loco-regional relapse of previously treated breast cancer in her left
axilla. Two months after she completed therapy; it revealed a
marked decline in tumour mass as well as a decreased level of
pain. Therefore, BNCT is a novel therapy technique that may be
useful in the treatment of several breast cancer disease cases100. A
recent in-vitro study conducted by Kar et al. investigated the
potential use of boric acid (BA) as a treatment for glioblastoma
multiform (GBM), a malignant brain tumour with a poor progno-
sis101. The study examined the effects of various doses of BA on
glioblastoma cells, specifically its impact on cytotoxicity, ferropto-
sis, apoptosis, and semaphorin-neuropilin signalling pathways. The
results showed that BA triggered ferroptosis in glioblastoma cells
in a dose-dependent manner, leading to reduced proliferation and

increased apoptosis. These findings suggest that boron com-
pounds have a dual role in the neurotoxicity and anti-tumour
effects on glioblastoma cells, and may hold potential as a treat-
ment option for glioblastoma.

There have been many boron delivery agents tested in BNCT,
however, two compounds Boronophenylalanine 20 (BPA, Figure
3) and sodium borocaptate 21 (BSH), showed great results in can-
cer cell death and are currently in clinical trials80. Hosmane and
co-workers developed another perspective direction using carbor-
ane-appended 5-thio-D-glucopyranose (5-TDGP) derivatives102. A
biological screening of these derivatives with human hepatocellu-
lar carcinoma cells (SK-Hep1) revealed that 5-TDGP is a better
boron carrier than standard D-glucopyranose, making it a promis-
ing future BNCT agent.

In vivo injections of BPA are made with BPA-fructose complex
22 (BPA-F, Figure 3) for IV administration in BNCT81. Fructose is
given with BPA because it has great water solubility79. It gets
localised to target and uptake cancer cells with the help of L-
amino acid transport (LAT-1). The BFA-F 22 has been examined in
clinical trials in patients with thyroid cancer, head and neck can-
cer, and liver metastases82. Although no clinical trials have been
conducted so far employing BPA as a boron carrier in breast can-
cer, preclinical research examining LAT-1 expression has shown
that it is upregulated in malignant breast cancer tissues when
compared to neighbouring normal tissue analogues. BPA-F
absorption and cellular boron accumulation were observed to
counterpart LAT-1 expression in a bone metastasis model of
breast cancer to engage xenografted breast cancer cell lines in
mice tibia. In this animal study, peak intracellular boron concentra-
tions were measured 1 h after IV injection of BPA-F and resulted
in the tumour growth to significantly decrease in the trial
group103. However, it is not currently approved for use in humans,
and research on its side effects is limited. Some potential side
effects of BPA-F in animal studies have been reported such as
nausea and vomiting, as well as changes in blood chemistry and
hematological parameters. BPA-F has also been shown to cross
the blood-brain barrier and accumulate in brain tissue, which
could have implications for its potential use in BNCT for brain
tumours104.

Boron in the diet has also been shown to prevent breast can-
cer via regulating the sex hormones, on top of that, taking
10mg/day of boron is recommended105. The hormone oestrogen
plays an important role in increasing the proliferation of normal
and neoplastic breast cells. Natural oestrogen, called 17 b-oestra-
diol, is responsible for the development of the breasts during
puberty, it has been shown that increased levels of 17 b-oestradiol
increase the risk of women getting diagnosed with breast can-
cer106,107. Other forms of boron related to breast cancer include,
calcium fructoborate (CF) 23, shown in Figure 3. It is a natural
product from plants that is made as a nutritional supplement or
made through chemical synthesis. CF is used as anticancer agent
in breast, prostate, lung, and cervical cancer. It works by inhibiting
MDA-MB-231 cell line in breast cancer (Inhibits superoxide, inter-
leukin-1 b, interleukin-6 and nitric oxide release). CF enters the
cells by a sugar transporter and when inside the cell, it becomes
an antioxidant and overexpresses apoptotic proteins to kill the
cancer cells84,85. It is generally considered safe for human con-
sumption. In one clinical study, participants took CF supplements
for 90 days, and no significant adverse effects were reported. In
another study, participants took high doses of CF (up to 28mg/kg
body weight) for 14 days, and again, no significant adverse effects
were reported84,108.
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Boronate belinostat 24 and boronate 5-fluorouracil 25 deriva-
tives have been both shown to inhibit growth in mice breast can-
cer cell lines86,109. Boronate belinostat 24 prodrug in vivo was
found to be more potent than belinostat alone, it inhibits and
reduces the tumour volume in the MCF-7 xenograft tumour
model. This prodrug targets MDA-MB-231 and MCF-7 breast can-
cer cell lines as well as A549 lung cancer cell line, and HeLa for
cervical cancer cell line109. Some potential side effects of belino-
stat may include fatigue, nausea, vomiting, diarrhoea, loss of
appetite, and hematological toxicities such as anaemia, thrombo-
cytopenia, or neutropenia. In rare cases, severe hypersensitivity
reactions or pulmonary toxicity may occur109.

Boronate 5-fluorouracil 25 (5-FU) was also found to inhibit
OVCAR-3 cancer cell lines in mice ovarian cancer106. Some poten-
tial side effects of 5-FU may include gastrointestinal disturbances
such as nausea, vomiting, diarrhoea, or constipation. 5-FU can also
cause myelosuppression, which may result in a decrease in white
blood cells, red blood cells, or platelets. Other potential side
effects may include skin reactions, neurotoxicity, cardiotoxicity, or
infusion reactions110.

Furthermore, another prodrug called boronate doxorubicin 26,
is made by masking the medication doxorubicin with a boronate
moiety since it was shown to reduce doxorubicin toxicity and
improve its stability. Moreover, it was shown to inhibit 4T1 and
MDF-7 breast cancer cell lines at a half maximal inhibitory concen-
tration (IC50) ¼ 0.3mM, 30 times higher than doxorubicin alone87.
Boronate doxorubicin has been investigated in preclinical studies,
but there is limited data on its safety and efficacy in humans. In
preclinical, some potential side effects of boronate doxorubicin
may include myelosuppression, which may result in a decrease in
white blood cells, red blood cells, or platelets. Other potential side
effects may include gastrointestinal disturbances such as nausea,
vomiting, diarrhoea, or constipation87.

Recently, Pan et al. investigated the inhibition of boronate
diethyldithiocarbamate (BDDC) derivative 27 and found that it
also targets the 4T1 breast cancer cells. In 27, boronic pinacolate
is being used as a carrier in the prodrug, with the help of hydro-
gen peroxide, it gets oxidised by the existing H2O2 in the cancer
cell to release diethyldithiocarbamate (DTC). DTC chelates with
the available Cu(II) in the cell to give the active anticancer drug
Cu(DTC)2. Remarkably, it showed specific toxicity towards cancer
cells with low toxicity to normal organs. The Cu(DTC)2 combined
with chemotherapy and oxidative stress amplification, showed to
be successful in cancer inhibition and apoptosis both in vivo and
in vitro88.

Prostate cancer

Prostate cancer is cancer of the prostate gland. It is classified into
two main types: benign prostatic hyperplasia (BPH) and prostate
cancer. BPH is considered the most benign condition in the pros-
tate, and it has been related to the action of the enzyme 5-reduc-
tase on testosterone, leading to the production of dihydroxy
testosterone (DHT), which is 10 times more potent than testoster-
one and enhances the proliferation of stromal and glandular ele-
ments. On the other hand, prostate cancer progresses from an
early, androgen-dependent, organ-confined disease to a highly
invasive, androgen-independent, metastatic disease. The metasta-
sising of tumour cells is the major cause of cancer-related
deaths111.

Cui and co-workers reported that the high concentration of
boron in males reduces the probability of prostate cancer by 54%
compared to males with low boron concentrations in the body112.

The advancement of primary prostate cancer is reliant on the
androgen receptor (AR) and prostate-specific membrane antigen
(PSMA). The decreased expression of AR and PSMA inhibits pros-
tate cell proliferation.

In preliminary investigations, it has been discovered that borte-
zomib suppresses 26S proteasome activity and serves as a down
regulator for both PSMA and AR113. In a dose-dependent manner,
bortezomib reduced the development of two prostate cancer cell
lines. AR and PSMA play critical roles in allowing cells to tolerate
anticancer medications like docetaxel and bortezomib. When
detecting apoptotic cells using fluorescence-activated cell sorting,
the apoptosis-inducing effect on treated cells with bortezomib
alone was more potent than that observed with docetaxel alone.
According to these findings, bortezomib triggered death in cells
expressing AR and PSMA by reducing protein expression in both.
It seems that, to effectively treat cancer, bortezomib should be
used with other anticancer medications. It has also reportedly
shown to make human prostate cancer cells more sensitive to the
effects of radiation when used in combination with docetaxel113.

Another form is boron nitride spheres, they seem to have
promising chemoprevention reagent that causes a decrease in cell
viability and enhances prostate cancer cell apoptosis114. Another
form of boron is boric acid, it has shown a slowdown of prostate
tumours in mice by significantly inhibiting the degradation of
fibronectin13,115. The same authors showed that expression of
insulin-like growth factor 1 (IGF-1) in tumours was markedly
reduced by boric acid. Upon exposure to both low-and high-dose
boron supplementation, prostate-specific antigen (PSA) levels
dropped by an average of 87%, while tumour size declined by an
average of 31.5%116.

McAuley et al. found that phenylboronic acid is a more potent
inhibitor than boric acid in targeting metastatic and proliferative
properties of prostate cancer cells117. It decreases the activities of
RhoA, Rac1 and Cdc42 in DU-145 metastatic prostate cancer cell
lines, but not in normal RWPE �1 prostate cells.

Kimberly et al. reported another dietary boron intake study
and found that ER Caþ2 depletion occurred after the treatment of
DU-145 prostate cancer cells with the physiological concentrations
of boric acid, and authors suggested a plausible mode of action
that boric acid identifies the eIF2a/ATF pathway118. Lastly,
Barranco et al. looked at animal and cell-line studies and found
that boron inhibited the proliferation of prostate cancer cell lines
DU-145 (an androgen-independent line) and LNCaP (an androgen-
dependent cell line)119. Additionally, peptide boronic acid deriva-
tives can inhibit prostate cancer by hindering the PSA120.

Lung cancer

Lung cancer (LC) is the number one leading cause of cancer death
worldwide with about 20% mortality rate and an 18.6% five-year
survival rate. It is classified into two different types, small-cell lung
cancer (SCLC) and non-small cell lung cancer (NSCLC). SCLC is
more aggressive and has only a 5% survival rate over five years.121.
It is calculated that �71% of cancer-related deaths belong to low
and middle-developed countries121 where many of the treatments
options are available for patients such as surgery, chemotherapy,
radiotherapy, and drug therapy, however, the cancer mortality
rate is extremely high122 and accordingly, no effective treatment
can be used to date for the treatment of lung cancer patients,
especially for those diagnosed with the SCLC type. State-of-the-art
discoveries of new targeted drugs and smart drug candidates’ use
are still limited due to their high cost and unwanted side
effects123. Therefore, LC remains one of the top deadly cancers
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with the highest mortality rate where development of new drug
candidates as new therapeutic treatments is crucial.

The use of boron intake has an inverse relation with lung can-
cer in women. Although the mechanism is still unclear, it has a
role in regulating the levels of oestradiol and testosterone hor-
mone levels in women124. Boronate chlormethine 28 (Figure 3)
was synthesised as a nitrogen mustard prodrug by Kuang and co-
workers89. It was found to inhibit cancer cell lines at 10lM con-
centrations. It inhibited 90% of SR cancer cell lines in leukaemia
and 85% NCI-H460 of cancer cell lines in NSCLC. The mechanism
of action is investigated and found that 28 get activated first
through the high level of reactive oxygen species (ROS) located in
the cancer cell or by hydrogen peroxide (H2O2). The boron group
gets hydrolysed and leads to form aziridinium ring in a few steps,
which is linked to forming alkylating DNA16,18,89. Boronate chlor-
methine 28 has been investigated in preclinical studies, but there
is limited data on its safety and efficacy in humans. Some poten-
tial side effects of boronate chlormethine may include myelosup-
pression, which may result in a decrease in white blood cells, red
blood cells, or platelets. Other potential side effects may include
gastrointestinal disturbances such as nausea, vomiting, diarrhoea,
or constipation, as well as skin reactions16,18,89.

Recently, Bielec et al. modified crizotinib, an anticancer drug
marketed under the name XalkoriVR for the treatment of NSCLC, to
enhance the cell cancer selectivity and to reduce the unwanted
side effects. The authors modified crizotinib by forming a carba-
mate group with amine, giving benzyloxycarbonyl crizotinib 29 as
shown in Figure 3. The boronic acid group got activated first by

hydrogen peroxide within 1h of incubation and through the same
mechanism. This prodrug has an inhibition (IC50) of cancer cell
lines H2228 and RUMH between 3–15mM90,91. Additionally, Cebeci
et al. recently reported an in vitro study on the effect of boric acid
(BA), sodium pentaborate pentahydrate (NaB), and sodium perbor-
ate tetrahydrate (SPT) against SCLC cell line using DMS-114
cells125. Authors found that boric acid, NaB, and SPT cause apop-
tosis in SCLC cell lines through the upregulation of pro-apoptotic
genes Bax and Casp-3 and downregulation of the anti-apoptotic
genes BIRC2, BIRC5, and Bcl-2. TP63 gene expression is also not-
ably upregulated and that mediates the p53-dependent apoptosis.
Finally, both BA and NaB cause cell cycle arrest in the G2/M phase
and SPT in the Sub-G1 phase. It is worth noting that this study
showed great potential for SCLC treatment without affecting the
healthy cells.

Cervical and colon cancers

Cervical cancer is the fourth most common cancer in women. It is
strongly linked to infection with high-risk of human papillomavi-
ruses (HPV). It is estimated that 570 000 women were diagnosed
with this cancer; 311 000 died from the disease. Although the
mortality is high, it is considered one of the most curable types of
cancer. Several boron-containing prodrugs were reported and
showed promising results in cervical cancer therapy. For instance,
boronate doxorubicin 26 (Figure 3) was reported to target HeLa
cancer cell lines in cervical cancer after boron got activated

Figure 3. Organoboron derivatives in breast, lung, cervical, and colon cancer treatments.
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through H2O2
71. Additionally, boronated theranostic prodrug 30 is

also reported to target Hela cancer cell lines. It can cure 100% of
cervical cancer91,92. Some potential side effects may include
gastrointestinal disturbances such as nausea, vomiting, diarrhoea,
or constipation, as well as skin reactions. Colon and prostate can-
cers are connected126,127. In addition, long-term androgen depriv-
ation therapy for prostate cancer is linked to an increased risk of
colorectal cancer126.

Decaboranate phenoxyacetanilide 31 is one of the prodrugs
that has been synthesised and tested against several cancer cell
lines. The cell viability assay showed that 31 inhibits Hela cancer
cell lines in cervical cancer with IC50 0.74 mM and colon cancer
with growth inhibitory (GI50 ¼ 5.0mM)93. Interestingly, boric acid
shows the ability to inhibit several kinds of cancer cell lines for
colon cancer. Besides, boric acid inhibits 46.6% of the Caco-2 can-
cer cell line at concentrations of 1.0mM after seven days128.
Furthermore, boric acid has IC50 at a concentration of 50mM
showed that after two days, it inhibited CCL-233 human colon
cancer cells128. Finally, boric acid inhibits SW-480 human colon
cancer cells at a concentration of 75mM with an inhibition rate of
45.5%129.

Conclusion

This article provides an overview of the challenges and opportuni-
ties of using boron-containing medications in enzyme inhibition-
based drug discovery and highlights the importance of enzyme
inhibition in cancer therapy. It discusses the different types of
enzyme inhibitors, including proteasome, chymotrypsin-like, cas-
pase-like, dipeptidyl peptidase, nuclear factor kappa B alpha, his-
tone deacetylase, deoxycytidine triphosphatase, fibroblast
activation protein-alpha, large neutral amino acid transporter,
trypsin-like and tyrosine kinases their mechanisms of action, as
well as the strategies for drug designing for therapeutic use.

The results of published articles are encouraging enough to
envisage the future of clinical research in cancer treatment using
organoboronic acid/ester drugs and prodrugs. Boronic acid/ester
compounds are usually unionised under physiological pH and
therefore, they can be utilised for chemotherapy and chemopre-
vention. It has been long ignored by medicinal chemists due to
their toxicity concerns in drug design and discovery. The toxicity
study by Brigham et al.130 revealed that boric acid has a lethal
dose (LD) of 2660mg/kg (rats, oral), which is comparable to the
LD of table salt (3000mg/kg rats, oral).

Other challenges can be faced during the drug development
of boronic acid drugs and prodrugs. The challenges are due to
boronic acid being unstable, highly reactive, and having a short
shelf life. They are highly electrophilic and react with various
nucleophiles, and therefore could be degraded before binding to
the target. This non-specific reactivity limited their selectivity at
the active site of target enzymes. Boronic acids are relatively diffi-
cult to synthesise especially aliphatic ones. To solve this synthetic
issue, installing the boronic acid group to the drug core structure
is usually made at the last step during the synthesis. This is due
to its liability under different reaction conditions. As a result, it
must be protected and stabilised by making boronic esters and
boron heterocycles such as benzoboroxoles. However, some pro-
tected boronic acid (boronic ester) prodrugs are remarkably stable,
therefore, under physiological conditions, it is hard to hydrolyse
them and make the free boronic acid derivative, which results in a
slow-release element in a medicinal pathway. Since the FDA
approved bortezomib (VelcadeVR ) medication in 2003, increased
research activities have been accomplished on the design of

aliphatic boronic acid/ester derived from amino-acid and peptide
derivatives or even incorporating the boronic acid group into their
drug design approaches seeking more reactivity.

One possible mechanism that describes the remarkable activity
of boron-containing prodrugs against cancer cells is the enzymatic
inhibition through reversable electrophilicity. Nonetheless,
research working on developing new boron-containing medica-
tions for cancer must consider the factors highlighted in this
review. These investigations will confidently shed more light on
the advantages of boron in drug scaffold and inspire pharmaceut-
ical and medicinal allies. With the enormous scope of B-containing
derivatives and the role of the boronic acid group in obtaining
new candidates for treating cancer, the hope arises with boron
drug candidates’ inhibition mechanisms to have a great impact on
cancer in the near future. In summary, boron drugs and prodrugs
can target a variety of enzymes and have shown promise as
potential cancer therapeutics.
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