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Bisphosphonates (BPs) are primary agents in the current pharmacological arsenal against osteoclast-
related bone loss due to osteoporosis, Paget disease, and bone tumours. Due to the lack of complete under-
standing of the molecular mechanism of their action in bone tissue and the overlap of key properties between
BPs of different generations, integral studies of the BPs inhibitory and antiresorptive properties are relevant
today. The present work was carried out to establish a comprehensive study of the inhibitory effects of methy-
lene bisphosphonic acid (MBPA) on the mevalonate pathway, metabolic activity and cell death in vitro com-
pared to zoledronic acid (Zol). Farnesylpyrophosphate synthase (FPPS) activity of MBPA-treated J774A.1
cells was inhibited by 80%, compared with a 79% reduction in Zol-treated samples. The ability of MBPA to
decrease the percentage of viable cells in culture is slightly lower compared with zoledronic acid. After 24 h
of incubation with lowest concentration, the percentage of inhibition of metabolic activity was 10.6 and 25%
resp. After 48 h, these values were 34.8% and 55.6% respectively. The inhibitory effects of MBPA and Zol
on the intensity of incorporation of radioactively labelled precursor [*“C]-acetate to the cholesterol fraction
were 76.2 and 59.1% resp. In the case of isoprenoid fraction, the inhibitory effects were 40.9 and 51.2% resp.
MBPA and Zol differently induced apoptosis in the J774A.1 cells culture, increased count of apoptotic cells in
2.4 and 6.3 times, and also increased the number of Pl-positive cells in 7.4 and 19 times respectively. MBPA
and Zol also increased the number of TUNEL-positive cells in macrophage culture in 2.6 and 5 times resp.
Zoledronate significantly reduced carbonic anhydrase 2 and NFATcl gene expression levels compared to the
MBPA action. Thus, the use of methylene bisphosphonic acid in future research and therapy of both cancer
and osteoporosis looks promising due to lower cytotoxicity, high efficiency of mevalonate pathway inhibition
and the possibility of dosage variation.

Keywords: methylene bisphosphonic acid, zoledronic acid, cell death, J774A.1 macrophages, FPPS enzy-
matic activity, cell viability, gene expression, radioisotopes.

analogues of inorganic pyrophosphate that

have a high affinity with bone hydroxyapa-
tites. BPs possess antiresorptive, antiproliferative,
antiparasitic and immunomodulatory properties [1].
This gives a possibility for the clinical treatment of
osteoporosis, bone metastasis, multiple myeloma,
breast cancer and Paget’s disease, as they help pre-
vent hypercalcemia, pain and pathological fractures
[2]. Traditionally, BPs are divided into two large
groups that are different in chemical structure and
mechanism of effect on the cells of bone tissues
[1, 2]. The first group includes BPs containing no
nitrogen atoms (etidronate, clodronate). As assumed,
the mechanism of their effect is the foremost forma-

B isphosphonates (BPs) are synthetic stable
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tion of the adenosine triphosphate (ATP) analogues,
which cannot hydrolyze. They inhibit numerous
ATP-dependent processes in the cell. As opposed
to this type of BPs, the primary mechanism of the
action of nitrogen-containing BPs is the specific in-
hibition of enzymes during the biosynthesis of cho-
lesterol farnesyl pyrophosphate synthase (FPPS) and
geranylgeranyl pyrophosphate synthase. It is a criti-
cal link for posttranslational modification (prenyla-
tion) of small signal G proteins that are important in
the specific functions of osteoclasts. The most effec-
tive representative of this third-generation BPs group
is zoledronic acid (Zol). Along with its expected in-
fluence, Zol may cause some side effects. If these
side effects occur, they may need medical attention
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[3, 4]. The methylene bisphosphonic acid (MBPA)
structure contains two hydrogen atoms, R1 and R2,
and belongs to the first-generation BPs. MBPA has
a wide range of biological effects, partly modula-
tory action on the bone tissues and immune system.
Judging by previous studies, it does not have a tox-
ic effect on the organism [5-7]. However, the exact
mechanisms of MBPA’s effect on bone tissue are not
studied. Due to the lack of complete understanding
of the molecular mechanism action in bone tissue
and the overlap of key properties between BPs of dif-
ferent generations, integral studies of BPs inhibitory
and antiresorptive properties are relevant today. The
work aimed to comprehensively study the inhibitory
effects of MBPA on the mevalonate pathway, meta-
bolic activity and cell death in vitro compared with
Zol.

Materials and Methods

Cell culture. The J774A.1 murine macrophage
cell line was purchased from the American Type
Culture Collection (ATCC) (Gaithersburg, Mary-
land, United States). Cells were cultured as recom-
mended by the ATCC in Dulbecco’s Modified Ea-
gle’s medium (Sigma-Aldrich Ireland Ltd., Wicklow,
Ireland), 4.5 g/L. D-glucose supplemented with 10%
v/v heat-inactivated fetal bovine serum (Sigma-
Aldrich Ireland Ltd., Wicklow, Ireland). Cells were
maintained at 37°C in an incubator under 5% car-
bon dioxide and 95% relative humidity. Prior to the
experiments, cells were detached from the flask
using a Trypsin-EDTA solution , then centrifuged at
1,500 rpm for 4 min at room temperature (RT), and
resuspended in antibiotic-free growth media. Cells
were counted using Countess™ 3 FL Automated
Cell Counter (Thermo Fisher Scientific) for 24 h be-
fore incubation with experimental BPs in different
concentrations (allowed to grow to approximately
70—80% confluency). Control cells were also run in
parallel and subjected to the same medium changes.

Inhibition of farnesyl pyrophosphate synthase
activity assay. The FPPS enzyme for the experiment
was obtained from the peroxisomal fraction of rat
liver, as described previously [8]. Fresh perfused
liver tissue was frozen with liquid nitrogen and
homogenized in a cold buffer (pH 7.4) containing
0.3 M sucrose, 10 mM EDTA and 1 mM mercaptoe-
thanol. After serial centrifugation of the homogenate
at 900 g, 8700 g and 10000 g, the pellet was col-
lected and resuspended in 0.2 ml of buffer cooled
to 0°C (pH 7.4) containing 20 mM imidazole and

5 mM dithiothreitol. Protein was determined in an
aliquot according to the Lowry assay. For the FPPS
activity reaction, the amount of the diluted fraction
containing 100 pg of protein in the sample was used.

Farnesyl pyrophosphate synthase activity.
FPPS activity was measured with author modifi-
cations according to the method described by [9].
Briefly, FPPS activity was tested in 100 pl of a mix-
ture containing 25 mM HEPES (pH 7.2), 10 mM
sodium citrate, 5 mM MgCl,, 1 mM dithiothrei-
tol, 0.01% Triton X100, 5 pg/ml BSA, 0.05 U/ml
pyrophosphatase enzyme, 20 uM geranyl pyrophos-
phate (GPP) and 20 uM isopentenyl pyrophosphate
(IPP). The reaction started by adding 30 pl of the
peroxisomal fraction and a mixture of substrates
(GPP + IPP), then incubation for 60 min at 37°C. The
reaction was stopped by heating for 10 min at 95°C,
after which the mixture was cooled and centrifuged
at 7000 rpm. In control samples, the peroxisome
fraction was added immediately before the enzyme
was inactivated by heating. Sixty pl of the superna-
tant was transferred to a 96-well plate and 140 ul of
CytoPhos reagent (CytoPhos™ phosphate assay Kkit,
Cytoskeleton) was added for terminal phosphate de-
tection. After incubation for 10 min at RT, the opti-
cal density was measured at 650 nm on a microplate
reader (ER500, MiBoxer).

Bisphosphonates inhibitory effect. BPs inhibi-
tory effect on FPPS activity was assessed using the
method described above. BPs were used in concen-
trations of 1-100 uM. The appropriate BP amount
was pre-incubated with the peroxisomal fraction in
the incubation medium for 30 min at RT in a total
volume of reaction mix 70 ul, and then substrates
were added.

[“C]-labeling and radioisotope assay. The
J774A.1 cell culture was preincubated with the test
BPs (10 uM) for 3 h before [**C]-labeled acetate (Sig-
ma) was added, then incubation was continued for
another 21 h. The labeled acetate was subsequently
metabolized and accumulated, including in cho-
lesterol and isoprenoid fractions of the mevalonate
metabolic pathway. The method is based on deter-
mining the level of radiation in the fraction of iso-
prenoid alcohols (isopentenol + geraniol) obtained
by chromatographic separation of the components of
the hexane extract after acid hydrolysis of IPP and
GPP. Extracts from cell lysates were prepared by
the Folch method [10], and the methanol phase was
treated with 2.5N HCl to hydrolyze pyrophosphates.
After neutralization of this mixture, isoprenoid al-
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cohols were extracted with hexane. To separate and
identify isopentenol and geraniol in the samples, thin
layer chromatography was used on Sorbfil analyti-
cal plates using the corresponding compounds (iso-
pentenol, geraniol) (Sigma-Aldrich) as standards. A
modified anisaldehyde reagent was used to visualize
the fractions.

Cholesterol from macrophage lysates was ex-
tracted using the standard procedure described in
[11].

The accumulation of [*C] in the isoprenoid
and cholesterol fractions of macrophages was de-
termined in solubilized aliquots using scintillation
Delta 300 B-spectrometer (Tracor Analytic, USA) in
scintillation liquid for non-aqueous samples (Ultima
Gold, USA) (1.5 ml).

MTT assay. After 24 h and 48 h exposure with
BPs in 10 pM — 1 mM concentrations, the control
medium or test samples were removed, the J774A.1
cells were washed with phosphate-buffered saline
(PBS) and 100 pl of freshly prepared thiazolyl blue
tetrazolium bromide (MTT) in media (5 mg/ml of
MTT in media without serum) was added to each
well. After 3 h incubation, the medium was dis-
carded, the cells were rinsed with PBS and 100 pl
of dimethyl sulfoxide was added to each well to ex-
tract the dye. The plates were shaken at 240 rpm for
10 min, and the absorbance was measured at 595 nm
in a microplate reader [12].

Flow cytometry. Apoptosis was determined
using an FITC Annexin V/PI Apoptosis Detection
Kit according to the manufacturer’s instructions
(BMS306FI-300, Thermo Fisher). J774A.1 cells were
incubated with 10 uM of BPs for 24 h. Then cells
were collected and resuspended in a binding buffer
(0.01 M Hepes (pH 7.4), 0.14M NaCl and 2.5 mM
CaCl,). Subsequently, cells were incubated with An-
nexin V-FITC for 10 min at RT, washed with binding
buffer and then 5 pl of propidium iodide (PI) was
added before analysis. Cells were analyzed by the
flow cytometer (DxFLEX Beckman Coulter, USA).

TUNEL assay using confocal microscopy.
DNA fragmentation was tested using TUNEL As-
say Kit - FITC (ab66108) (Abcam, GB), following
guidelines as described [13]. J774A.1 macrophages
were cultured on glass slides (poly-L-lysine used
for adhesion) for 12 h and then treated with BPs
(10 uM). The macrophages were fixed in 4% para-
formaldehyde in PBS for 30 min, then permeabilized
in 0.2% Triton X-100/PBS (Sigma-Aldrich, Germa-
ny) for 5 min. After washing the slides twice using
PBS and adding 100 pl of the equilibration buffer for

110

10 min at 4°C, the samples were incubated in 50 pl
of the terminal deoxynucleotidyl transferase reaction
mixture for 1 h at 37°C in a humidified chamber in
the dark. To stop the reaction, the glass + diamidino-
2-phenylindole was added to the mounting medium
and 5 pl of PI was added before analysis. TUNEL-
and Pl-positive cells were analyzed using the LSM
510 META confocal laser scanning microscope (Carl
Zeiss, Germany). Pictures were quantified using an
average optical density analysis using ImagelJ (Fiji
Software).

RNA isolation and RT-gPCR. Total RNA was
extracted from the J774A.1 macrophages using
TRIzol reagent according to the manufacturer’s in-
structions (Sigma-Aldrich, USA). The cDNA was
synthesized from 1 pg of total RNA using random
primers and Moloney murine leukemia virus reverse
transcriptase (both from Life Technologies, USA) as
previously described [14]. The forward and reverse
primers for mice were as follows: for carbonic an-
hydrase 2 (Car2) mRNA — 5~AAGGTCAAACTC-
CGCAGC-3" and 5'-TTTTATAGGCTCCCGC-
CAAC-3; for nuclear factor of activated T-cells 1
(NFATcl) mRNA — 5-GTCAGAGTGAGACCGA-
GAGG-3' and 5-GACATGCGGGGTGTGTG-3/,
for first reference gene 18S — 5-CGCCGCTAGAG-
GTGAAATTCT-3' and 5-CATTCTTGGCAAAT-
GCTTTCG-3"; and for second reference gene (as
required for the normalization of gene expression
levels) — GAPDH mRNA — 5-TCAGGAGAGT-
GTTTCCTCGT-3" and 5-TTGAATTTGCCGT-
GAGTGGA-3'". Real-time quantitative polymerase
chain reaction analyses were performed using the
Mx3005P Real-Time PCR System (Stratagene,
USA). For each condition, we quantified gene ex-
pression in duplicate, and 18S/GAPDH rRNAs were
used to double the endogenous control in the com-
parative cycle threshold method. That data is shown
as a relative expression ratio.

Statistical analysis. All the data were ex-
pressed as mean + SEM deviation of at least three
independent experiments. Statistical differences be-
tween the various groups were compared by using
Student’s t-test and one-way ANOVA. P-values less
than 0.05 were considered statistically significant.

Results and Discussion

Certainly, the use of Zol for treating bone tis-
sue diseases has a high degree of therapeutic effec-
tiveness. Still, it can cause significant side effects,
including osteonecrosis of the jaw bones, tooth loss,
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neuropathy and immunopathy, etc. [15, 16]. Moreo-
ver, modern research is focused on searching for new
solutions in cancer therapy using the pronounced cy-
totoxic properties of zoledronate to create complex
compounds with oncosuppressive effects [17]. Thus,
a pressing issue for science and medicine today is
to determine the cytotoxicity of BPs of different
generations and to elucidate the molecular mecha-
nisms behind this. This will open a possibility for
more selective application of bisphosphonate drugs
for treating bone tissue diseases in various cases,
weighing the risks and accurately determining the
therapeutic dosage and timing of treatment.

Since most studies about BPs inhibitory effect
on the enzymatic activity of FPPS used a recom-
binant enzyme [9, 18], an important advantage in
our work was the methodological modification by
using the native enzyme from the rat liver peroxi-
somal fraction. Both zoledronate and MBPA, even
at a concentration of 1 uM, strongly reduced FPPS
enzymatic activity by 80% and 79%, respectively,
compared with the control (Fig. 1). The exposure to
these compounds at 10 uM concentration reduced
enzymatic activity by 87% and 88.35%, respectively,
compared with the control, Fig. 1. These results may
indicate that both compounds have a high affinity
for the active site of FPPS, but this requires clarifica-
tion in subsequent comparative in silico experiment
work.

The following important indicator that charac-
terizes and compares the inhibitory effect of BPs
on FPPS activity was the radioactive [**C]-label ac-
cumulation (in the composition of acetate) in the
intermediate and final fractions of the mevalonate
metabolic pathway — isoprenoids and cholesterol.
The analytical determination of isoprenoids using
gas chromatography-mass spectrometry or ultra-
performance liquid chromatography-tandem mass
spectrometry approaches is quite expensive and has
a lot of methodological difficulties. The use of ra-
dioactive isotopes can essentially eliminate these
disadvantages [19, 20]. A cell culture of mouse mac-
rophage-like J774.1 cells was used to work with BPs
in vitro because J774A.1, along with macrophages
RAW264.7, are considered as potential precursors
of osteoclasts — the main factor in bone tissue re-
sorption [21]. Incubation with 10 uM BPs for 24 h
demonstrated that zoledronate inhibited the incorpo-
ration of the radioactive mevalonate pathway precur-
sor into the isoprenoid fraction in J774A.1 cells by
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Fig. 1. Inhibitory effect of bisphosphonates on the
enzymatic activity of farnesyl pyrophosphate syn-
thase. The FPPS enzyme was preincubated with BPs
(1 and 10 uM concentrations) for 60 min. Results
are shown as mean £ SEM and representative of
three independent experiments done in triplicate;
*P < 0.05vs. Ctrl, *P < 0.05 vs. 1 uM BPs

51.2%, while MBPA inhibited by 40.9% compared
to control values (Fig. 2, B). Examination of the con-
tent of radioactive cholesterol in J774A.1 cell lysates
as the final product of the mevalonate pathway after
24 h of incubation, showed that zoledronate reduced
the incorporation of radiolabel into the fraction by
59.1%, while action of MBPA mediated a decrease in
incorporation by 76.2% compared to control (Fig. 2,
A). Thus, MBPA paradoxically inhibited incorpora-
tion of a radioactive label into the cholesterol frac-
tion by 41.8% more strongly than samples with Zol.

As previous studies showed, Zol can inhibit
metabolism and proliferation in a population of
many cell lines in vitro, especially the monocyte-
macrophage lineage [22, 23]. At the same time,
some experimental data indicates the high cytotoxi-
city of zoledronate for oncotransformed cells in-
cluding lymphoid and myeloid lineages; therefore,
research of Zol in potential use for cancer therapy
is not limited exclusively to the treatment of bone-
related types of cancer [24, 25]. Current research
demonstrates the ability of MBPA to decrease the
percentage of viable cells in potential osteoclast
progenitors — the number of J774A.1 cells is slightly
lower compared with Zol. After 24 h of incubation,
the percentage of inhibition of metabolic activity at
the lowest tested concentration (10 pM) was 10.6%
and 24.9%, respectively (Fig. 3). After 48 h of incu-
bation, these values were 34.8% and 55.6%, respec-
tively (Fig. 3). The effect of MBPA on J774A.1 cells
has less pronounced metabolic inhibitory properties
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Fig. 2. The effect of tested BPs on the accumulation level of radioactively [C]-labeled acetate in the isopre-
noids and cholesterol fractions in J7744.1 macrophages culture. (A) [“C]-labeled cholesterol content after
24-hour incubation with 10 uM bisphosphonates. (B) Content of [“C]-labelled isoprenoids after 24-hour
incubation with 10 uM bisphosphonates. Results are shown as mean + SEM and representative of three inde-
pendent experiments done in triplicate; *P < 0.05 vs. Ctrl, *P < 0.05 vs. Zol

100 1
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Zol 24 h
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Fig. 3. Viability of J7744.1 macrophages after exposure to various concentrations of tested bisphosphonates
(10 uM, 100 uM and 1 mM), incubation time 24 h. M+ m, n = 10; *P < 0.05 compared to the control. Results

are shown as mean = SEM and representative of three independent experiments done in triplicate; *P < 0.05

vs. Zol 24 h, *P < 0.05 vs. MBPA 24 h, P < 0.05 vs. Zol 48 h

and, therefore, less cytotoxicity than Zol. Despite
this, MBPA is successfully used in clinical practice
to treat bone-associated tumors [6]. The authors em-
phasize the absence of toxic effects on the patient’s
body while showing selective cytotoxicity on tumor
cells in bone tissue and their metastases [7, 26]. In
this context, a relevant question arises about the ef-
fect of the studied BPs on the metabolism of mono-
cyte-macrophage cells as potential precursors of os-
teoclasts considering their relative effects on bone
tissue resorption and osteoporosis.
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An important aspect of the BPs action is its
ability to regulate and induce cell death (apoptosis,
necrosis), mainly by suppressing of the mevalonate
metabolic pathway in the cell. Our findings have
shown that incubation of J774A.1 cells with 10 pM
Zol led to a 6.3-fold elevation of Annexin V-FITC
labeling of macrophages compared with the control,
corresponding to the increased number of apoptotic
cells in J774A.1 cell culture (Fig. 4, A, B). At the
same time, exposure of macrophages to an identi-
cal concentration of MBPA led to a 2.4-fold increase



D. O. Labudzynskyi, E. P. Pasichna, O. I. Krynina, M. M. Veliky

A
Autofluorescence Ctrl
Gate Gate
o
g 4
™
o
o —
N
o —
= O - c
c N >
3 S |
(@] o
o 97
o -
—
O - o -
10? 103 104 10° 108 102 103 104 10° 108
FL1 LOG (Ann-FITC) FL1 LOG (Ann-FITC)
Zol MBPA
o
o - .
N Gate ] Gate
- —
o
S 4
N
1<) e A
> >
o o
] 3 |
o
S
—
o o
108 104 10° 10? 103 104 10° 108
FL1 LOG (Ann-FITC) FL1 LOG (Ann-FITC)
B
8
— *
i°) 7
e
P 6
2
S 5
2 4
: <
S 3
2 2
©
[v'e
0 - -
Ctrl Zol MBPA

Fig. 4. Apoptosis in J774A4.1 cells culture after bisphosphonates treatment (10 uM): (A) representative flow
cytometry histograms of Annexin V — FITC accumulation (count — the number of events; FL1 LOG — fluores-
cence intensity);, Gate — J774A.1 population with the highest fluorescence along the FLI channel; (B) quan-
tification of Annexin V — FITC fluorescence. Results are shown as mean = SEM and representative of three
independent experiments done in triplicate; *P < 0.05 vs. Ctrl, *P < 0.05 vs. Zol

in the percentage of apoptotic cells (Fig. 4, A, B). Besides necrotic cells, PI-positive macrophages may
Notable is that 24 h exposure with 10 pM Zol cor- include cells at a late stage of apoptosis. Such a high
related with an increase in the number of PI-positive level of apoptosis and necrosis of macrophages in the
dead (mostly necrotic) macrophages to 19-fold com- group exposed to zoledronate compared to MBPA

pared with 7.4-fold in MBPA samples (Fig. 5, A, B). correlates with experimental data from other studies
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Fig. 5. Propidium iodide accumulation in J774A.1 cells culture after bisphosphonates treatment (10 uM):
(A) Representative histograms of PI accumulation (count — the number of events; FL3 LOG — fluorescence in-
tensity);, Gate — J774A.1 population with the highest fluorescence along the FL3 channel; (B) quantification of
Pl fluorescence (on the next page). Results are shown as mean = SEM and representative of three independent
experiments done in triplicate; *P < 0.05 vs. Ctrl, *P < 0.05 vs. Zol

that link the high cytotoxicity of zoledronate and its Taking into account the small size of MBPA mole-

participation in the modulation of tissue inflamma- cules, one of the options for the development of bis-
tion in cases of osteonecrosis of the jaw [4, 27, 28]. phosphonate chemistry may be the creation of su-
This problem is common for third-generation BPs, pramolecular compounds — MBPA derivatives [29].
while this is not the case for first-generation BPs. Often, integration onto supramolecular platforms
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Fig. 6. Effect of experimental bisphosphonates on apoptosis (DNA fragmentation) in J774A4.1 cells using con-
focal microscopy. J774A.1 cells were exposed to BPs (10 uM) for 24 h. Representative pictures of TUNEL- and
Pl-positive cells (A) and its quantification by average optical density analysis (B). Arrows — Annexin V- and
Pl-merged cells. Results are shown as mean + SEM and representative of three independent experiments done
in triplicate; *P < 0.05 vs. Ctrl, *P < 0.05 vs. Zol
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Fig. 7. The Car 2 (A) and NFATcl (B) mRNA expression J774A.1 macrophages after exposure to tested bis-
phosphonates (10 uM), incubation time 24 h. Results are shown as mean + SEM and representative of three
independent experiments done in triplicate; *P < 0.05 vs. Ctrl, *P < 0.05 vs. Zol

imparts new useful properties to target molecules
[30, 31].

Since the terminal phase of apoptosis is irre-
versible and manifested by cell degradation with
cleavage of structural proteins, chromatin conden-
sation and DNA fragmentation [32], we performed
a TUNEL assay in addition to cytofluorometric
studies. Adhered to glass, J774A.1 macrophages
were exposed to 10 uM of Zol and MBPA, and the
presence of TUNEL- and PI-positive cells were de-
termined for various quantities. Thus, exposure to
Zol increased the number of TUNEL-positive cells
5-fold, and with MBPA 2.6-fold compared with the
control (Fig. 6, A, B). The percentage of Pl-positive
cells increased in 5.3 and 2.6 times, respectively,
compared to the control (Fig. 6, A, B).

An important reason for this difference in cy-
totoxicity and induction of cell death among BPs
of different generations may be their mechanisms
of action. Growing evidence suggests that third-
generation BPs, in addition to the canonical effect
of the inhibiting of mevalonate pathway, also have
other mechanisms of action on the cell molecu-
lar processes [33-35]. Zoledronate demonstrates a
particularly interesting ability to directly regulate
the expression of some vital macrophage genes,
including Car2, NFATcl, interleukin 1 beta, etc.
[36, 37]. Thus, it was decided to test the regulatory
effect of the studied BPs on the expression of some
of these genes in osteoclast progenitors J774A.1. Af-
ter 24 h exposure to 10 uM Zol, the level of Car2
expression in J774A.1 macrophages decreased by
68% and NFATcl1 by 48%, compared with the con-

116

trol (Fig. 7, A, B). Exposure to MBPA decreased
the Car2 expression level by 18% but did not affect
the expression of NFATcl compared to the control
(Fig. 7, A, B).

Thus, we assumed that zoledronate, as a third-
generation bisphosphonate, has greater cytotoxicity
due to the pleiotropic nature of its effect on molecu-
lar and biochemical processes in the macrophage
cell. Apparently, this significantly impacts the higher
occurrence of Zol side effects in therapy compared
to first-generation BPs (MBPA, etc.) where side ef-
fects are observed much less often.

Conclusions. Overall, our findings suggest that
MBPA inhibits FPPS activity in a cell-free system
similarly to Zol and almost identically effectively
inhibits the incorporation of a [*C]-radioactive label
into both the isoprenoid and cholesterol fractions of
the mevalonate pathway in J774A.1 macrophages.
Zol inhibits metabolism and increases the number
of Annexin V-, PI- and TUNEL-positive cells in the
culture of J774A.1 macrophages significantly more
intensively compared to MBPA. It was shown that
Zol exhibits a pronounced regulatory effect on gene
expression, significantly inhibiting the Car2 and
NFATcl gene expressions compared with MBPA,
which can also determine the higher cytotoxicity of
third-generation BPs. Thus, the use of MBPA in fu-
ture research and therapy of both cancer and osteo-
porosis looks promising due to lower cytotoxicity,
high efficiency of mevalonate pathway inhibition and
the possibility of dosage variation.
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IHI'IBYBAJIBHA A151
METUJEHBIC®OC®OHOBOI
KHNCJIOTHU HA METABOJIITYHY
AKTUBHICTb TA
KUTTE3TATHICTD KJITHUH JIHIT
J774A1

M. O. Jlabyosuncexui™, E. I1. Ilaciuna,
O. I Kpunina, M. M. Beauxuii

Iactutyt Gioximii im O. B. [Tannanina
HAH VYkpainu, Kuis;
“e-mail: labudzinskidmytro@gmail.com

Bicpochonatu (bD) € ocHOBHMMH areHTaMu
B cydacHiil ¢apmakosnorii /st JTiKyBaHHS BTpaTH
KICTKOBOI TKaHWHH, IOB’I3aHOI 3 OCTEOKJIACT-OII0-
CepeIKOBaHUM OCTEONOpo30M, XBopoOoro [lemxera
Ta MyXJWHAMHU KicToK. Yepe3 BiJICYTHICTh MOBHO-
ro PO3yMiHHSI MOJEKYJISIPHOTO MeXaHi3My iX Iii B
KICTKOBIH TKaHWHI Ta IEPEKPHUTTS KJIIOYOBUX Biia-
cTuBOCTed Mix OichocpoHaTaMu pi3HUX MOKOTIHb,
KOMIUICKCHI JOCIIKEHHSI 1HTIOITOPHUX Ta aHTH-
pe30pOTHBHUX BIACTHUBOCTEH OicocdoHnaris 3anu-
LIAI0ThCs aKTyalbHUMHU. Hamry po0oTy BHKOHaHO
3 METOI0 KOMIUIEKCHOTO JOCHiJIKeHHsI 1HT10yrouoi
nii metuiendicpocponosoi kucnotn (MBDK) na
MEBAJOHATHUH WLISAX, METAa0ONIYHY aKTHBHICTb
i 3arubesb KIITUH iN Vitro mopiBHSHO i3 30J1e1po-
HOBOIO KuCJIO0TOW. Y KiituHax J774A.1, oOpobiie-
Hux MBOK, aktuBnicte FPPS Oyna inriboBana na
80%, MopiBHAHO 31 3HIKEHHIM Ha 79% y 3paskax,

00pOoOJIEHHUX 30JICIPOHOBOI0 KHCIOTOM. 3MaTHICTh
MB®K 3HMXYBaTH BIJICOTOK IKUTTE3IaTHUX
KJIITUH IO HUXKYa TIOPIBHSHO 3 30JIEAPOHOBOIO
kucnororo. Ilicns 24 rogun inkyOanii 3 HaiiMeH-
OO0 KOHTICHTpaIicio b® BiICOTOK MpUTHIUYCHHS
MeTaboIiuHoi akTHBHOCTI cTaHoBuB 10,6 1 25%
BiAmOBiAHO. Yepes 48 roauH 11i 3HAYEHHS 3POCTH 110
34,8 1 55,6% BinnosigHo. [HTi0y104i ehexTt MBOK
Ta 30JIe[POHOBOI KUCJIOTH Ha IHTEHCUBHICTH BKIIO-
YeHHsI paJioaKTHBHO MideHoro momepeaauka [“C]-
anerary 1o (pakuii XojaecTepuHy cTaHoBuUiIu 76,2
ta 59,1% BigmoBigHO. Y BUMAAKY i30TpPEHOITHOT
¢pakuii iHriOytoui edextn cranosunum 40,9 i
51,2% sBignoBinHo. MB®K Tta 301€empoHOBa KHC-
JIOTa MO-Pi3HOMY 1HJYKYBaJIH aronTo3 y KyJIbTypi
kiituH J774A.1, 30inplIyBasivn KiNIBKICTB MEPT-
BHUX KIITHH y 2,4 Ta 6,3 pa3a, BiITOBITHO; a TAKOX
301IbIIYBaIM KiJBKICTh PI-MO3UTHBHUX KIITHH Y
74 1 19 pasiB BignosimHo. MB®K Ta 30menpono-
Ba KHCJIOTa TakoxkK 30inbmmian Kinbkicth TUNEL-
MMO3UTUBHUX KIIITUH y KYJIbTYpi Makpodaris y 2,6
Ta 5 pasiB BiAMOBIAHO. 30JeIpOHAT 3HAYHO 3HIIKY-
BaB PiBeHb eKCHpecii TeHiB kapOoaHTigpasu 2 Ta
NFATcl mopiBasHO 3 nieto MB®K. Takum auHOM,
BUKOpPHUCTAaHHS METHIIeHOic(hOochOHOBOI KHCIOTH B
MaHOyTHIX TOCII/DKEHHSX K y Teparii paKy, Tak i
OCTEOTOPO3Y BUTIISIAE 0AaraTOOOIISIIOUYNM 3aBISKH
MEHIII UTOTOKCHUYHOCTI, BUCOKIH €(EeKTUBHOCTI
1HT10yBaHHS MEBAJIOHATHOT'O IIJISXY Ta MOKTUBOCTI
Bapialii 7o3yBaHHSI.

Knmodgosi cmoBa: MeTHJICH-0ic-
(ocoHoBa  KHMCIOTA, 30JEIPOHOBA  KHUCIOTA,
KJIITHHHA 3arubens, Makpodaru J774A.1, enzuma-
TUYHA aKTUBHICTE FPPS, KUTTE3MaTHICTL KIITHH,
eKCITpecis TeHiB, pajIioi30TOIH.

References

1. Ebetino FH, Sun S, Cherian P, Roshandel S,
NeighborsJD,HuE, DunfordJE, Sedghizadeh PP,
McKenna CE, Srinivasan V, Boeckman RK,
Russell RGG. Bisphosphonates: The role of
chemistry in understanding their biological
actions and structure-activity relationships, and
new directions for their therapeutic use. Bone.
2022; 156: 116289.

2. Huang XL, Liu C, Shi XM, Cheng YT,
Zhou Q, Li JP, Liao J. Zoledronic acid inhibits
osteoclastogenesis and bone resorptive function
by suppressing RANKL-mediated NF-«kB and
JNK and their downstream signalling pathways.
Mol Med Rep. 2022; 25(2): 59.

117



ISSN 2409-4943. Ukr. Biochem. J., 2024, \ol. 96, N 2

10.

11.

12.

118

. Notarnicola

. Nurmi-Liithje I, Liithje P. Lessons learned from

long-term side effects after zoledronic acid
infusion following denosumab treatment: a case
report and review of the literature. J Med Case
Rep. 2022; 16(1): 473.

. Kim JW, Yee J, Oh SH, Kim SH, Kim SJ,

Chung JE, Gwak HS. Machine learning
approaches for predicting bisphosphonate-
related osteonecrosis in women with osteoporosis
uing VEGFA gene polymorphisms. J Pers Med.
2021; 11(6): 541.

. Riasnyi VM, Apukhovska LI, Velyky NN,

Shymanskyy 10, Labudzynskyi DO,
Komisarenko SV. Immunomodulatory effects of
vitamin D, and bisphosphonates in nutritional
osteoporosis in rats. Ukr Biokhim Zhurn. 2012;
84(2): 73-80. (In Ukrainian).

. Kasianenko IV, Pivniuk VM, Dekhtiar TV,

Klimenko 10, Oliynichenko GP, Chekhun VF.
Efficiency of the new bisphosphonate Mebifon
in treatment of patients with bone metastases.
Oncology. 2002; 4(4): 268-270. (In Ukrainian).

. Pivniuk VM, Sharykina NI, Dekhtyar TV,

Khavych OO, Komisarenko SV, Karlova NP,
Oliynychenko GP, Zhebrovska FI, Chekhun VF.
Mebifon — an effective domestic bisphosphonic
drug. Oncology. 2007, 9(2): 1454-150. (In
Ukrainian).

M, Messa C, Cavallini A,
Bifulco M, TecceMF, Eletto D, Di Leo A,
Montemurro S, Laezza C, Caruso MG. Higher
farnesyl diphosphate synthase activity in human
colorectal cancer inhibition of cellular apoptosis.
Oncology. 2004; 67(5-6): 351-358.

. Schmidberger JW, Schnell R, Schneider G.

Structural characterization of substrate and
inhibitor binding to farnesyl pyrophosphate
synthase from Pseudomonas aeruginosa. Acta
Crystallogr D Biol Crystallogr. 2015; 71(Pt 3):
721-731.

Folch J, Lees M, Stanley GHS. A simple method
for the isolation and purification of total lipides
from animal tissues. J Biol Chem. 1957; 226(1):
497-509.

Furse S, Egmond MR, Killian JA. Isolation of
lipids from biological samples. Mol Membr Biol.
2015; 32(3): 55-64.

Naha PC, Davoren M, Lyng FM, Byrne HJ.
Reactive oxygen species (ROS) induced
cytokine production and cytotoxicity of
PAMAM dendrimers in J774A.1 cells. Toxicol
Appl Pharmacol. 2010; 246(1-2): 91-99.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Han JM, Song HY, Kim KI, Park WY, Park SH,
Byun EB, Byun EH. Polysaccharides from
Annona muricata leaves protect against
cisplatin-induced cytotoxicity in macrophages
by alleviating mitochondrial dysfunction. Mol
Med Rep. 2023;27(1):16.

Marcotorchino J, Romier B, Gouranton E,
Riollet C, Gleize B, Malezet-Desmoulins C,
Landrier JF. Lycopene attenuates LPS-
induced TNF-a secretion in macrophages and
inflammatory markers in adipocytes exposed to
macrophage-conditioned media. Mol Nutr Food
Res. 2012; 56(5): 725-732.

Jamil M, Daneshvar A, Nachawati D, EI
Sharu H, Meysami A. A Rare Presentation of
Zoledronate-Induced Systemic Inflammatory
Response. Cureus. 2023; 15(7): e41524.

Trivedi S, Al-Nofal A, Kumar S, Tripathi S,
Kahoud RIJ, Tebben PJ. Severe non-infective
systemic inflammatory response syndrome,
shock, and end-organ dysfunction after
zoledronic acid administration in a child.
Osteoporos Int. 2016; 27(7): 2379-2382.
Fathi-Karkan S, Zeeshan M, Qindeel M,
Malekshah RE, Rahdar A, Ferreira LFR. NPs
loaded with zoledronic acid as an advanced tool
for cancer therapy. J Drug Deliv Sci Technol.
2023; 87: 104805.

Tsoumpra MK, Muniz JR, Barnett BL,
Kwaasi AA, Pilka ES, Kavanagh KL,
Evdokimov A, Walter RL, Von Delft F,
Ebetino FH, Oppermann U, Russell RGG,
Dunford JE. The inhibition of human farnesyl
pyrophosphate synthase by nitrogen-containing
bisphosphonates. Elucidating the role of active
site threonine 201 and tyrosine 204 residues
using enzyme mutants. Bone. 2015; 81: 478-486.
Niirenberg G, Volmer DA. The analytical
determination of isoprenoid intermediates from
the mevalonate pathway. Anal Bioanal Chem.
2012; 402(2): 671-685.

Henneman L, van Cruchten AG, Kulik W,
Waterham HR. Inhibition of the isoprenoid
biosynthesis pathway; detection of intermediates
by UPLC-MS/MS. Biochim Biophys Acta. 2011,
1811(4): 227-233.

Zhang Q, Yu W, Lee S, Xu Q, Naji A, Le AD.
Bisphosphonate Induces Osteonecrosis of the
Jaw in Diabetic Mice via NLRP3/Caspase-1-
Dependent IL-1B Mechanism. J Bone Miner
Res. 2015; 30(12): 2300-2312.



D. O. Labudzynskyi, E. P. Pasichna, O. I. Krynina, M. M. Veliky

22.

Moreau MF, Guillet C, Massin P, Chevalier S,
Gascan H, Baslé¢ MF, Chappard D. Comparative
effects of five bisphosphonates on apoptosis of
macrophage cells in vitro. Biochem Pharmacol.
2007; 73(5): 718-723.

23. Streitbuerger A, Henrichs M, Ahrens H, Lanvers-

24,

25.

26.

Kaminzky C, Gouin F, Gosheger G, Hardes J.
Cytotoxic effect of clodronate and zoledronate
on the chondrosarcoma cell lines HTB-94 and
CAL-78. Int Orthop. 2011; 35(9): 1369-1373.
Fiegl M, Juergens M, Hiddemann W, Braess J.
Cytotoxic activity of the third-generation
bisphosphonate zoledronic acid in acute myeloid
leukemia. Leuk Res. 2007; 31(4): 531-539.

Niu M, Valdes S, Naguib YW, Hursting SD,
Cui Z. Tumor-Associated Macrophage-Mediated
Targeted Therapy of Triple-Negative Breast
Cancer. Mol Pharm. 2016; 13(6): 1833-1842.
Kasyanenko 1V, Pivnyuk VM, Dekhtyar TV et
al. The effectiveness of Mebifon in chemotherapy
of patients with breast cancer of various stages.
Oncology. 2003; 5(3): 145-150. (In Ukrainian).

27.Zhu W, XuR, DuJ, FuY, Li S, Zhang P, Liu L,

28.

29.

Jiang H. Zoledronic acid promotes TLR-4-
mediated M1 macrophage polarization in
bisphosphonate-related osteonecrosis of the jaw.
FASEB J. 2019; 33(4): 5208-5219.

Zhang Q, Atsuta I, Liu S, Chen C, Shi S, Shi S,
Le AD. IL-17-mediated M1/M2 macrophage
alteration contributes to pathogenesis of
bisphosphonate-related osteonecrosis of the
jaws. Clin Cancer Res. 2013; 19(12): 3176-3188.
Hu C, Zhang M, Wu J, Cao X, Chen L, Yan J,
Liang G, Tan J. Bisphosphonate-Modified
Functional Supramolecular Hydrogel Promotes
Periodontal Bone Regeneration by Osteoclast
Inhibition. ACS Appl Mater Interfaces. 2023,
15(7): 9066-9079.

30. Cipriani M, Rostan S, Leén I, Li ZH, Gancheff JS,

Kemmerling U, Olea Azar C, Etcheverry S,

31.

32.

33.

34.

3s.

36.

37.

Docampo R, Gambino D, Otero L. Multi-
target heteroleptic palladium bisphosphonate
complexes. J Biol Inorg Chem. 2020; 25(3): 509-
519.

Kaboudin B, Daliri P, Faghih S, Esfandiari H.
Hydroxy- and Amino-Phosphonates and
-Bisphosphonates: Synthetic Methods and Their
Biological Applications. Front Chem. 2022; 10:
890696.

Elmore S. Apoptosis: a review of programmed
cell death. Toxicol Pathol. 2007; 35(4): 495-516.
Kaneko J, Okinaga T, Hikiji H, Ariyoshi W,
Yoshiga D, Habu M, Tominaga K, Nishihara T.
Zoledronic acid exacerbates inflammation
through M1 macrophage polarization. Inflamm
Regen. 2018; 38: 16.

LuKH, Lu EW, Lin CW, Yang JS, Yang SF. New
insights into molecular and cellular mechanisms
of zoledronate 1in human osteosarcoma.
Pharmacol Ther. 2020; 214: 107611.

Yang X, Xu X, Chen J, Wang Q, Wang G, Ai X,
Wang X, Pan J. Zoledronic acid regulates the
synthesis and secretion of IL-1f through Histone
methylation in macrophages. Cell Death Discov.
2020; 6: 47.

Nakagawa T, Ohta K, Kubozono K, Ishida Y,
Naruse T, Takechi M, Kamata N. Zoledronate
inhibits receptor activator of nuclear factor
kappa-Bligand-induced osteoclast differentiation
via suppression of expression of nuclear factor
of activated T-cell ¢l and carbonic anhydrase 2.
Arch Oral Biol. 2015; 60(4): 557-565.

Sarhan D, Leijonhufvud C, Murray S, Witt K,
Seitz C, Wallerius M, Xie H, Ullén A,
Harmenberg U, Lidbrink E, Rolny C,
Andersson J, Lundqvist A. Zoledronic acid
inhibits NFAT and IL-2 signaling pathways
in regulatory T cells and diminishes their
suppressive function in patients with metastatic
cancer. Oncoimmunology. 2017; 6(8): e1338238.

119



