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SCIENTIFIC REVIEW

Bisphosphonates and Alendronate
Summary

Bisphosphonates and Alendronate

Bisphosphonates are a class of drugs used in the management of 
disorders of calcium and bone metabolism. Treatment with 
bisphosphonates causes early reduction in bone resorption and 
then a later reduction in bone formation. They bind strongly to 
bone mineral, and inhibit the bone resorption and crystal 
dissolution. 
Alendronate, like other bisphosphonates, is a bone resorption 
inhibitor being used in the prevention and treatment of bone 
diseases. It is used in the prevention and treatment of post-
menopausal osteoporosis, osteoporosis in men, corticosteroid-
induced  os t eoporos i s ,  Page t ’s  d i s ease ,  pr imary  
hyperparathyroidism, malignant hypercalcemia and metastatic 
bone diseases. The bioavailability of alendronate is low. It is 
primarily absorbed across the gastrointestinal tract paracellularly 
because of the polar and charged structure at physiological pH. 
It is better absorbed from the segments of the gastrointestinal 
tract with larger surface areas. Following the administration of 
intravenous 14C alendronate, the drug distributes in the calcified 
and noncalcified tissues. Albumin is the predominant protein 
that binds alendronate. It appears not to be metabolized in 
mammals. The renal route is the only means for its elimination. 
Terminal elimination half-life in women with post-menopausal 
osteoporosis is 10 years, while it is 200 days in rats and 1000 
days in dogs. 
Alendronate is generally well-tolerated after short- or long-term 
usage, but adverse effects like esophagitis and gastric damage 
have also been reported.  It can behave like a topical irritant and 
can affect the gastric epithelium directly or indirectly by increasing 
esophageal irritation that was present before. It can increase 
esophageal abnormalities caused from low pH.
 The direct chromatographic analysis of trihydrate of alendronate 
sodium is complicated due to the lack of a suitable UV chromophore 
for conventional high-performance liquid chromatographic analysis 
and insufficient volatility for gas chromatographic analysis.
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INTRODUCTION

Bisphosphonates are a class of drugs used in the 

management of disorders of calcium and bone 

metabolism1. They are analogs of inorganic 

pyrophosphate2,3. They contain carbon atom rather 

than oxygen in pyrophosphate, which allows a great 

number of possible variations4 (Fig. 1).

Inorganic pyrophosphate can prevent calcification by 

binding hydroxyapatite (bone mineral) crystals2,3. 

Orally used pyrophosphate is inactivated in the gas-

trointestinal tract by mucosal brush border 

phosphatases6. Bisphosphonates bind strongly to 

hydroxyapatite crystals7. They had become resistant 

to enzymatic hydrolysis due to the carbon atom in 

their structure8.

The activity of bisphosphonates differs from one to 

another due to the length and substitution of the 

aliphatic carbon atom8. Bisphosphonates have many 

derivatives (Table 1).  

The first therapeutically used bisphosphonate is 

etidronate18.

Bisphosphonates prevent the osteoclast-mediated 

bone resorption19,20. The potency of inhibiting bone 

resorption varies between different bisphosphonates 

by up to 5000-fold1. Their antiresorptive activity is, 

in increasing order, as follows: etidronate < tiludronate 

< clodronate < pamidronate < alendronate < 

risedronate18. 

In this review, a short discussion of the therapeutic 

applications, mechanism of action and structure-

activity relationship of bisphosphonates will be re-

viewed and detailed information about alendronate 

will be discussed.

Therapeutic applications of bisphosphonates

Bisphosphonates increase the calcium balance and 

mineral density of bone21. They are used in Paget’s 

disease21-24, hypercalcemia21,22, tumor-induced 

hypercalcemia23, postmenopausal and corticosteroid-

induced osteoporosis18,21, primary and secondary 

hyperparathyroidism1 and bone metastases23,24. After 

the therapy in malignant bone problems with bispho-

sphonates, the bone complications of malignity are 

decreased23,25. Some of the bisphosphonates have 

direct antitumoral effects26,27. The bisphosphonates 

available for oncological use are, in order of increasing 

potency: etidronate, clodronate, pamidronate, alen-

dronate, ibandronate and zoledronate8. 

They can also be used as a bone scanner. This is based 

on the properties of high affinity for bone mineral 

and the ability to bind Tc-99m isotope28. In this man-

ner, the diagnosis of bone metastases and other bone 

lesions is possible29. Bisphosphonates, particularly 

pamidronate and partly clodronate, have an analgesic 

effect in patients with symptomatic osteolytic me-

tastases and thus these can be used in association 

with conventional oncological treatments for the 

management of metastatic bone diseases8. 

Etidronate has been reported to inhibit the thickness 

of the carotid artery wall in men22. Bisphosphonates

Table 1.	 Bisphosphonate derivatives

Derivatives
Alendronate*
Clodronate*
EB-1053
Etidronate*
Ibandronate*
Icandronate
Neridronate
Olpadronate
Pamidronate*
PHPBP
Risedronate*
Simandronate
Tiludronate*
YH 529
YM 529
YM175 (Icandronate disodium)

References
9
9
9,10,11
9
9
9
9
9
9
11,12
9
1
9
9,13
14,15
11,15,16,17

*Clinically used bisphosphonate derivatives1

Figure 1.	 The chemical structure of inorganic pyrophosphate 		
and bisphosphanate5.
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are also under investigation for the treatment of 

fibrous dysplasia and osteogenesis imperfecta30. 

Structure-activity relationship

The structure, functional groups and structure-activity 

relationship of bisphosphonates are shown in Figure 

2. The carbon atom bridges the two phosphate resi-

dues, which renders bisphosphonates chemically 

stable and able to withstand incubation in acids or 

with hydrolytic enzymes. The P-C-P moiety is respon-

sible for the strong affinity of the bisphosphonates 

for the skeleton and allows for a number of variations 

in structure based on substitution in the R1 and R2 

positions on the carbon atom29.

Bisphosphonates containing a primary nitrogen atom 

in an alkyl chain (as in pamidronate and alendronate) 

were found to be 10-100-fold more potent than etidr-

onate and clodronate. The most potent antiresorptive 

bisphosphonates were those containing a nitrogen 

atom within a heterocyclic ring (as in risedronate and 

zoledronate). For maximal potency, the nitrogen atom 

in the R2 side chain must be a critical distance away 

from the P-C-P group, and in a specific spatial 

configuration29.

Both phosphonate groups are required for the drugs 

to be pharmacologically active. Alterations to one or 

both phosphonate groups reduce the affinity for bone 

mineral29. Replacement of one of the phosphonate 

hydroxyl groups with a methyl group markedly 

reduces both bone affinity and antiresorptive potency. 

Methylation of both phosphonate groups leads to 

loss of bone affinity and loss of antiresorptive activity 

in vivo31.

 Mechanisms of action

Bisphosphonates form polymeric aggregates with 

calcium in biological systems. They show a high 

affinity for mineralized bone matrix, which explains 

their pharmacological effects in the target tissue32.

Treatment with bisphosphonates causes early reduc-

tion in bone resorption followed by a later reduction 

in bone formation1. They bind strongly to bone min-

eral and inhibit the bone resorption29 and crystal 

dissolution1. Bisphosphonates are selectively inter-

nalized by osteoclasts rather than other cell types 

because of their accumulation in bone and the en-

docytic activity of osteoclasts29. The subcellular space 

beneath the osteoclasts becomes acidic during the 

bone resorption33 . This acidic pH causes the dissolu-

tion of bone mineral. Osteoclasts are exposed to 

bisphosphonates, which are released from the bone 

mineral in the low pH, because bisphosphonates 

adsorb to the spaces where bone resorption occurs34,35. 

Bisphosphonates affect osteoclast-mediated bone 

resorption in such ways as their effects on osteoclast 

differentiation and resorptive activity35-37. Once in-

ternalized in osteoclasts, they disrupt the cellular 

metabolism and induce apoptosis29. The actions of 

bisphosphonates are shown in Figure 3. 

The effects of bisphosphonates on bone resorption 

can be considered at three levels21:  a) Tissue level: 

The action of all active bisphosphonates appears to 

be similar - a reduction in bone turnover. This is 

evidenced by a decrease in bone resorption and bone

FABAD J. Pharm. Sci., 31, 31-42, 2006

Figure 2.	 The functional groups and structure activity 
relationship of bisphosphanate5.

Figure 3.	 Schematic presentation of proposed mechanisms of 		
action of bisphosphonates21.
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formation21, b) Cellular level: They inhibit the osteo-

clast bone resorption directly and/or indirectly and 

inhibit the osteoblast-mediated cytokine formation 

directly7, c) Molecular level: Tiludronate inhibits 

vacuolar ATPase; several bisphosphonates inhibit 

squalene synthase, and all bisphosphonates tested 

inhibit protein tyrosine phosphatase21.

Bisphosphonates can inhibit the bone resorption by 

preventing osteoclast formation29. Sahni et al.37 has 

promoted that the inhibitory effect on osteoclasts are 

via osteoblasts. This situation occurs when osteoblasts 

are stimulated to form osteoclast-inhibitory factor37-

39. It is still unknown whether the direct effect on 

osteoclasts or indirect effect via osteoblasts is impor-

tant in vivo40.

ALENDRONATE

Structure and properties

The chemical structure and the properties of alendr-

onate sodium trihydrate are shown in Figure 4 and 

Table 2, respectively.

Therapeutic use

Alendronate, like other bisphosphonates, is a bone 

resorption inhibitor being used in the prevention and 

treatment of bone diseases13. It is used in the     

prevention and treatment of post-menopausal os-

teoporosis 46,47, osteoporosis in men48, corticosteroid-

induced osteoporosis49, Paget’s disease50, primary 

hyperparathyroidism, malignant hypercalcemia and 

metastatic bone diseases51. Clinical effect of alendr-

onate is the increase in bone mineral density, bone 

strength and decrease in the risk of fracture47.

Mechanism of action

Alendronate is a nitrogen-containing bisphosphonate 52. 

It binds to bone due to the high affinity for calcium 

ions34,48. It binds to the spaces where bone turnover 

takes place35, reduces the bone turnover, and decreases 

the risk of fracture by increasing the density, period 

of bone mineralization and bone strength48. 

The possible mechanisms of osteoclast-mediated bone 

resorption with alendronate are: a) Reduces osteoclast 

number and induces apoptosis29, b) Disruption of 

the cytoskeleton or ruffled border of osteoclasts29, c) 

Inhibition of the formation of osteoclasts53, and d) 

Effects on osteoclast precursors37.

The metabolic effects of alendronate are: a) Inhibition 

of the steps in the mevalonate pathway11 and b) 

Inhibition of protein-tyrosine phosphatase54.

The latest studies have focused on the fact that the 

mevalonate pathway and protein prenylation are 

inhibited by alendronate. As shown in Figure 5, alen-
Figure 4.	 The chemical structure of alendronate sodium 			

trihydrate41.

Table 2.	 Properties of alendronate

Empiric formula

Melting point

Soluble in

Solubility

Octanol/buffer partition coefficient

pKa

Ionization

C4 H12 N Na O7 P2 .3 H2 O 
42

260oC43 

Soluble in water, very slightly soluble in alcohol and practically insoluble in chloroform44

Different crystal forms have different solubility9

0.0017 and independent of the pH values between 2-1146

0.8, 2.2, 6.3, 10.9 and 12.245

Wholly ionized and charged negatively in the physiological pH of the small intestine45



Figure 6.	 Pharmacokinetic model for alendronate based on 		
predicinical data and assumed to apply to humans55.
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dronate is a specific and potent inhibitor of farnesyl 

diphosphate synthase in the mevalonate pathway.  

Higher molecular concentrations do not inhibit other 

enzymes in the pathway. Farnesyl diphosphate syn-

thase and geranylgeranyl diphosphate are necessary 

for the prenylation of many proteins and these proteins 

are necessary for skeleton organization48. 

Pharmacokinetic properties

The preclinical pharmacokinetics of alendronate per-

mit construction of the model depicted in Figure 6. 

Access to the systemic circulation is followed by 

rapidly reversible distribution to noncalcified tissues 

and the primary competing processes of sequestration 

into the skeleton, from which a slow release can occur, 

and elimination of the drug by the kidney. The skel-

eton is depicted as two pools of drug, the first of 

which may be mobilized during the process of bone 

turnover and the second representing drug incorpo-

rated in the matrix of bone which is relatively quies-

cent and not actively turning over55. 

 Absorption 

The bioavailability of alendronate is low52,55-57 and 

the plasma concentrations following oral administra-

tion are under the limit of quantification55, thus the 

limited information of the pharmacokinetic data was 

obtained from urine excretion data. The pharmacok-

inetics of alendronate in humans is generally concor-

dant with animals56. The average bioavailability is 

less than 1%55,56. The oral bioavailability is 0.64% in 

women when 5-70 mg drug is taken after all night 

fast and two hours before breakfast. Bioavailability 

of 10 mg alendronate in men under the same condi-

tions is 0.59%42. Bioavailability is reduced when the 

drug is taken with divalent cations like calcium48,55,56, 

or with beverages other than water48,56 with breakfast 

or during two hours after breakfast56. The increase 

in gastric pH causes increases in bioavailability55,56. 

The absorption and elimination are linear between 

the doses of 5-80 mg56. Ionic conditions have little 

effect on absorption45.

The oral bioavailability of alendronate in animals in 

the presence of food is also low55. The fasting oral 

bioavailability of alendronate was estimated as 0.9%, 

1.8% and 1.7% for rats, dogs and monkeys, respec-

tively. Oral administration to rats in the presence of 

food decreases bioavailability 6- to 7-fold58.

Alendronate is primarily absorbed across the gas-

trointestinal tract paracellularly because of the polar 

and charged structure at physiological pH. It is better 

absorbed from the segments of the gastrointestinal 

tract with larger surface areas (jejunum > duodenum 

> ileum)45. 

Distribution

Following the administration of the intravenous 14C 

alendronate, the drug distributes in the calcified and 

noncalcified tissues58,59. Once the drug binds to the 

surface of bone mineral, one-third of the bound drug 

slowly passes to the plasma and eliminates via 

kidneys55. After the intravenous administration, 40% 

of the dose is found in the urine in 36 hours56.

Figure 5.	 The effects of alentronate on mevalonate pathway48.
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An intravenous dose of alendronate 1 mg/kg in rats 

is quickly and widely distributed throughout the 

body followed by redistribution to its ultimate site 

of sequestration (bone) or elimination. About 60% of 

the dose is present in noncalcified tissues at 5 min 

post-dose. This is reduced to about 5% by 1 h and 

about 1% at 6 to 24 h post-dose. A reciprocal pattern 

is evident in bone, where about 30% of the dose can 

be found 5 min after administration, reaching some 

60 to 70% of dose by 1 h, and remaining constant for 

the next 71 h (Figure 7)58.

Alendronate is effective on bone surface and does not 

inhibit the resorption when internalized in bone 

matrix40. The amount of alendronate in bone depends 

on the bone turnover rate. The duration in the skeleton 

increases and urine elimination decreases with in-

creased turnover rate60 . The distribution of alendr-

onate within bone is determined by blood flow58. 

Binding to bone can be saturated35. A larger proportion 

of dose is taken up by the trabecular bone58. High 

doses of etidronate inhibit the uptake of alendronate 

to bone in rats40.

The binding of alendronate with plasma proteins is 

dependent on species40. The ratio of binding to pro-

teins in human plasma is 78%42. Albumin is the pre-

dominant protein that binds alendronate. The binding 

degree depends on pH and calcium. Over the concen-

tration range of 0.1 to 0.5 mg/ml, alendronate is 

approximately 80, 73 and 70% protein bound in rats, 

dogs and monkeys, respectively40,50.   

Metabolism

Alendronate appears not to be metabolized in 

mammals19,40,58,61 and does not eliminate via bile19,61.

Elimination

Renal route is the only means for the elimination of 

alendronate. The elimination via kidneys is dependent 

on the concentration40,62 and can be saturated40. 

Orally administrated alendronate is distributed and 

eliminated like parenterally administrated 

alendronate55. Alendronate is eliminated renally via 

an active canal different from the filtration and classical 

acid-base canal19,61. Only a negligible amount of the 

drug (<0.2%) is detected in feces after intravenous 

administration55 . The systemic clearance of alendr-

onate is more than 11.94 L/h and the steady state 

volume of distribution is more than 28 L. Renal clear-

ance is 4.26 L/h61.

The terminal half-life of alendronate is related to the 

rate of bone turnover58. The one-third of absorbed 

alendronate remains in bone for a long time48. Once 

bound to bone, the first elimination half-life on bone 

surface is a few weeks60. Terminal elimination half-

life in women with post-menopausal osteoporosis is 

10 years19,60,61, while it is 200 days in rats and 1000 

days in dogs58,59.	

Adverse events  

Alendronate is generally well-tolerated after short- 

or long-term usage48, but adverse effects like esoph-

agitis and gastric damage have also been reported63,64. 

Alendronate has been shown to be toxic in the upper 

gastrointestinal tract with many endoscopic 

studies65,66. Alendronate has an acute mucosal dam-

age rate comparable with nonsteroidal antiinflamma-

tory drugs65.

Abdominal pain, nausea, dyspepsia, constipation and 

diarrhea were reported in 3 to 7% of patients receiving 

alendronate in two large three-year studies67 (Fig. 8).

Figure 7.	 Distribution of alendronate to soft tissues and bone in 	
rats (n=3 to 4) following administration 58 of a 		

single intravenous dose of 1 mg/kg.
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10 mg alendronate for one month causes gastrointes-

tinal adverse effects more than pamidronate and 

etidronate68. It causes adverse effects similar to or 

more than risedronate69. The safety profile of alendr-

onate is not dependent on age, species or renal 

function57.

Post-marketing data obtained with the use of alendr-

onate is shown in Table 3.

Alendronate can behave like a topical irritant and can 

affect the gastric epithelium directly or by increasing 

the esophageal irritation that was present before48. It 

can increase the esophageal abnormalities caused 

from low pH70.

Generally, people with gastrointestinal adverse effects 

do not comply with the instructions or they may have 

esophageal disorders that have not been diagnosed 

before47,65.  To reduce the adverse effects and increase 

the bioavailability, alendronate should be taken with 

water in the morning, 30 min before breakfast, bever-

ages or before another drug48,71. Patients should not 

lie down for at least 30 min or till the first food of the 

day48,71,72. A decrease has been observed in esoph-

agitis and esophageal ulceration numbers when pa-

tients comply with these instructions73. Drug should 

be given cautiously in patients who have swallowing 

problems or abnormal esophageal dynamism, and 

should be cut off when esophageal symptoms are 

observed57.

Analysis methods 

The direct chromatographic analysis of trihydrate 

alendronate sodium is complicated due to the lack of 

a suitable UV chromophore for conventional high-

performance liquid chromatographic (HPLC) 

analysis43,74 and insufficient volatility for gas chro-

matographic analysis. Alendronate is derivatized 

with some reagents from the amino group and thus 

has chromatographic and UV properties that enable 

facile assay by HPLC43.

Methods for its determination in pharmaceutical 

formulations are based on liquid chromatography-

mass spectrometry75, ion chromatography with indi-

rect UV detection76,77, or conductivity detection78, 

capillary electrophoresis79, inductively coupled 

plasma80, ion chromatography with refractive index 

detection81, spectrophotometric determination via 

complex formation with Fe (III) ions74, HPLC analysis 

using postcolumn derivatization, and fluorescence 

detection41. 

Quantification of alendronate in biological fluids was 

performed by automated precolumn derivatization 

and HPLC with fluorescence and electrochemical 

detection82, automated precolumn derivatization with 

2,3-naphthalene dicarboxyaldehyde and HPLC with 

fluorescence detection83, derivatization with o-

phthaldehyde and HPLC with fluorescence 

detection84, and derivatization with 9-fluorenylmethyl 

and  HPLC with fluorescence detection85. 

Formation of a chromophoric complex between alen-

Figure 8.	 Adverse gastrointestinal events possibly or probably 		
related to alendronate therapy in two multicenter 			
double-blind three year studies. Alendronate 10 mg/day 	
(n=196) or placelso (n= 397) was given as treatment for 	
osteoporosis in postmenopausal women67.

Table 3.	 Patients and adverse esophageal effects 		
associated with the use of alendronate, 			
according to post-marketing data63*

Adverse effect
Any effect †
Serious or severe effect †	

Esophageal ulcer	
Esophagitis	
Erosive esophagitis	
Esophagalgia or odynophagia ‡	
Dysphagia	
Acid regurgitation or dyspepsia ‡	
Reflux esophagitis	
Hematemesis or esophageal hemorrhage ‡	
Esophageal stricture

Number of patients
199
51
22
21
13
12
11
5
4
2
2

* As of March 5, 1996, an estimated 475,000 patients worldwide had 
received prescriptions for alendronate.
† Patients with more than one type of event were counted only once.
‡ Patients with both events counted only once.
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