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Abstract

Bisphosphonates are the first-choice treatment of osteoporosis and Paget’s disease of bone. Among the bisphosphonates,
the non-amino-bisphosphonates, such as clodronic acid, are intracellular converted into toxic analogues of ATP and induce
cellular apoptosis whereas the amino-bisphosphonates, such as zoledronic acid, inhibit the farnesyl-diphosphate-synthase,
an enzyme of the mevalonate pathway. This pathway regulates cholesterol and glucose homeostasis and is a target for statins.
In this retrospective cohort study, we evaluated the effects of an intravenous infusion of zoledronic acid (5 mg) or clodronic
acid (1500 mg) on blood lipid (i.e. total cholesterol, low-density lipoprotein-cholesterol, high-density lipoprotein-cholesterol
and triglycerides) and glucose levels in patients with osteoporosis and Paget’s disease of bone. All patients were evaluated
before, 1 and 6 months after bisphosphonate treatment. Pagetic and osteoporotic patients treated with zoledronic acid showed
a significant reduction in glucose and atherogenic lipids during follow-up whereas these phenomena were not observed after
clodronic treatment. The effect on circulating lipid levels was similar in naive and re-treated Pagetic patients. Zoledronic acid
treatment was associated with a reduction in blood glucose and atherogenic lipids in patients with metabolic bone disorders.
The extent of change was similar to that obtained with the regular assumption of a low-intensity statin. Further studies are
warranted to better evaluate the clinical implications of these observations.
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Introduction (CVDs) and cardiovascular risk factors, primarily dyslipi-

demia, also considering that the incidence and prevalence

Atherosclerosis is a leading cause of cardiovascular morbid-
ity and mortality in Western countries and dyslipidemia is
one of the most significant risk factors [1]. Recently, some
studies have focused on a possible relationship between
metabolic bone disorders (MBDs), cardiovascular diseases
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of MBDs and CVDs are very high in the adult population
worldwide [2, 3]. Osteoporosis (Op) is a MBD characterized
by low bone mass and structural deterioration of bone tissue,
with a consequent increase in bone fragility and susceptibil-
ity to fracture. Op affects approximately 200 million people
and leads to nearly 9 million fractures annually worldwide
[4]. Paget’s disease of bone (PDB) is the second most com-
mon MBD after Op worldwide, although marked ethnic and
geographical variations in its prevalence has been observed
[5-9]. PDB is characterized by increased and disorganized
bone turnover, which affects one or more skeletal sites, i.e.
monostotic and polyostotic PDB, respectively. The skeletal
sites involved by PDB show pathognomonic radiological and
scintigraphic changes [9]. Bisphosphonates (BPs) are effec-
tive antiresorptive agents currently available for the treat-
ment of several MBDs including Op and PDB [10]. BPs are
synthetic, non-hydrolysable analogues of pyrophosphate.
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There are two different classes of BPs: non-amino-BPs
(nN-BPs) and amino-BPs (N-BPs). The nN-BPs, such as
clodronic acid (Clo), are converted intracellularly to meth-
ylene-containing analogues of ATP (AppCCI2p). The accu-
mulation of AppCCl2p in osteoclasts in vitro inhibits bone
resorption by inducing osteoclast apoptosis. On the contrary,
the N-BPs such as zoledronic acid (Zol) are not metabo-
lized into toxic intracellular analogues of ATP, but act by
inhibiting farnesyl-diphosphate-synthase, a key enzyme of
the mevalonate pathway. N-BPs are several orders of mag-
nitude more potent than nN-BPs at inhibiting bone resorp-
tion in vivo [10, 11]. The mevalonate pathway inhibited by
N-BPs has a central role in cholesterol (Chol) biosynthesis
and in glucose homeostasis and is a well-known molecular
target also for statins, the first-choice treatment for dyslipi-
demia [12]. In consideration of the above, the objective of
this retrospective cohort study was to evaluate if BP treat-
ment affects lipid and glucose blood levels in patients with
PDB treated with Zol or Clo. We also analyzed data col-
lected from patients with complicated Op treated with Zol.

Materials and Methods

This retrospective cohort study was performed analyzing
the medical records of all consecutive Caucasian patients
with PDB [International Classification of Diseases (ICD)-9
code 731.0] and with complicated Op (ICD9 codes 73310-
9) referring from January 01, 2009, to December 31, 2018,
at the Units of Bone and Mineral Disorders of Siena and
Naples, two main national centers for the diagnosis and
treatment of MBDs which used a unique approach for
clinical classification and management of MBDs and their
comorbidities [13, 14]. On their first admission, all patients
were informed that (i) their personal data, collected as part
of administrative management and hospital care, could be
used for health research purposes, under the responsibility of
the Federico II University of Naples and of Siena University;
(ii) they could withdraw their consent to the use of personal
data without providing further explanation at any time and
without medical assistance being affected. This, in the form
of written informed consent, was obtained from each patient
or subject involved in this study.

Data collection was performed from July 01, 2019, to
December 31, 2019. The PDB and Op diagnoses were
based on published criteria [9, 15]. Only medical records
of patients treated with Zol 5 mg intravenously (i.v.) or Clo
1500 mg i.v. were selected for this study [16, 17], to compare
N-BP to nN-BP regimens. The BP treatment was adminis-
tered after supplementation of cholecalciferol and/or cal-
cium in all cases (http://www.agenziafarmaco.gov.it/conte
nt/nota-79) [18]. Cholecalciferol supplementation and an
adequate calcium dietary intake were also prescribed after
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BP treatment (http://www.agenziafarmaco.gov.it/content/
nota-79) [18, 19]. According to a pre-established collection
schedule, the following data were extracted from selected
medical records: age, sex, body mass index (BMI), data of
infusion, type of drug, glycaemia (sGlu), serum calcium
(sCa), total Chol (tChol), low-density lipoproteins-Chol
(LDL), high-density lipoprotein-Chol (HDL), triglycerides
(TG), 250H-vitamin D (250HD), total alkaline phosphatase
(ALP), and creatinine (sCrea) levels. These data were col-
lected at the time of BP infusion (TO), after 1 (T1) and
6 months (T6) of treatment. All parameters were expressed
according to Systeme International d’unités excluding ALP
serum levels which, in absence of universally accepted refer-
ence ranges, were expressed as percentage versus the upper
limit of the reference range. Exclusion criteria comprised the
following: age lower than 40 years, primary or secondary
bone cancers [20, 21], malabsorption syndromes, rheuma-
toid arthritis, long-term immobilization, moderate to severe
chronic kidney disease (estimated glomerular filtration rate
(eGFR) <60 ml/min/1.73 m? [22]), hypothyroidism [23],
hyperthyroidism [23], primary hyperparathyroidism [24],
hypoparathyroidism, Cushing’s syndrome, chronic liver dis-
ease, prostate cancer, pituitary tumors, surgical history of
terminal ileal resection, gastrectomy or small bowel bypass,
orchiectomy, eating disorders, alcoholism, diabetes mellitus,
use of statins, anti-diabetes drugs, gonadotropin-releasing
hormone agonist, glucocorticoids, anticonvulsants, heparin,
vitamin A, cytotoxic agents and antiandrogens, and finally
subjects with incomplete data collection. The study was
approved by the Federico II Ethical Committee.

Statistical Analysis

All statistical analyses were performed using the IBM SPSS
Statistics, version 23 (International Business Machines Cor-
poration, Inc., Armonk, NY, USA). Data are expressed as
means + standard deviation for continuous variables and
as absolute; percentage values for discrete variables. Con-
tingency table y* tests and analysis of variance (with Bon-
ferroni correction for multiple comparisons) were used to
test for between-group differences in non-parametric and
parametric variables, respectively. Differences from baseline
after BP treatment were estimated using the Student’s ¢ test
or the Wilcoxon test for variables with normal or not-normal
distribution, respectively. A p value <0.05 was considered
statistically significant.

Results

According to inclusion and exclusion criteria previ-
ously exposed, the medical records of 87 PDB patients
treated with Zol (PDB-Zol; men:women 52:35, mean
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age 69.4+9.5 years; body mass index 26.4 +2.0 kg/m?,
monostotic:polyostotic PDB 41:48), 69 PDB patients
treated with Clo (PDB-Clo; men:women 38:31, mean
age 66.7 +10.1 years; body mass index 26.1 +2.0 kg/m?,
monostotic:polyostotic PDB 31:38) and 47 OP patients
treated with Zol (Op-Zol; men:women 5:42, mean age
66.9 +10.1 years; body mass index 25.8 + 1.7 kg/m?) were
selected. Biochemical parameters of the three study cohorts
before BP treatment (TO) as well as 1 month (T1) and
6 months (T6) after BP treatment are reported in Table 1. At
TO, Op-Zol patients showed ALP levels significantly lower
compared to both PDB-Zol and PDB-Clo (p <0.01, analysis
of variance with Bonferroni correction). No additional sig-
nificant differences were observed between the three study
cohorts at TO (p>0.05 in all cases, analysis of variance
with Bonferroni correction). As expected, in PDB-Zol and
PDB-Clo, ALP serum levels at T1 and T6 were significantly
lower compared to TO (p < 0.05 in all cases, ¢ test for paired
samples). At T1, PDB-Zol showed serum levels of sGlu,
tCol, and LDL significantly lower compared to TO levels (p
values < 0.05 in all cases, ¢ test for paired samples). At T6,
PDB-Zol showed serum levels of sGlu, tCol, Try and LDL
significantly lower compared to TO levels (p values < 0.05
in all cases, ¢ test for paired samples). Also OP-Zol showed
serum levels of sGlu, tCol, and LDL significantly lower at
T1 compared to TO (p <0.05 in all cases, ¢ test for paired
samples) and serum levels of sGlu, tCol, Try, and LDL at
T6 compared to TO (p <0.05 in all cases, ¢ test for paired
samples). Conversely, PDB-Clo showed no significant vari-
ation in serum levels of sGlu, tCol, Try, and LDL at T1 and

T6 compared with TO (p values > 0.05 in all cases, ¢ test
for paired samples). The remaining biochemical parameters
reported in Table 1 were not significantly different at T1 and
T6 compared to TO in the three study cohorts (p <0.05 in all
cases, t test for paired samples). As shown in Fig. 1, in PDB
-Zol, the changes in tCol, LDL, Try, HDL, and sGlu levels
were similar in patients receiving treatment for the first time
(naive PDB-Zol, n=12, mean age 65.9+9.8 years; M:F 7:5;
BMI 25.4 + 1.92 kg/m?) and in those previously treated with
BPs (re-treated PDB-Zol, n="75, mean age 69.9 +9.3 years;
M:F 45:30; BMI 26.6 +2.10 kg/m?). The absolute and per-
centage variations (4) of each biochemical parameter meas-
ured in the three study cohorts at T1 and T6 compared to TO
are reported in Supplemental Table 1. The changes in circu-
lating levels of sGlu, tCol, Try, and LDL observed at T1 and
T6 were similar in magnitude between PDB-Zol and Op-Zol
(p>0.05 in all cases, analysis of variance). Moreover, we
observed a direct relationship between AsGlu and ALDL-
chol in Zol-treated patients (r=0.245, p=0.02) whereas
no relationship was observed between A250HD and AGlu
(r=-0.22, p=0.15), ALDL (r= —0.18, p=0.45), AtChol
(r=-0.20, p=0.41), AHDL (r= —0.19, p=0.42), and
ATry (r=—-0.26, p=0.10).

Discussion
The main finding of this study is that a single Zol 5 mg dose,

used for the treatment of PDB or Op [9, 15-18], is associ-
ated with a simultaneous reduction in circulating glucose

Table 1 Biochemical parameters of the three study cohorts before and after bisphosphonate treatment

PDB-Zol PDB-Clo Op-Zol

TO T1 T6 TO T1 T6 TO T1 T6
Crea (umol/l) 79.6+31.3 81.1+£32.1 803+31.2 809+292 829+303 79.6+30.1 80.9+30.6 82.1+31.2 79.9+299
Glu (mmol/I) 5.19+0.58 4.98+0.54" 491+0.52* 5.23+0.52 541+051 527+0.54 5.25+051 4.97+0.51* 4.90+0.49°
tCa (mmol/l) 237+0.13 229+0.12 232+0.12 241+0.14 229+0.13 240+0.13 234+0.13 2.21+0.12 2.32+0.13
t-chol (mmol/I) 510+1.06 4.89+1.02* 471+1.01* 5294099 5.18+1.06 523+1.05 5.09+1.02 4.86+1.05" 4.72+1.03"
HDL-chol (mmol/l) 1.32+0.41 131+042 131+043 1.49+041 139+042 139+041 1514039 150+041 1.50+0.39
LDL-chol (mmol/l) 3.10+0.96 2.98+0.89* 2.83+0.86" 3.10+0.83 3.11+0.82 3.16+0.85 2.92+0.81 2.76+0.82" 2.66+0.79"
TG (mmol/l) 1.49+0.80 1324082 1.25+0.81" 1.53+0.86 148+0.82 1.50+0.81 1.46+0.78 1.31+0.80 1.24+0.80°
250HD (nmol/l) 84.3+18.7 824+19.1 83.7+17.8 89.1+18.4 884+18.1 87.1+172 851+17.6 83.4+17.8 81.6+169
ALP (%) 155+90°  87+32% 78 +27% 148+84°  114+58'  83+36° 75+22 67+21 65+26

Data are expressed as mean + standard deviation

PDB-Zol patients with Paget’s disease of bone treated with zoledronic acid, PDB-Clo patients with Paget’s disease of bone treated with clo-
dronic acid, Op-Zol patients with osteoporosis treated with zoledronic acid, 70 before zoledronic or clodronic acid treatment, 7/ 1 month after
zoledronic or clodronic acid treatment, 76 6 months after zoledronic or clodronic acid treatment, Crea creatinine, Glu glycemia, tCa total cal-
cium, t-chol total cholesterol, HDL-chol high-density lipoprotein-cholesterol, LDL-chol low-density lipoprotein-cholesterol, 7G triglycerides,

250HD 250H-vitamin D, ALP total alkaline phosphatase

Significantly different compared to TO (p <0.05; ¢ test for paired samples)

®Significantly different compared to Op-Zol patients (p < 0.05; analysis of variance with Bonferroni correction)
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Fig. 1 Differences from baseline in blood lipids and glucose lev-
els in patients with Paget’s disease of bone treated for the first time
with bisphosphonate (black columns) or in PDB patients previously
treated with bisphosphonate (gray columns). Biochemical parameters
were measured 1 month and 6 months after zoledronic acid infusion.
t-chol(T1) serum total cholesterol 1 month after infusion, #-chol(T6)
serum total cholesterol 6 months after infusion, LDL-chol(T1) low-

and atherogenic lipids levels in subjects without a personal
history of diabetes and/or dyslipidemia. These effects were
observed both at T1 as well as at T6. This pharmacological
property seems to be characteristic of the Zol action on the
mevalonate pathway. In fact, no change in circulating glu-
cose and atherogenic lipids was observed in PDB patients
treated with Clo, a nN-BP displaying a different mechanism
of action [10, 11]. Since Zol and Clo regimens caused a
similar reduction in serum ALP levels of PDB patients,
it is likely that the observed reduction in the circulating
levels of glucose and atherogenic lipids in these patients
was not directly linked to the inhibition of abnormal bone
turnover. Remarkably, the extent of change observed in cir-
culating atherogenic lipids after Zol infusion is similar in
magnitude to that obtained with the regular assumption of
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density lipoprotein-cholesterol 1 month after infusion, LDL-chol(T6)
low-density lipoprotein-cholesterol 6 months after infusion, TG(T'1)
serum triglycerides 1 month after infusion, 7G(76) serum triglycer-
ides 6 months after infusion, HDL-chol(T1) high-density lipoprotein-
cholesterol 1 month after infusion, HDL-chol(T6) high-density lipo-
protein-cholesterol 6 months after infusion, GLU-T1 glucose 1 month
after infusion, GLU-T6 glucose 6 months after infusion

a low-intensity statin [25]. Our study results are in agree-
ment with those previously reported in patients treated with
Zol for malignancy [26], and strengthen the hypothesis of a
link between the N-BP mechanism of action and energetic
metabolism in patients with MBD, who are considered at
increased risk of CVDs (particularly in case of increased
bone turnover, such as PDB and postmenopausal Op) [27].
Indeed, MBD and CVDs may share common pathogenic
pathways: in particular, several molecules (such as bone
morphogenetic proteins, receptor activator of nuclear fac-
tor kB ligand, osteoprotegerin, matrix Gla protein and cath-
epsins), the parathyroid hormone—vitamin D—calcium—phos-
phate biological system, oxidized lipids and vitamin K seem
implicated in both bone and cardiovascular metabolism
[28-30]. In addition, experimental studies support a role
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of osteocytes in the regulation of lipid metabolism [31].
On clinical grounds, PDB is considered a risk factor for
CVDs occurrence, based on the higher prevalence of vascu-
lar calcifications and cardiac dysfunction reported in PDB
patients [32-35]. The observed reduction in circulating lev-
els of atherogenic lipids and glucose by N-BPs seems to be
a pharmacological property that is additive to the previously
described capacity of N-BPs to reduce the accumulation of
lipids in the atherosclerotic plaque and to prevent vascular
calcifications [36—40].

Our results are also in agreement with those reported by
Sing and colleagues showing that N-BP treatment is associ-
ated with a significant reduction in cardiovascular morbidity
and mortality in patients with newly diagnosed hip fracture
[41]. Other cohort studies have reported that alendronate,
another N-BP, significantly decreases the risk of CV events
in a dose-dependent fashion in patients with severe osteo-
porosis [42—44]. While there is evidence that vitamin D
deficiency unfavorably affects glucose and lipid metabolism
[29, 45, 46], the changes in glucose and atherogenic lipids
observed in our study population upon N-BP treatment were
not related to changes in 250HD serum levels. In fact, all the
patients enrolled in this study were treated with cholecalcif-
erol before and after BP treatment, according to the criteria
proposed to Italian Health System, to prevent acute-phase
reaction and potentially dangerous electrolyte changes after
N-BP treatment [18, 19]. Altogether, these epidemiologi-
cal and experimental observations add further relevance to
our study results, which nevertheless are affected by some
limitations. The major limits of the study mainly include its
retrospective nature, which impairs to establish definitive
cause—effect relationships, and a relatively small number of
enrolled subjects. It would have been interesting to evalu-
ate whether this pharmacological effect was also observed
in patients receiving concomitant antidiabetic and/or statin
treatment. In addition, our findings require confirmation
in non-Caucasian subjects and in patients using different
N-BPs, considering that even small changes to the pharma-
cological structure of each N-BP may modify the ability to
inhibit farnesyl-diphosphate-synthase [47]. In conclusion,
the study results suggest a potentially interesting pharma-
cological effect of N-BPs on glucose and lipid metabolism
that adds to their previously described capacity to reduce
lipid deposition in the atherosclerotic plaque and to prevent
vascular calcification. Further studies are warranted to con-
firm our observations.
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