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OBJECTIVE: To examine possible ultrastructural alterations in the kidneys caused by bisphosphonate admin
istration, and to investigate whether bisphosphonates
could cause irreversible alterations to the kidneys in
healthy individuals.
STUDY DESIGN: Ten female Wistar rats were ran
domly divided into 2 groups: experimental and control.
The experimental rats received bisphosphonate for 13
weeks, after which the animals were sacrificed and
kidney specimens were studied with optic and electronic
microscope.
RESULTS: Our results support the hypothesis that
bisphosphonate treatment results in ultrastructural al

terations in the rat kidney. It remains to be elucidated
whether these are related to a specific clinical picture and
whether they show remission after withdrawal.
CONCLUSION: Monitoring serum creatinine prior to
and during treatment and probably temporarily with
holding therapy in the setting of renal insufficiency in
patients with preexisting chronic kidney disease can be
very helpful in order to avoid further nephrotoxicity in
these cases. (Anal Quant Cytopathol Histpathol 2017;
39:117–126)
Keywords: alendronate; bisphosphonates; focal seg
mental glomerulosclerosis; kidney; rats, laboratory.
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Bisphosphonates are pyrophosphate analogs with
a phosphate-carbon-phosphate (P-C-P) core struc
ture that enables them to bind to the bone and
makes them resistant to enzymatic degradation.
The initial observations that bisphosphonate struc
ture had high affinity for the bone and ability to
inhibit degradation of hydroxyapatite crystals built
the basis for the in vitro confirmation of the inhibition of bone resorption.1 Bisphosphonates have
a P-C-P backbone, with R1 and R2 side chains at
tached to the C atom. The composition of the side
chains determines the characteristic functions of
the molecule. The R1 side chain contains ethanol,
which increases the affinity to bone, whereas the
R2 side chain may contain a nitrogen or a nonnitrogen group.2 Nonnitrogen-containing bisphos
phonates impair osteoclast function by inhibiting
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ATP-dependent enzymes to form nonhydrolyzable ATP analogues.2 In contrast, nitrogen-containing
bisphosphonates act via other extra- and intracellular mechanisms. In the extracellular space,
nitrogen-containing bisphosphonates (N-BPs) act
as calcium chelators, binding to and stabilizing cal
cium phosphate within bone matrix and prevent
ing dissolution. Second, and more important, bis
phosphonates exert multiple intracellular effects
within osteoclasts, most notably inhibition of the
mevalonate pathway.3 The mevalonate pathway in
volves the inhibition of the enzyme farnesyl pyro
phosphate (FPP) synthase in osteoclasts, thereby
preventing the prenylation of small GTPases (e.g.,
Rab, Ras, Rac, Rho, Cdc42) (Figure 1), the function of which is critical for a variety of cellular
processes, including integrin signaling, endosomal

Figure 1
Mechanisms of intracellular
cytotoxicity of nitrogencontaining bisphosphonates.
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trafficking, membrane ruffling, and apoptosis (Fig
ure 2).4-8
Furthermore, the inhibition of FPP synthase also
takes place in other cells, something that could
probably explain some of bisphosphonate’s side
effects. Blocking FPP production results in an ac
cumulation of isopentenyl diphosphate (IDP). Be
cause IDP also acts as a bacterial antigen, peripheral
blood γδΤ cells recognize IDP and release tumor
necrosis factor–alpha (TNF-α) and interferon gamma (IFN-γ). This might also explain the flu-like
symptoms, which are observed with the first bis
phosphonate doses.9-11 Subsequent energy of γδΤ
cells explains the nonrecurrence of these symptoms
after the second exposure.
Before absorption, bisphosphonates taken orally
(Table I) can bind to gastric cells, where inhibition of
FPP synthase rapidly leads to cell death. This may
explain the ability of orally administered nitrogencontaining bisphosphonates to cause esophagitis
and ulceration.12 However, the exact mechanisms of
action still remain unclear.
The i.v. bisphosphonates (Table I) are not metab
olized, do not interact with or affect the P450 enzyme system, and are excreted unchanged by the
kidneys by glomerular filtration without a signifi
cant component of tubular secretion.13,14 Intravenous bisphosphonates are distributed between the
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bone and the extracellular fluid. They remain in the
bone for months to years depending on the asso
ciated bone tissue half-life (T1/2) of each bisphos
phonate.13,14 Oral bisphosphonates are poorly absorbed from the gastrointestinal tract (1–2% of
administered dose). The direct contact of nonme
tabolized N-BPs with the gastrointestinal epitheli
um can cause upper gastrointestinal irritation by
directly inducing mucosal injury.15
Once incorporated into the bone, bisphosphonates are metabolically inactive until they are re
leased by osteoclast activity. The drugs are released
from the bone via acidification. They reenter the
circulation and later reaccumulate in the bone.
Minimal concentrations of bisphosphonates are
found in other tissues. Within the serum, ibandro
nate presents the highest protein-binding capacity
(87%), as compared to pamidronate (57%).
Impaired renal function reduces bisphosphonate
excretion and can lead to excessive serum levels
that could probably result into toxic interactions.
In addition to the differences in protein binding,
a notable difference between the bisphosphonates
is a longer terminal renal tissue half-life with zole
dronate (150–200 days), as compared with 24 days
for ibandronate.16
Bisphosphonates are clinically used to treat os
teoporosis, hypercalcemia of malignancy, Paget’s

Figure 2
Mechanism of N-BPs in
blocking the mevalonate
pathway and the farnesyl
pyrophosphate production.
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Table I FDA-Approved Bisphosphonates
		
Drug
Dosage

Route of
administration

Infusion
rate

Side effects

Aledronate
70 mg weekly or
Oral
NA
Abdominal pain, skeletal pain, diarrhea,
	  10 mg daily			  constipation, nausea, dyspepsia
Ibandronate
2.5 mg daily or
Oral
NA
Dysphagia, esophageal ulcers, pain in
	  150 mg monthly			  extremities, diarrhea
3 mg every 3 months
IV
15–30 sec
Flu-like reaction; headache; pain in bone,
				  muscle, or joint
Risedronate
5 mg daily or 35 mg
Oral
NA
Back pain, arthralgia, abdominal pain,
	  weekly or 150 mg			  dyspepsia
	 monthly
Zoledronic acid
5 mg once yearly
IV
>15 min
Flu-like reaction, myalgia, pyrexia, head				  ache, pain in extremities

disease, and to prevent skeletal-related events in
metastatic bone disease (multiple myeloma and
bone metastases from solid cancers).17,18
Upper gastrointestinal irritation and mucosal ulceration are common side effects of orally admin
istered bisphosphonates, so patients must not lie
down for 30–60 minutes after oral uptake in order
to prevent reflux of the tablet into the esophagus.
Anatomical alterations or mobility disorders of the
esophagus and the upper gastrointestinal tract in
general are contraindications for the prescription
of bisphosphonates.15 Another severe side effect
of i.v. bisphosphonates is osteonecrosis of the jaw
(ONJ). According to Woo et al, nearly all ONJ cases
(94%) have been described in patients receiving
high doses of i.v. bisphosphonates (primarily zoledronic acid and pamidronate) for oncologic conditions.19 Atrial fibrillation is also among the side
effects of bisphosphonates. The HORIZON Pivotal
Fracture Trial, in which patients were treated annually with i.v. zoledronic acid, has shown a sta
tistically significant increase in the incidence of
serious atrial fibrillation (defined as events result
ing in hospitalization or disability or judged to be
life-threatening).20 Other side effects include oversuppression of bone turnover, hypocalcemia, and
severe musculoskeletal pain.21 Inflammatory reac
tions occur in many patients treated with intrave
nous N-BPs and also in significant numbers of
patients treated with lower doses of oral N-BPs.22
N-BPs, because of their involvement in inflamma
tory reactions, as shown above, might augment the
inflammatory reactions that occur when a patient
catches a cold. It could be hypothesized that an
infection might augment the inflammatory actions

of N-BPs.23 Finally, renal function impairment is
also included in the i.v. biophosphonates’ side ef
fects. It has been described both in patients with
normal and low values of creatinine clearance be
cause of the accumulation of the drug. In those
cases, the damage is localized in the glomeruli and
renal tubules.24
The aim of this study was to examine ultrastruc
tural alterations in the rat kidney after alendronate
uptake per gavage. We conducted this study to
prove our hypothesis that the administration of
this drug results in alterations of the glomeruli,
tubules, and probably the medulla.
Materials and Methods
Animals
The study was approved by the Bioethics Committee of the Medical School of the Aristotle Uni
versity of Thessaloniki. Ten female 12-month-old
Wistar rats weighing approximately 500 mg were
used in the experiment. The rats were housed in
stainless steel cages, with 1 rat per cage, 12-hour
light-dark cycles, and relative humidity and tem
perature control. The animals were randomly al
located into 2 groups: Group A, the experimental
group, consisting of 5 animals, and Group B, the
control group, also consisting of 5 animals. Alen
dronate (Fosamax, Merck) was administered per
os to animals of Group A at a dose of 0.05 mg/kg
per week dissolved in 3 cc normal saline for 13
weeks. The drug was administered at least 30 min
utes prior to breakfast. The dose calculation was
according to the human dose that is normally given.
The duration of the study was limited to 13 weeks
based on the knowledge of the fast accumulation
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of alendronate in bone tissue. After euthanasia the
kidneys of the animals were removed, the specimens were taken from both groups, and the tissues
were processed for electron microscopy and immu
nochemistry.
Transmission Electron Microscopy
Kidney tissue samples were sectioned into <1 cm3
pieces. They were placed into glutaraldehyde 3%
for 2 hours, then into osmium tetraoxide (OsO4)
1% for 1 hour. Staining was performed with ura
nyl acetate 1% (16 hours) and dehydration with
increased ethanol concentrations. Samples were
embedded into Epon resin. Ultrathin sections (600–
900 Å) were taken and stained with Reynolds
stain. Samples were observed under a transmission
electron microscope (JEOL).
Immunohistochemistry
After the process for the optical microscope, pieces
of kidney were embedded in paraffin and were
cut into thin sections, 3–4 μm. The unstained sections were processed using the Polymer Detection System kit (Novolink, Novocastra) with the
appropriate procedures. First, deparaffinization
was performed in xylene. Afterwards, specimens
were immersed in absolute alcohol in degressive
densities of 100%, 96%, and 70% v/v. Finally, they
were rinsed with distilled water. Antigen retrieval
was performed by incubation at 65°C. Following
this, specimens were rinsed with PBS buffer and
then incubated in H2O2 for 5 minutes to quench
endogenous peroxidase activity and were finally rinsed again with PBS buffer. Thereafter, specimens were covered with a solution of the primary tonic monoclonal antibody. The antibody is the
TNF-α (anti-TNF-α antibody, Abcam Inc., Cam-
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bridge, Massachusetts, USA) already set and ready
to be used. Eventually, they were washed using
WAS solution (deionized water).
For the detection of immunohistochemical staining, specimens were first immersed in Post-Primary
solution. After being washed, they were immersed
in polymer solution and then in chromogendiaminobenzidine solution. Finally, they were
stained with hematoxylin-eosin. Specimens were
rinsed in tap water and dehydrated with escalating densities of ethanol solution and xylene (70%,
96%, and 100% v/v). They were then covered with
tape, placed in glass plates, and immersed in Canada balsam. Previously reported immunohistochemical staining procedure was repeated twice for each
of the 3 antibodies that were examined. Specimens
were examined using an optical microscope (Zeiss),
and photographs were taken using a camera (Contax) attached to the microscope. Intensity of staining was evaluated with a qualitative method as
negative (−), weak (+), moderate (++), and strong
(+++) by 2 independent reviewers. Finally, the results were statistically analyzed and checked for
their significance using the Mann-Whitney test.
Results
In the Electron Microscopic Studies
In the control group we did not observe any im
portant alterations (Figures 3 and 4), with normal
glomerular basement membrane thickness (0.18
μm, focus on the right of Figure 3: ×20,000). In
the experimental group we observed alterations
mainly in the glomerulus—many of them lost
their cytoarchitecture—but fewer alterations were
observed in the renal tubules. The main changes
that were observed were glomerular basement
membrane thickening (0.46–0.56 μm) (Figures 5

Figure 3
Glomerulus. Well-shaped
Bowman capsule, basement
membrane of physiological
thickness (0.18–0.20 μm),
podocyte processes of a
non–N-BP treated mouse. The
focus of the image on the right
is × 20,000.

122

Milioglou et al

Analytical and Quantitative Cytopathology and Histopathology ®

Figure 4
Cortex, proximal convoluted
tubule. Physiologic proximal
convoluted tubular cells of
non–N-BP treated rats.

and 6), fusion of the pseudopods of the podocytes
with disappearance of filtration slits (Figures 6
and 7), and collapse and wrinkling of the glomerular capillaries that drive in enlarged external Bow
man’s space (Figures 7 and 8).
Some tubular epithelial cells (proximal and distal) have degenerative changes, including vacuol
ization of the tubular epithelial cells and deep basal
foldings into tubular cell lumen. Apoptotic bodies
were also detected mainly in the distal convoluted
tubule (Figure 9). The presence of red blood cells
in the tubular lumen of the collective tubules, an
increase of plasma cells in the intermediate tissue
(Figures 10 and 11), and increased connective tissue
in the medulla were also observed (Figure 10).
Immunohistochemical staining for TNF was

Figure 5 Glomerulus. Thickening of the glomerular basal
membrane is seen in some places. Pd = podocytes, L = lumen of
glomerular capillary, BM = glomerular basal membrane.

lightly positive in the parenchyma some tubules
(Figure 12).
Discussion
The use of bisphosphonates plays a significant role
in the treatment of disorders with unregulated bone
metabolism such as postmenopausal osteoporosis,
hypercalcemia (mostly of malignancy), malignancy,
and osteolytic bone disease.17,18 However, the initiated inhibition of osteoclast-mediated bone resorp
tion results in some unwanted side effects because
of the disturbance of the equilibrium between bone
resorption and bone synthesis.

Figure 6 Glomerulus. Abnormal thickening of the glomerular
basal membrane (0.56 μm, with abnormal thickness > 0.46
μm) and fusion of the pseudopods of the podocytes. There is an
increased distance between the remaining filtration slits.
Fs = filtration slits, Pd = podocytes, Ps = pseudopods,
BM = glomerular basal membrane, * = fusion of the pseudopods.
The focus of both images is × 20,000.
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Figure 7 Glomerulus. Fusion of the pseudopods of the podocytes
and an increased Bowman’s space. B = Bowman’s space,
Ps = pseudopods, L = lumen of glomerular capillary.

Figure 9 Proximal convoluted tubule. Vacuoles and apoptotic
formations by means of deep basal foldings into tubular cell
lumen and lysosomes, respectively. N = nucleus, BL = basal
lamina, BF = basal foldings, L = lysosomes.

In our research we observed significant altera
tions in the nephrons. Similar alterations have
been reported in previous studies, such as changes
related to focal segmental glomerulosclerosis,
minimal-change glomerulonephritis, and acute tu
bular necrosis.21,24-28 In electron microscopic studies the podocytes displayed diffuse loss of their
highly differentiated cytoarchitecture, including the
disappearance of primary processes and extensive
foot process effacement over a mean of 84% of the

glomerular capillary surface area. Many podocytes
had an increased amount of organelles, including
numerous small mitochondria. The proximal tubu
lar epithelium also displayed extensive degenera
tive changes, including epithelial simplification,
loss of the apical brush border, and dilation of the
endoplasmic reticulum.24 Our results support the
opinion that bisphosphonate treatment may result
in ultrastructural alterations in the kidney by means
of a focal segmental glomerulosclerosis (FSGS).
Histological alterations related to FSGS are seen
very rarely in experimental trials with mice. FSGS
can be seen only in mice treated with doxorubicin or puromycin aminonucleoside.29,30 In humans,

Figure 8 Glomerulus. A shrunken glomerulus and an enlarged
Bowman’s space are seen. B = Bowman’s space, G = glomerulus.

Figure 10 Medulla. Increased fibrotic tissue with bundles of
collagen fibers and cells. F = fibroblast, P = plasma cell,
M = macrophage, CF = collagen fibers.
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Figure 11 Medulla. Collective tubules with the presence of red
blood cells are seen in the lumen. RB = red blood cells,
L = lumen.

drug-induced nephrotic syndrome has been re
ported only with interferon-α, nonsteroidal antiin
flammatory drugs, and lithium treatment.31,32 In
our study the animals were not receiving any of
the drugs already mentioned in the literature that
are responsible for producing changes similar to
FSGS. In trials of bisphosphonate treatment, pa
tients with multiple myeloma had an increase in
serum creatinine.28 Additionally, the clinical course
of patients who were treated with pamidronate
because of osteolytic metastases of multiple myelo
ma showed an increased serum creatinine, 24-hour
urinary protein excretion, and hypoalbuminemia.
According to Markowitz et al, 30% of the above
patients who continued bisphosphonate treatment
had acute renal failure and needed hemodialysis,
whereas the other 70% who stopped taking pam
idronate demonstrated improvement in the labo
ratory values. Thus, it can be hypothesized that
bisphosphonates themselves cannot cause renal
failure. It has been shown that excessive uptake
of bisphosphonates may, however, have a nega
tive effect on renal function (<360 mg/month).24
The above conclusion is further supported by
Shah et al, who evaluated 220 patients (184 with
normal renal function and 36 with renal impair
ment). A (transient) decrease in the estimated
creatinine clearance occurred in 20.7% of normal
renal function patients and 19.4% of patients with
impaired renal function.33 Therefore, one could
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conclude that it is the already damaged renal
function along with large doses of bisphosphonates that together can lead to permanent renal
damage. For this reason, it is recommended to mea
sure eCrCl in patients who suffer from multiple
myeloma or other kidney-affecting diseases when
i.v. or oral bisphosphonates are going to be prescribed. Other studies have shown that approxi
mately 10–30% of patients who receive i.v. or oral
N-BPs experience an acute inflammatory response
most commonly characterized by transient pyrexia
with associated myalgia, arthralgia, headache, and
influenza-like symptoms. It is believed that the
responsible mechanism for this reaction is related
to the stimulation of peripheral blood γδΤ cells.
In turn, activated γδΤ cells produce inflammatory
cytokines such as interferon-γ, TNF, etc.21 This in
teraction is important because of the proposed
inflammatory-mediated mechanism of podocyte
injury by T-cell–derived lymphokines or “perme
ability factors” in case of idiopathic FSGS, which
is the pathological finding in our experiment.34,35
However, in our findings immunohistochemical
staining for TNF was only slightly positive in some
proximal tubules, something that cannot support
the hypothesis of an inflammatory process for
the generation of the ultrastructural changes ob
served in our study. Additionally, inflammatory
cells could not be found around the glomeruli or
the tubules. Most likely, other mechanisms that

Figure 12 Immunohistochemistry, TNF staining. Lightly positive
TNF staining between convulated tubules is seen. No staining
could be found in the cytoplasm of the epithelial cells or in the
basal membrane in any part of the kidney. The focus of this figure
is ×100.
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involve intracellular toxicity or activation of apop
totic pathways are causatively related to the ob
served changes. This theory could be supported by
the immunohistochemical findings of Markowitz
et al, which showed reduced levels of synaptopodin (a podocyte-specific, actin-associated, cytoskeletal protein) in glomeruli with FSGS lesions
as compared to control samples.24 Despite the absence of inflammation in our study, bisphospho
nates, and especially alendronate, were shown to
be involved in the inflammatory processes. The
proposed mechanism includes the induction of his
tidine decarboxylase (HDC) enzyme.36 According
to this theory, N-BPs augment the inflammatory
responses when a patient is infected by a disease,
and on the other hand, an infection may augment
the inflammatory actions of N-BPs.23 The questions
that emerge are, firstly, whether the treatment with
bisphosphonates could be harmful for patients
with systemic inflammatory disorders that probably
could be affected by the bisphosphonate-mediated
inflammatory process, and, secondly, whether bisphosphonates can be harmful to all patients be
cause of alterations in renal function. The research
of Deng et al shows the importance of IL-1 in
stimulation of histamine decarboxylase by N-BPs.
The IL-1–deficient mouse did not show stimulation of HDC, which indicates that the inflammatory actions of N-BPs may depend on IL-1. They
also found that pretreatment of mice with alen
dronate (a typical N-BP or aminobisphosphonate)
markedly augments both the IL-1 production and
HDC.36,37 A further analysis in pretreated mice with
aledronate did not reveal any augmentation of IL-1
levels in serum; however, it did reveal high levels
of IL-1β in all tissues including kidneys.23 The last
findings may imply that the intracellular toxicity
of N-BPs in nephron cells are enhanced by this
augmentation in inflammatory processes.
In conclusion, despite the absence of TNF in
the specimens investigated, which could support
the hypothesis of an inflammation-mediated renal
injury during bisphosphonate treatment, our study
succeeded in presenting profound ultrastructural
alterations in the rat kidney after alendronate administration. The histological findings of our study
mainly reflect the presence of a focal segmental
glomerulosclerosis. However, changes to the podo
cytes by means of loss of pseudopods were also
present. An inflammatory cause for the generation
of these results cannot be excluded because we
investigated only the presence of TNF. Future
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studies with a larger number of experimental ani
mals and that will compare the histological with
the laboratory findings regarding renal function
promise to shed light upon the relationship between
bisphosphonate treatment and nephropathy.
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