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Abstract
The ubiquitousness of naturally occurring boron-containing 
compounds (BCCs) has led to their constant contact with 
humankind. Recently, many synthetic BCCs have been 
elaborated for a broad spectrum of purposes, especially 
boric, boronic and borinic acids. Although BCCs were once 
employed primarily as antiseptics and later as antibiotics, 
they have become an increasingly relevant therapeutic 
tool. Nevertheless, this potential of BCCs has been 
drastically limited due to some unfortunate intra-hospital 
accidents in the 1940s and 1950s. The increasing use of 
BCCs as insecticides, antimicrobials, and other agents is 
providing new insights into their role in the physiology 
of several living species and in the pathophysiology of 
humans. It is becoming clear that BCCs act through a 
wide range of mechanisms, as do their corresponding 
boron-free counterparts. When comparing BCCs and 
similar boron-free compounds, in many cases the former 
show advantages in the medical field. The current mini-
review focuses on how BCCs have been developed by 
means of translational medicine, a process connecting 
biomedical research with clinical applications. This process 
of discovery is currently in an exponential stage.
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Core tip: We herein review the scope of boron-con
taining compounds (BCCs) with therapeutic applications. 
Information is compiled about the physiological relevance 
of boron, as well as the medicinal use of BCCs. Apart 
from describing BCCs employed to treat neoplastic and 
infectious disease, mention is made of such compounds 
that may have therapeutic potential for other maladies.  
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BORON: ITS PROPERTIES AND 
INTERACTION WITH HUMANS 
Due to the ubiquitousness of naturally occurring boron-
containing compounds (BCCs), they have been in con
tact with humankind since prehistoric times[1]. Some 
researchers suggest that contact between BCCs and 
living beings dates to the origin of life, and others that 
BCCs gave the proper conditions for the generation 
of primitive nucleic acids in the ancient oceans of the 
planet[2].

Described as an element in 1824 by Berzelius[3], 
boron has a mass of 10.81 and is the fifth element of 
the periodic table. This element is defined as a metalloid 
and semiconductor. Despite being scarce in the uni
verse, it is relatively abundant in the earth’s crust, 
having an estimated concentration of about 10 ppm 
and a mass of about 2.4 × 1017 kg. This represents 
10 times the concentration found in some meteorites 
(where boron has the second greatest presence in the 
solar system) and one million times the concentration 
on other planets[4].

The estimated concentration of boron is 4.6 ppm 
in seawater, where it is a component of two hydrated 
molecules: B(OH)3 trigonal (resembling the tetrahedral 
configuration of carbon) and B(OH)4 tetrahedral. The 
proportion of the two forms depends on the local pH 
of seawater, given that basic environments favor the 
tetrahedral form and acid environments the trigonal 
form. Boron reaches the atmosphere through the 
evaporation of seawater, and then returns to the ocean 
or falls on continental landmasses by precipitation[4]. 
There are two naturally occurring isotopes of boron, 
11B (80.1%) and 10B (19.9%), and eleven other known 
isotopes. 

Some synthetic BCCs are commonplace today, 
especially boric, boronic and borinic acids used to 
produce textiles, detergents, glass, semi-conductors, 
and materials for protecting against radiation. More

over, boron fibers are employed for configurational 
mechanics, amorphous boron for pyrotechnics, and 
boron atoms for the detection of neutrons in nuclear 
reactors. Research has been conducted on borohydrides 
to generate fuels[1] and on some BCCs to diagnose and/
or cure disease, although to date only a few of the latter 
compounds have been administered to patients.

THE INTRODUCTION OF BORON INTO 
THE BIOMEDICAL AREA
Historically speaking, the development of BCCs for 
therapeutic purposes has been slow. To preserve bodies 
in the process of mummification, the Egyptians made a 
blend of salts (including borates) called natron[5]. Shortly 
afterwards, borosilicate became an element of glass 
manufacturing and pottery making. Blends of boronic 
acids and other salts were utilized in wood finishing, 
which apparently gave rise to the application of boron 
salts as a cataplasm for exposed wounds. 

Boric and boronic acids were later administered as 
a prophylactic treatment to prevent infectious events 
and the propagation of disease, a practice continued 
into the XX century[1]. It was reported in the 1900s 
that boron could be beneficial in plague control due to 
its toxicity for several insects (e.g., termites, ants and 
cockroaches) that can damage crops or infrastructure, 
or transmit disease. However, little was known about 
the mechanisms by which boron causes those effects. 
While BCCs are being used to treat sexually transmitted 
diseases and other topical infections[6,7], investigation 
continues into the nature of their antimicrobial activity. 
At the beginning of the XVIII century, boron in the form 
of boracic acid, called “sal sedativum Hombergi”, was 
proposed as a sedative or analgesic agent, but without 
much success[1,8].

Because of the cytotoxic properties of boron, in the 
XX century it began to be included in some antineoplastic 
drugs. The most common of these is a proteasome 
inhibitor called bortezomib, a drug successfully given 
to patients suffering multiple myeloma[9]. Other BCCs 
have been studied for antineoplastic activity, but the 
only real advance in this context has been the discovery 
of new targets for malignancies[10,11]. In the technique 
denominated boron neutron capture therapy, compounds 
containing the B isotope (which is not radioactive) are 
utilized to control local invasive tumors[12].

As can be appreciated, BCCs have gradually become 
a relevant medicinal tool. Nevertheless, the potential of 
BCCs in therapeutics and diagnosis has been drastically 
limited due to some unfortunate hospital accidents in 
the 1940s and 1950s. These were cases of the misuse 
of boric acid that resulted in illness and even death. 
In the worst of cases, some infants were mistakenly 
given high doses of this weak acid (which was at that 
time employed as a nosocomial antisepsis) instead 
of powdered infant formula[13,14]. Multiple studies 
have proven that the fear of administering BCCs is 
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groundless. Boron has different effects on organisms 
at distinct levels in the phylogenetic scale, producing 
greater toxicity in prokaryotes, protozoaries and insects 
than in mammals. Moreover, the toxicity induced by 
BCCs is governed by the same structure-activity relation 
that holds true for boron-free compounds[15]. There are 
BCCs with high and low toxicity as well as with high 
and low potency to modify the activity of a biological 
entity. Accordingly, research on BCCs has confirmed 
the observation of Paracelsus: “The dose makes the 
venom”. In other words, the aim in developing BCCs 
and all other medicinal compounds is to cause a certain 
biological effect while avoiding toxicity, based on the 
pharmacodynamics and pharmacokinetics of the agent 
in question[16]. Translational medicine has been applied 
to achieve this goal, enabling the introduction of BCCs 
into the clinical setting in an accelerated timeframe by 
identifying compounds with great therapeutic potential.

THE RELEVANCE OF BORON IN HUMAN 
PHYSIOLOGY AND PHYSIOPATHOLOGY  
Nowadays the number of BCCs has increased ex
ponentially because of the development of new syn
thetic compounds included in materials, drugs and other 
uses[8,16]. In the biological area, of particular interest are 
boranes, oxyborates, aminoboranes, carboranes and 
boron-dipyrromethenes (Figure 1).

The relevance of BCCs in the physiology of plants 
is well known. On the other hand, since only a scant 

intake is necessary for the basic functions of mammals, 
the understanding of the physiological role of this 
element is more complicated. Whereas a greater 
quantity of boron is provided by the consumption of 
vegetables than animal products, either one of these 
source fulfills the needs of the organism of humans 
and other mammals[17,18]. Experimental models have 
shown an essential role for this element in mammals. 
Guidelines by several nations establish a minimum daily 
intake of 0.25 mg for humans, easily acquired from 
food. In fact, it is estimated that the average American 
diet furnishes 1-2 mg per day. A diet with over 3.25 mg 
per day is considered high in boron[19].

A boron deficiency in the mammalian diet can 
influence several functions, the most relevant of which 
are the modulation of bone growth, the immunological 
response, and some mental functions[20,21]. It is well 
documented that BCCs influence enzymatic activity, the 
metabolism of steroid hormones, and the metabolism 
and activity of other micronutrients such as calcium 
and magnesium. Therefore, some BCCs could possibly 
be used as therapeutic tools for arthritis, metabolic 
diseases, central nervous system disorders and various 
infectious diseases[21]. 

BORTEZOMIB: A BCC CURRENTLY 
IMPORTANT IN THE MEDICAL FIELD 
Bortezomib is a product of translational medicine. It 
was developed in 1995 by Myogenics company, which 
changed its name to ProScript, and later was bought by 
Millennium Pharmaceuticals in October, 1999. This drug is 
representative of boron-containing proteasome inhibitors, 
which are enzyme complexes that regulate protein 
homeostasis within the cell (Figure 2). Bortezomib 
was tested in a small Phase Ⅰ clinical trial on multiple 
myeloma patients after promising preclinical results. 
One of the first patients to receive the drug in a clinical 
trial achieved a complete response and was still alive 
four years later. This led to subsequent clinical trials that 
indicated the likelihood of a complete response in fifteen 
percent of patients. In 2003, Bortezomib was approved 
by United States-Food and Drug Administration (FDA) 
for the treatment of multiple myeloma[22,23]. Since then, 
the use of this BCC has grown exponentially to include 
the treatment of Waldenström’s macroglobulinemia[24,25], 
non-Hodgkin’s lymphoma[26], antibody-mediated rej­ection 
in cardiac and kidney transplantation[27,28], cutaneous T-cell 
lymphomas (mycosis fungoides)[29], relapsed or refractory 
follicular lymphoma[30], peripheral T-cell lymphoma and 
relapsed systemic light-chain amyloidosis[31,32].

Bortezomib reversibly inhibits chymotrypsin-like 
activity at the 26S proteasome, leading to activation of 
signaling cascades, cell-cycle arrest and apoptosis[22], 

which makes it suitable as an antineoplastic agent. It 
can be administered intravenously or subcutaneously 
(SC), but the latter route is generally preferred due to a 
lower risk of adverse effects, mainly neuropathy[33].
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Figure 1  General chemical structure of the boron-containing compounds 
that are of interest in the biomedical area. 
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activity relation that holds true for boron-free compounds, 
and the mechanisms of action of BCCs are in most 
cases similar to those of the corresponding boron-free 
compounds. As new insights into the action mechanism 
of BCCs are provided, new applications will certainly be 
found. 

There are currently two other boronic acid-based 
proteasome inhibitors that have been tested in a clinical 
trial. Ixazomib (2, MLN9708)[45] is the first oral proteasome 
inhibitor that has managed to receive a positive opinion (on 
September 16th of 2016) by the Committee for Medicinal 
Products for Human Use (CHMP) of the European Medicines 
Agency (EMA). The EMA recommended the conditional 
approval of NINLAROTM (ixazomib) capsules combined 
with lenalidomide and dexamethasone for the treatment 
of adult patients suffering from multiple myeloma as long 
as they have received at least one prior therapy. If the 
EMA ratifies the CHMP’s opinion and grants authorization, 
NINLARO will be the first and only oral proteasome 
inhibitor approved for use across the European Economic 
Area[46]. Another compound being studied is CEP-18770, 
which exhibited good anti-tumor activities against multiple 
myeloma in a mouse xenograft model and has entered a 
Phase Ⅰ clinical trial[45].

TRANSLATIONAL MEDICINE IN 
THE RENASCENCE OF BCCS: 
PHARMACEUTICAL AND 
PHARMACOLOGICAL APPLICATIONS 
Research based on translational medicine tends to 
accelerate the process by which compounds reach clinical 
practice. One of the attractive features of BCCs from 
a medicinal chemistry perspective is the tetrahedral 

Regarding carcinogenesis, bortezomib is utilized 
primarily as a component of therapeutic regimes for 
the treatment of multiple myeloma, whether in newly 
diagnosed, relapse or refractory cases, due to the high rates 
of positive response and good tolerability. In this sense, 
the most common regimen is bortezomib, lenalidomide 
and dexamethasone (VRd)[34,35], which is a particularly 
advantageous combination for patients at risk, such as 
those with renal failure. Other combinations employed 
are: Bortezomib, cyclophosphamide and dexamethasone 
(VCd); bortezomib, thalidomide and dexamethasone 
(VTd); and bortezomib plus dexamethasone (VD). A high 
rate of positive response has been proven for all these 
combinations in several trials, including SWOG S0777[35] 
and IFM2013-04[36].

Bortezomib is not free from adverse effects, the most 
common of which is peripheral neuropathy. Others are 
anorexia, nausea and vomiting, cutaneous reactions, 
neutropenia, and thrombocytopenia[37,38]. Although the 
latter occurs in 43% of patients, it is rarely severe enough 
to postpone subsequent cycles[39]. Peripheral neuropathy, 
often painful, develops in approximately 40% of patients 
who receive bortezomib 1.3 mg/m2 twice weekly[40,41] 
and in about 20% of patients who receive the same dose 
once weekly[42]. It appears to be less frequent and less 
severe when the drug is administered subcutaneously[33]. 
However, it is more frequent and more severe in patients 
who previously received neurotoxic therapy as well as in 
those with preexisting neuropathy[43]. Given the high rate 
of neuropathy, a dose adjustment algorithm is available 
in the full prescription information at the FDA website. 
Bortezomib therapy may also be associated with an 
increased risk of herpes zoster[44].

Overall, bortezomib is an excellent example of how 
BCCs are like any drug in the medical field. The toxicity 
induced by BCCs is governed by the same structure-
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Figure 2  Boronic acid-based proteasome inhibitors 
with relevance to medicinal chemistry.

García-Ávila AK et al . Developing boron compounds with translational medicine



geometry acquired by boron under conditions of phy
siological pH. It can thus mimic a tetrahedral carbon and 
the tetrahedral transition state of the enzyme-catalyzed 
substrate. Hence, BCCs are attractive biological agents 
in the pharmacological field[46]. 

Apart from the cases of the boron-containing pro
teasome inhibitors (bortezomib and ixazomib) to treat 
multiple myeloma, scientists have developed inhibitors 
of serine proteases that are responsible for coordinating 
various physiological functions such as blood coagulation, 
digestion, reproduction and immune response[47]. Boro
nic acids work as potent serine protease inhibitors by 
mimicking the tetrahedral transition state of peptide-
bond hydrolysis[46]. As a result, BCCs are employed in the 
medical field to inhibit thrombin, lactamase, NS3 serine 
protease and DPP-IV, as well as to counter antibiotic 
resistance (because of their effect on beta lactamases) 
and treat hypercoagulability states, hepatitis C virus 
infection, diabetes, fibrotic diseases, angiogenesis, 
chronic inflammation and tumor progression[45,46]. 

Not only has there been a notable rise in the number 
of BCCs, but also in the knowledge of their importance 
in human physiology and physiopathology. For some 
of these compounds, the increasing data about their 
characteristics and action mechanisms indicate that they 
induce an advantageous biological response compared 
to the corresponding boron-free compounds[16]. On 
the other hand, multiple studies have shown a similar 
toxicological profile in mammals for BCCs and their 
boron-free counterparts, thus sparking new interest in 
designing and testing the former[15,48,49].

The growing knowledge about the mechanism by 
which BCCs act to provoke death and infertility in insects 
has enabled the development of new compounds for 
vector control that result in a lesser ecological impact 

than those used previously. That is, the new BCCs 
produce less damage to the non-targeted species[50,51].

Regarding prokaryotes, it is known that their ge
netic information is severely altered by BCCs. Some 
researchers even consider these compounds to be a new 
class of gene toxin[52]. The genotoxicity of BCCs causes 
rapid damage and could be lethal for microorganisms. 
However, the same is not observed in eukaryote cells, 
where genotoxic trials suggest only slight toxicity at 
concentrations greater than 1 mmol/L[53]. Hence, BCCs 
are highly selective in generating toxicity between 
species. 

Little is known about the pharmacodynamics and 
molecular mechanisms by which BCCs bring about 
genotoxicity or the disturbance of other cellular processes 
(e.g., enzymatic functions). These compounds are 
frequently found in stable interaction with lateral chains 
of amino acids, bringing about the exposure of hydroxyls 
(serine, threonine and tyrosine) or the activation of 
autophagosomes[16,54]. This phenomenon has been ex
plored in the last few years, affording attractive anti
biotics (possibly also additional antineoplastic agents) 
by modifying naturally occurring BCCs with an antibiotic 
effect (like boromycin) or creating structural analogues 
of compounds showing microbicidal action (e.g., BCC 
analogues of beta-lactam) (Figure 3)[54-56].

Investigation into the selectivity of BCCs for micro
organisms has also revealed the impact of these com
pounds on eukaryotes, leading to their proposed use in 
cancer treatment. The effectiveness of BCCs as therapy 
for some common diseases has encouraged the growth 
of business and government investment in further 
research. This tendency is evidenced by the growth of 
the pharmaceutical company ANACOR (a specialist in 
the design and testing of drugs that contain boron) and 
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Figure 3  Some boron-containing compounds related to antimicrobial (antibacterial, antiprotozoal and antifungal) activity.
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the interest of large pharmaceutical companies (e.g., 
Glaxo-Smith-Kline, Novartis and Lilly) and university 
research groups in the development of potential boron-
containing drugs[57].

Though an increase in antimicrobials has been favored 
by the intense study of BCCs, the treatment of diverse 
pathologies with these compounds could take a couple 
decades. Recently, reports on experimental models of 
disease have indicated that BCCs may positively affect 
various malignancies as well as cardiovascular, pulmonary, 
metabolic and central nervous system disorders, which 
would imply benefits to millions of patients (Figure 

2)[11,16]. Interestingly, the mechanisms by which BCCs 
and their corresponding boron-free compounds carry 
out their activity are not very different[16,58]. Although 
the pharmacodynamics of BCCs is being gradually 
elucidated, less is known about their toxicology and 
pharmacokinetics[48,49]. It seems that the variability of 
BCCs is as great as that of boron-free compounds, 
meaning that it is necessary to generate and analyze 
data for each compound. For some naturally occurring 
BCCs (e.g., boric acid), there is dose-dependent toxicity 
and a wide therapeutic index. Moreover, proteins exist for 
the transport of these compounds through the cellular 
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Figure 4  Some boron-containing compounds with promising therapeutic applications, obtained from research based on translational medicine.
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Figure 5  Examples of the scope and potential of boron-containing compounds in pharmacology. 
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membranes of plants and the complex structures of 
organisms. Less is known about BCCs in animals, but it 
appears that no enzymes can hydrolyze the boron-oxygen 
or boron-carbon bonds found in these molecules[16,59]. 
Insights into the distribution and excretion of boric and 
phenylboronic acids in animals suggests that their kinetics 
is similar between species. Furthermore, like boron-free 
compounds, the kinetics of BCCs in mammals seems to 
vary according to the kinetic-structure relation[48,60,61]. More 
detailed information on the kinetics of these compounds 
is direly needed because the lack of clarity in this sense 
represents a great barrier to their topical administration. 
This limitation restricts the use of BCCs to conditions 
requiring a wide distribution, such as disseminated 
infections and malignancies[62].

Finally, BCCs have not only been elaborated as 
agents that act directly on biological targets (Figure 4), 
but also for biomaterials or systems of drug delivery (i.e., 
nanostructures) (Figure 5)[51]. Translational medicine has 
been applied to a lesser extent for the latter purpose. 

CONCLUSION
Humankind has had contact with BCCs since the origin of 
the species. Perhaps this contact was even determinant 
for human origin[63]. However, the nature of many of the 
interactions between these compounds and the human 
organism are unknown or only recently suggested. 
Because limited knowledge about the toxicology and 
pharmacokinetics of boric acid caused some unfortunate 
accidents 70-80 years ago, the study and especially 
the administration of BCCs has been restricted for 
many years. Nowadays, there is new enthusiasm and 
initiative to advance in this area for the solution of health 
problems. It is increasingly evident that BCCs act through 
similar mechanisms as their corresponding boron-
free counterparts. The successful cases of developing 
therapeutic BCCs, often by means of translational 
medicine, has slowly yielded greater information about 
the pharmacodynamics of these compounds. Once 
restricted to anesthetics and antibiotics, the ever-greater 
insights in this field are opening new possibilities for 
treating cancer and other pathologies that impact the 
world population. 
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