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 Bisphosphonates are among the most widely used drugs in the world for their many 
clinical indications. Their mechanism of action is based on the increase in the level of bone 
mineralization through the inhibition of osteoclastic activity and the induction of osteoblastic 
activity. Recent studies also attribute to bisphosphonates an antineoplastic activity, due to the 
ability of these drugs to inhibit neo angiogenesis, inhibiting the proliferation of endothelial 
cells. Bisphosphonates have several common properties, including poorly absorbed orally, 
high affinity for bone mineral, inhibitory effects on osteoclastic bone resorption, prolonged 
bone retention, and elimination in the urine. Bisphosphonates are generally well tolerated 
but their use can be, however, burdened by serious side effects such as hypocalcaemia, renal 
impairment, and aseptic osteonecrosis of the jaw.
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 Bisphosphonates are synthetic drugs 
characterized by a high tropism for bone tissue. The 
first uses of bisphosphonate drugs in the medical 
field date back to the early 1970s, when etidronate 
(a bisphosphonate lacking a nitrogen group) 
was used for the therapy of myositis ossificans, 
and for the prevention of hypertrophic bone 
formation after total hip replacement surgery1-4. 
Subsequently, these drugs were used in imaging 
marked with Technetium 99, and again, they were 
added in some toothpastes because they were 
believed to be able to prevent stone formation 
in the dental pulp and decrease periodontal bone 
loss5,6. To date, bisphosphonate drugs have many 
clinical indications and therefore are among 
the most widely used drugs in the world. It is 

estimated that there are 30 million prescriptions 
for bisphosphonate drugs each year in the United 
States alone, and they are used by at least 2.5 
million people worldwide6. Their mechanism of 
action lies precisely in increasing the level of 
bone mineralization by inhibiting osteoclastic 
activity and inducing osteoblastic activity7-10. 
Recent studies have shown the existence of other 
possible mechanisms of action, including an 
antineoplastic activity, due to the ability of these 
drugs to inhibit the proliferation of endothelial 
cells, and consequently the neo angiogenesis, 
which is essential for the growth of a neoplasm 
7,11-14. After therapy, several cases of gastrointestinal 
intolerance, symptomatic hypocalcaemia, some 
cases of fractures due to the stress that these 
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drugs determine on bone remodelling (the 
reduction of bone remodelling hinders the 
removal of microfractures that are created in the 
bone) have been described, cases of influenza, 
myalgia, deterioration of renal function, cases 
of acute tubular necrosis, oesophageal erosions 
and ulcerations, antiangiogenetic effects, cases 
of anaemia, dyspnoea and oedema15,16. In recent 
years, with the use of new types of bisphosphonate 
molecules and intravenous administration, a 
particular side effect has been found represented 
by avascular osteonecrosis of the jaws. This is a 
complication of their chronic use and was first 
described by Marx in a study examining 36 cases 
of osteonecrosis of the jaws in patients who had 
used bisphosphonates17,18. It is therefore important 
to know the pharmacological characteristics of 
these drugs to allow their reasoned clinical use.
Pharmacokinetics
 Bisphosphonate drugs are synthetic 
analogues of inorganic pyrophosphates in which 
the phosphoanhydrite bond has been replaced by 
a P-C-P bond that is not subject to hydrolysis, 
either in an acidic environment or by the action of 
pyrophosphatases (Figure 1)7.
 The ability of the bisphosphonates to 
bind to hydroxyapatite crystals and to prevent 
both crystal growth and dissolution was enhanced 
when the R1 side chain (attached to the geminal 
carbon atom of the P-C-P group) was a hydroxyl 
group (as in etidronate) rather than a halogen atom 
such as chlorine (as in clodronate). The presence 
of a hydroxyl group at the R1 position increases 
the affinity for calcium (and, thus, bone mineral) 
because of the ability of bisphosphonates to chelate 
calcium ions by tridentate rather than bidentate 
binding7,19.
 Based on recent discoveries concerning 
the i r  molecu la r  mechanism of  ac t ion , 
bisphosphonates can be grouped in different 
classes: first-generation non-nitrogen-containing 
bisphosphonates (BPs), second-generation 
nitrogen-containing bisphosphonates20.
 The first-generation bisphosphonate 
drugs have a side chain in R2 that lacks a group 
containing a nitrogen atom, among them are 
identified: clodronate, etidronate and tiludronate21.
 The second generation of bisphosphonate 
drugs differently consists of those that present 
a nitrogen group in the R2 side chain of which: 

pamidronate, ibandronate, zoledronate, risedronate, 
alendronate, olpadronate and icadronate. The 
differences between the two generations of 
bisphosphonate drugs are substantial, not only 
chemically, but primarily in terms of efficacy and 
mechanism of action (Fig. 2).
 Wi th in  the  same genera t ion  o f 
bisphosphonate drugs, the potency of the molecules 
varies greatly when correlated in relation to the 
groups found on the R2 radical. The latest generation 
of bisphosphonate drugs, such as ibandronate and 
zoledronate, have, in fact, a potency of 5,000 and 
10,000 times that of etidronate, respectively (Table 
I)22.
 Another way of classifying these drugs 
is by the different types of intake; those that are 
taken orally, such as aledronate, ibandronate and 
risedronate; those that are taken parenterally, 
usually intravenously, such as pamidronate and 
zoledronate. This differentiation is important not 
only from a therapeutic point of view, but also 
because of the complications that more often can 
occur in intravenous intake (e.g., the phenomenon 
of mandibular osteonecrosis). Bisphosphonate 
drugs taken orally are used for the prevention 
and treatment of osteoporosis; for the treatment 
of multiple myeloma, bone metastases caused 
by malignancies, and for Paget’s disease15,23. 
Most bisphosphonate drugs taken intravenously 
are used, whose effectiveness is greater both for 
the characteristics of the molecules and for the 
plasma concentration that can be achieved. In 
fact, it must be considered that the bioavailability 
of oral bisphosphonate drugs is usually between 
1% and 2%, but never exceeds 5%23. Hence, the 
absorption in the intestine (first pass effect) is 
very low and 50% of what has been absorbed is 
deposited on the bone surface and then internalized 
by osteoclasts, while the other 50% is excreted 
unmetabolized in the urine19,24. Therefore, it is 
difficult to achieve such a dosage to effectively treat 
malignant diseases. Moreover, their absorption 
is compromised by food, which creates a further 
reduction, and therefore administration on an 
empty stomach is necessary. 
 Therefore, bisphosphonates should 
be taken alone on an empty stomach first thing 
in the morning with at least 240 mL of water. 
After administration, the patient should not have 
food, drink, medications, or supplements for at 
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least one half-hour (alendronate, risedronate) 
or one hour (ibandronate)24-27. Alendronate, 
risedronate, and ibandronate are given orally, most 
commonly at weekly (alendronate, risedronate) or 
monthly (risedronate and ibandronate) intervals. 
The administration of zoledronic acid and 
pamidronate is intravenous, and there is also 
an intravenous preparation of ibandronate. 
Intravenous preparations are beneficial in patients 
who cannot tolerate oral bisphosphonates or where 
oral bisphosphonates are contraindicated, such as 
the presence or history of esophageal stricture.
 It must also be considered that drugs taken 
intravenously may have a higher risk of side effects, 
especially osteonecrosis of the jaw. It has been 
noted, in fact, that the occurrence of osteonecrosis 
has an incidence of 1 case out of 100,000 per 
year for patients who have taken bisphosphonate 
drugs intravenously, while the annual incidence of 
osteonecrosis for those who take bisphosphonate 
drugs parenterally is between 0.8 and 12%, 
depending on the studies. Bisphosphonate drugs 
are able to chelate divalent ions, and thus also 
calcium ions, in three different ways, with the two 
phosphoric groups and with the substituent found 
in R19,28,29.
 This explains the ability of these drugs 
to penetrate into the bone and remain in the 
structure of this tissue for many years. In fact, 
it has been demonstrated that the drug remains 
in the bone tissue until complete remodelling of 
the bone occurs22. Since bone turnover is rather 
slow, especially in elderly patients, and since 
bisphosphonates slow down this process even 
more, it has been estimated that the half-life of a 
bisphosphonate such as alendronate can be about 
12 years23.
 In addition, the osteoblasts produce a 
substance called RANKL, or receptor activator 
of nuclear factor êâ ligand, which binds to RANK 
receptors on the surface of nearby monocytes. 
RANKL induces those monocytes to fuse together 
to form a multinucleated osteoclast cell and by 
activating these cells, they can start resorbing 
bones.
Pharmacodynamics
 As described in much of the literature, the 
action of bisphosphonate drugs can be considered at 
three different levels: tissue, cellular, and molecular 
5,19,30, 31. At the tissue level, the main action of all 

these drugs is to decrease bone turnover. The first 
step of this process is the reduction of resorption, 
in fact it has been seen that in patients taking these 
drugs there is a conspicuous reduction of bone 
resorption markers in the urine, such as collagen 
polypeptides presenting cross-links. The decrease 
in bone formation secondary to resorption, a 
picture of reduced bone remodelling is therefore 
created5. At the cellular level, the main target of 
the action of bisphosphonate drugs are osteoclasts, 
whose action is inhibited. These can inhibit the 
formation of new osteoclasts from monocytes, the 
activation of osteoclasts, reduce their maturation 
rate, and their activity, as well as their survival by 
promoting apoptosis5. Bisphosphonate drugs have 
been shown to be potent inhibitors of macrophage 
proliferation, which, in fact, are derived from the 
same cell line as osteoclasts32,33.
 At the molecular level, their action has 
not yet been clarified from all points of view, 
and not all bisphosphonate drugs act with the 
same mechanism of action. There are, in fact, 
substantial differences in the action of the two 
generations of bisphosphonate drugs. Those of 
the first generation, which lack the nitrogen group, 
are metabolized within the cells, especially in 
osteoclasts, in ATP analogues that are not subject 
to hydrolysis. These analogues accumulate in the 
cytosol and induce apoptosis7. Second-generation 
bisphosphonate drugs, which contain the nitrogen 
group in the R2 chain have a mechanism of 
action that makes them much more potent than 
those of the previous generation. They act on the 
mevalonate pathway by inhibiting the key enzyme 
farnesyl diphosphate synthase (FPP synthase), and 
thus depriving cells of FPP and geranylgeranyl 
diphosphate (GGPP). These two molecules are 
essential for the posttranslational prenylation 
of some members of the G-protein superfamily, 
including some small GTPases such as Ras, Rac, 
and Rho. These proteins, once prenylated, are 
important in the regulation of several processes 
that are essential for cell activity and survival, 
and these proteins have also been shown to play a 
central role in the pathogenesis of certain types of 
malignancies. Therefore, bisphosphonate drugs, in 
addition to playing an important role in inhibiting 
decalcification induced by some diseases, also 
exhibit antineoplastic activity7,32.
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Fig. 1. Structure of pyrophosphates and bisphosphonates

Fig. 2. Structures of some bisphosphonates according to their biochemical mode of action

Table 1. Relative potency of the main 
bisphosphonate drugs

Drug Relative Potency

Etidronate x 1
ClodronateTiludronate x 10
PamidronateNeridronate x 100
OlpadronateAlendronate x 1000
IbandronateResendronate x 5000
Zoledronate x 10000

 The anti-decalcifying action is carried out 
according to mechanisms of action that directly 
involve osteoclasts, but also through alterations in 
the communication that takes place between the 
different cells. In fact, some studies seem to show 
that this type of drugs stimulate the production 
of osteoclast inhibitory factor by osteoblasts5,34,35. 

Many studies have highlighted that bisphosphonate 
drugs have a direct antineoplastic activity on many 
cell lines, both in vivo and in vitro. Their ability 
to induce apoptosis of neoplastic cells has been 
demonstrated in breast, prostate, ovarian, bladder, 
osteosarcoma, leukaemia and melanoma cancers, 
as well as in myeloma, a pathology in which 
bisphosphonate drugs are widely used36.
 Numerous in vitro studies have shown 
that bisphosphonates have direct cytostatic and 
proapoptotic effects on different human cancer 
cell lines in a concentration- and time-dependent 
manner.
 T h e  r e s u l t s  s h o w  t h a t  s e v e r a l 
bisphosphonates (zoledronic acid, pamidronate, 
and incadronate) reduce myeloma cell proliferation 
and induce apoptosis, while the nonnitrogen-
containing compound, clodronate, has little 
or no effect. It is also interesting to note that 
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when bisphosphonates are combined with other 
chemotherapeutic drugs, marked synergy occurs. 
Thus, the antiproliferative and apoptotic effects 
of zoledronic acid on breast cancer cells in vitro 
are enhanced severalfold when zoledronic acid is 
combined with low concentrations of paclitaxel or 
tamoxifen37.
 The activity of these drugs is expressed at 
the level of G-protein, the decrease in prenylation 
of these molecules determines as the last step the 
activation of caspases, or those proteins responsible 
for cell apoptosis. However, it should be noted that 
the series of reactions leading to cell apoptosis vary 
depending on the type of bisphosphonate drug taken 
and the cell line on which it acts. For example, an 
induction of apoptosis independent of caspase 
activation has been described in osteosarcoma cells 
treated with zoledronate. In this case cell death was 
characterized by an increase in the expression of 
the oncogene Bax and a decrease in Bcl-2, there 
were then alterations at the nuclear level and 
activation of the mitochondrial pathway through 
translocation of the apoptosis-inducing factor 
and endonuclease. Finally, another mechanism 
by which bisphosphonate drugs containing a 
nitrogen group can induce apoptosis is similar to 
that of first-generation bisphosphonate drugs, i.e., 
there is the formation of an ATP analogue, which 
by accumulating in the cell is able to induce the 
blockade of ANT (adenine nucleotide translocase), 
which is believed to be involved in the mechanism 
of programmed cell death7,38,39. Bisphosphonate 
drugs also exert their pharmacological action at 
other levels.
 They are, in fact, able to inhibit, or at 
least delay the formation of metastases. This is 
because the G proteins that they inhibit are also 
responsible for the expression, by the neoplastic 
cells, of a series of molecules important for cell 
adhesion such as integrins. It has been seen that this 
action is expressed at quite low concentrations of 
these drugs, unlike the direct antineoplastic activity 
that is expressed for much higher concentrations. 
About this aspect, bisphosphonate drugs also act 
by reducing the degradation of the extracellular 
matrix, inhibiting the activity of metalloproteinases 
that for their proteolytic activity are essential for 
metastatic invasion37-38. Therefore, we can say 
that there is evidence that allows us to state that 
bisphosphonate drugs are capable of directly 

inhibiting the growth of neoplasms starting from 
hard tissues and soft tissues40,41.
 Of course, there will be greater efficacy 
for neoplasms originating from calcified tissue 
since these drugs accumulate more in this 
type of tissue. There are, on the other hand, 
neoplasms that produce calcified substances, 
even though they originate from soft tissues, and 
in this case too bisphosphonate drugs will have 
greater efficacy. However, it must be considered 
that bisphosphonates are molecules that, after 
administration, are immediately removed from the 
blood and accumulate in the bone tissue42. 
 To avoid the administration of large doses 
of drug, ineffective for the therapeutic purpose 
that we have set (antineoplastic therapy) we can 
resort to an administration of small doses of drug 
at several times, in this way the soft tissues will 
be exposed to the drug for a longer period. Many 
bisphosphonates containing a nitrogen group, have 
been shown to inhibit the function of endothelial 
cells in vivo and in vitro. Among these we can 
mention: zoledronate, risedronate, alendronate, 
ibandronate and clodronate. These drugs, in vitro, 
not only inhibit the proliferation of endotheliocytes, 
but also their migration and organization in forming 
new capillary structures43-47.
 Due to the inhibition of Rho prenylation, 
there is a suppression of proliferation and adhesion 
by endothelial cells48-50. Another hypothesis 
considered is that of an ability on the part of 
bisphosphonate drugs to inhibit the production 
of VEGF (vascular-endothelial growth factor), 
which is essential for the formation of new blood 
vessels48,51-54.
 In their study, Aksoy et al. propose an 
interesting hypothesis on the ability to inhibit 
neo angiogenesis: the hypercalcaemic effects 
of these drugs contribute substantially to their 
antiangiogenic activity. The direct consequence 
in clinical practice would be the lack of need 
for support with vitamin D and calcium during 
therapy with bisphosphonate drugs, support that 
is given in almost all cases, and that these authors 
believe is necessary only in those cases in which 
hypocalcaemia is symptomatic (about 5-17% 
of patients taking bisphosphonate drugs)51,55-57. 
Bisphosphonate drugs also appear to have the 
ability to target the tumor by modulating immune 
system responses. The fact that this system is 



226RuggieRo et al., Biomed. & Pharmacol. J,  Vol. 16(1), 221-229 (2023)

conditioned, in some way, by the administration of 
bisphosphonate drugs was already evident in the 
first uses of these drugs, since they cause, following 
the first intravenous administration and in some 
patients, a flu-like reaction, with cold and not high 
fever32,58-65. 
 Recent  s tudies  have shown that 
pamidronate, ibandronate, alendronate, risedronate 
and zoledronate cause a significant increase in T 
lymphocytes both in vitro and in vivo. These cells, 
once activated by unidentified mechanisms, appear 
to be able to selectively kill tumor cells7,66-72.

ConClusions

 Bisphosphonates constitute a class of 
drugs widely used to counteract loss of bone 
mineral density. Although the exact molecular 
mechanisms, through which bisphosphonates are 
able to counteract the loss of bone mineral density, 
have not yet been identified exactly. Following their 
administration, they are absorbed and deposited 
on hydroxyapatite crystals present in the sites of 
resorption of bone matrix. Once deposited at this 
level, bisphosphonates interact with osteoclasts, 
inhibiting their proliferation, shortening their 
average life, and decreasing their activity.
 Their  absorption is  impaired by 
food, especially foods containing calcium, so 
bisphosphonates should be given when fasting 
and then only with water or intravenously. In 
addition, anticancer properties of these molecules 
have been reported and mainly attributed to an 
antiangiogenic effect.  The side effects induced 
by bisphosphonates, and the intensity with which 
they occur, may vary from patient to patient, 
depending both on the active ingredient and on 
the sensitivity of everyone towards the same drug. 
Among the main side effects common to most 
of the active ingredients belonging to the class 
of bisphosphonates, we have nausea, abdominal 
pain, diarrhoea or osteonecrosis of the jaw. It is 
important, therefore, that these drugs are used 
according to their clinical indications thus reducing 
the risk of side effects for patients receiving them.
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