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The aim of this study was to investigate and compare the systemic toxicity of three nanosized calcium phosphates (CaPs):
hydroxyapatite (HA), tricalcium phosphate (TCP), and amorphous calcium phosphate (ACP) in rats. Since those metallic
compounds are widely used as bone replacement materials, including their use in oral surgery, CaPs were applied (per os)
equimollary (17.8 mg/kg, 11 mg/kg, and 9.65mg/kg b.w., respectively) for 30 days in order to mimic the previously described
release rate from dental composites. Also, we employed antioxidant supplementation with Filipendula ulmaria (FU) extract. All
the applied CaPs significantly increased serum calcium, triglycerides, LDL, and LDH, while serum levels of testosterone and
LH declined, with no alterations in the liver enzymes. The evaluation of oxidative stress markers (in the liver, kidney, and
testicle) showed an increase in TBARS values, while SOD and CAT activities and GSH levels were significantly reduced. The
relative gene expression of Bax and Bcl-2 was shifted to proapoptotic action, accompanied by intense characteristic histological
changes in architecture in all investigated organs. The toxic effects were most prominent in groups treated by ACP. FU
administration attenuated the majority of nanosized CaP-induced adverse effects, thus recommending this therapeutic
approach to minimize nano-CaP systemic toxicities.

1. Introduction the fact that CaPs express the highest levels of biocompatibil-
ity, it is not surprising that they are well accepted by the body
and that they are optimally integrated into a human body [2].

They are widely accepted as materials of choice for hard tissue

Calcium phosphates (CaPs) represent compounds of special
interest in many scientific fields, with the evidently growing

need for their use in medicine. In contrast to the synthetic
polymers used in biomedical applications, those metal com-
pounds are naturally present in the human body [1]. Due to

regeneration [3], artificial bone substitution [4], and treatment
of bone defects [5]. However, the most frequent application of
CaPs usually takes place in various interventions in dentistry,
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such as numerous endodontic treatments [6], coating in dental
implants [7], failing subperiosteal metal implants [8], peri-
odontal defects [9], and restoration of edentulous atrophic
ridges [10]. From the clinical point of view, numerous investi-
gations have been conducted with different CaP polymers,
including hydroxyapatite (HA), monocalcium phosphate,
dicalcium phosphate, tricalcium phosphate (TCP), tetracal-
cium phosphate, and amorphous calcium phosphate (ACP),
as bioactive components of composites [11]. However, recent
advances in biomaterials direct clinical indications for CaP
application to nanoparticles in order to increase their reminer-
alization potential [12].

Nevertheless, despite a number of studies that lead to a
conclusion for the absolute safety of those composites, it
has been reported that the medical administration of CaPs
is accompanied by growing concerns based on their adverse
effects. Even though there are only a few published reports
evaluating nano-CaP toxicities, it is possible to notice that
the finding is evidently in accordance with their results.
Namely, it has been confirmed that nano-CaP (HA, TCP,
and ACP) administration is accompanied by various sys-
temic morphofunctional abnormalities. In both the in vitro
and in vivo investigations, nano-CaP application resulted
in increased oxidative stress [13], apoptosis [14], and DNA
damage [15], which were accompanied by various structural
alterations. Moreover, numerous tissues and organs were
affected by nano-CaPs. Depending on the investigated organ
system, there are confirmations for neurotoxicity [11], neph-
rotoxicity [16], hepatotoxicity [17], and gonadotoxicity [18].
Since the common pathophysiological mechanisms of nano-
CaP toxicities involve oxidative damage, with consequent
apoptotic turnover, it is not surprising that cosupplement
application of antioxidants has become a routine procedure
in the treatment of nano-CaP-induced toxicities. At the
same time, the use of natural products, as compounds abun-
dant in the antioxidant defense potential, is currently a topic
of actual interest for medical applications. Therefore, based
on the results of several reports, it seems that toxicities
induced by different CaPs could be attenuated by a variety
of antioxidant-rich products.

Filipendula ulmaria (L.) Maxim. (Rosaceae) (FU) is a
medicinal plant widely investigated for its confirmed anti-
oxidant, antimicrobial, anti-inflammatory, and antiprolif-
erative properties [19-23]. In the aerial part of the
plant, there is considerable content of phenolic com-
pounds, especially total phenolic acids and flavonoids
[21]. It has been described that FU extract exerted high
antioxidant activities [24]. In addition, our recent investi-
gation confirmed a beneficial response to FU in the pre-
vention of behavioral manifestations in nano-CaP-
induced neurotoxicity [11].

Due to the evident lack of comparative information
on the toxicity of those nanoparticles, the aim of this
study was to evaluate the potential systemic effects of dif-
ferent CaPs applied in the form of nanoparticles, by
means of the morphofunctional status of the kidney, liver,
and testis. Furthermore, following the possible involve-
ment of oxidative stress in the mediation of nano-CaP
systemic actions, we included the simultaneous adminis-
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tration of antioxidant-rich Filipendula ulmaria extract, as
a potential therapeutic approach that could minimize the
role of oxidative stress in the pathogenesis of nano-CaP
systemic toxicities.

2. Materials and Methods

2.1. Animals and Treatment. A total of 42 male Wistar
albino rats (2 months old, 250-300 g) that were used in the
study were purchased from the Military Medical Academy
(Serbia) and housed in groups of three per transparent poly-
ethylene cage under standard environmental conditions
(temperature: 23 + 1°C; light: 12/12h light/dark cycle). The
rats had access to food and water ad libitum. The animals
were randomly divided into seven equal groups as follows:
control group; three groups that orally (dissolved in tap
water) received individual nanosized calcium phosphates:
hydroxyapatite (17.8 mg/kg b.w.) (HA) group, tricalcium
phosphate hydrate (11 mg/kg b.w.) (TCP) group, and amor-
phous calcium phosphate (9.65mg/kg b.w.) (ACP) group;
and three groups that along with calcium phosphates simul-
taneously orally received Filipendula ulmaria extract
(100 mg/kg b.w.): HA+FU, TCP+FU, and ACP+FU groups
(Figure 1).

The mineral components of dental composites in nano-
particles were purchased from Sigma-Aldrich, Germany:
hydroxyapatite nanopowder: <200nm particle size (BET),
>97%, and synthetic; tricalcium phosphate hydrate nano-
powder: <200nm particle size (BET); and calcium phos-
phate: amorphous nanopowder and <150 nm particle size
(BET). The doses for nanosized calcium phosphates were
determined to meet the following criteria, as previously
described by Arsenijevic and coworkers [11]: to achieve the
equimolarity, to level the lowest dose of calcium phosphates
(HA) that showed toxic effects according to literature data
[25] for experiments performed in vivo with nanosized par-
ticles, and to achieve the doses of calcium phosphates daily
released from dental composites in vitro [26]. The route of
administration (per os) was chosen to mimic the authentic
way of application in humans. From the plant material
(aerial part of FU), the preparation of the extract, as well
as the content identification, was performed by using the
previously described procedure [24]. The daily dose of FU
extract was selected according to the results of our previous
study with confirmed biological effectiveness of this extract
[24]. The final concentrations of all substances applied in
this study were determined according to the average water
intake measured in the past 24 hours. All applied protocols
lasted for 30 days, with continuous monitoring by a veteri-
narian on a daily basis. The day before sacrifice, food intake
was totally restricted to all animals at 8 pm.

2.2. Sample Preparation. Twenty-four hours after complet-
ing the experimental protocols, the animals were anesthe-
tized by short-term narcosis, induced by intraperitoneal
application of ketamine (10 mg/kg) and xylazine (5mg/kg),
and then sacrificed by decapitation. Trunk blood samples
were collected for the determination of serum biochemical
parameters and sex hormone levels, while (simultaneously)
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FiGure 1: Experimental design.

organs (kidney, liver, and testis) were rapidly removed for
tissue sample analysis. The collected blood samples were
allowed to clot at room temperature for 2h in
anticoagulant-free tubes and then centrifuged at 3500 g for
15min at 4°C. The clear supernatant was kept at —80°C until
analysis. The tissue supernatants were obtained from the
fresh liver, kidney, and testis tissues using phosphate-
buffered saline (PBS; 0.01 M, pH7.4). Briefly, fresh tissue
was homogenized with PBS in a 1:5 ratio using a manual
tissue homogenizer and centrifuged at 4000 rpm for 15 min
at 4°C. Obtained supernatants were carefully separated and
stored in the freezer until further use.

2.3. Biochemical Parameter Determination. The biochemical
parameters—creatinine, urea, calcium, triglycerides, total
cholesterol, HDL (high-density lipoprotein) cholesterol,
LDL (low-density lipoprotein) cholesterol, lactate dehydro-
genase (LDH), alkaline phosphatase (ALP), alanine amino-
transferase  (ALT), and aspartate aminotransferase
(AST)—were estimated by using standard kits in an auto-
matic clinical chemistry analyzer (Abbott Alinity c analytical
system, Abbott Core Laboratory, Abbott Diagnostics).

2.4. Serum Hormone Assays. The testosterone and LH
(luteinizing hormone) levels were measured by the
enzyme-linked immunosorbent assay kits, according to the
manufacturer’s instructions (Abcam, Cambridge, MA,
USA). The limits of detection were 6 pg/mL and 0.01 ng/mL,
respectively. The intra- and interassay coefficients of varia-
tion were 4.5% for testosterone and 3.9% for LH.

2.5. The Determination of Oxidative Stress Markers. The
activity of enzymes included in the protection of the organ-
ism against induced oxidative stress, catalase (CAT) and
superoxide dismutase (SOD), was estimated using spectro-
photometric methods reported by Beers and Sizer [27] and
Misra and Fridovich [28], respectively. The level of enzy-
matic activity was expressed as units per milligram of pro-
teins (U/mg) in the sample. Ellman’s spectrophotometric
assay [29], employing 5,5-dithio-bis-(2-nitrobenzoic acid),
was used for the evaluation of the content of reduced gluta-
thione (GSH), a significant endogenous antioxidant. The
GSH content was expressed as mg GSH/g proteins. The pro-
duction of thiobarbituric acid reactive substances (TBARS)
during oxidative stress-induced lipid oxidation in tissues
was monitored according to the method of Ohkawa and

coworkers [30]. The TBARS levels were estimated as nmol
of malondialdehyde (MDA)/mg proteins. The concentration
of proteins in each tissue homogenate sample was evaluated
by Lowry et al.’s assay [31] using bovine serum albumin as a
standard. The instrument used for all measurements was a
UV-Vis double-beam spectrophotometer (model Halo DB-
208, with a temperature controller, Dynamica GmbH, Dieti-
kon, Switzerland). The preparation of tissue homogenates
was done following the procedure from Kumburovic and
colleagues [32].

2.6. Chemicals for the Oxidative Stress Determination. 2-
Thiobarbituric acid (TBA) was obtained from abcr GmbH
(Karlsruhe, Germany). 1,1,3,3-Tetraethoxypropane (malo-
naldehyde bis(diethyl acetal), MDA) was purchased from
Acros Organics (Geel, Belgium). Bovine serum albumin
was obtained from HUMAN GmbH (Wiesbaden, Ger-
many). All other reagents for the determination of oxidative
stress parameters in tissue homogenates were purchased
from Sigma-Aldrich Chemie GmbH (Darmstadt, Germany).

2.7. RNA Isolation and Real-Time PCR Analysis. Total RNA
was extracted from the liver, renal, and testicular tissues
using a PureZOL reagent (Bio-Rad, USA) according to the
manufacturer’s instructions. Reverse transcription was done
using iScript Reverse Transcription Mastermix (Bio-Rad,
USA). Quantitative RT-PCR was performed using SsoAd-
vanced Universal SYBR Green Supermix (Bio-Rad, USA).
mRNA-specific primers for Bax, Bcl-2, and f-actin as a
housekeeping gene were used. Quantitative RT-PCR reac-
tions were done in the Applied Biosystems 7500 (Applied
Biosystems, USA), and after data analysis, relative gene
expression was calculated according to Livak and Schmitt-
gen [33].

2.8. Histological Analysis. Livers, kidneys, and testes were
excised, fixed in 10% buffered formalin, and embedded in
paraffin. Tissue sections (5um) were stained with H&E.
Oil Red O staining was performed on liver tissue cryosec-
tions (5 um). Tissue sections were fixed in paraformaldehyde
(10%), rinsed with 60% isopropanol, and stained with
freshly prepared Oil Red O working solution for 10 minutes.
After rinsing with 60% isopropanol, the sections were coun-
terstained with Mayer’s hematoxylin and mounted with
glycerin jelly.



All research procedures were carried out in accordance
with the European Directive for the welfare of laboratory
animals No 86/609/EEC and the principles of Good Labora-
tory Practice and according to ARRIVE guidelines. All
experiments were approved by the Ethical Committee of
the Faculty of Medical Sciences, University of Kragujevac,
Serbia.

2.9. Statistical Analysis. Statistical analysis was performed
with the SPSS version 20.0 statistical package (IBM SPSS
Statistics 20). The results are expressed as the mean +
standard error of the mean (SEM). The parameters were ini-
tially submitted to the Levene test for homogeneity of vari-
ance and to the Shapiro-Wilk test for normality. One-way
ANOVA, followed by the Bonferroni post hoc test, was used
for comparisons between the groups. The significance was
determined at p < 0.05 for all tests.

3. Results

As shown in Figure 2(a), prolonged intake of nanosized
CaPs significantly altered serum calcium levels (F =3.517,
df =6). The highest calcemia was observed in the ACP
group, where the increase was significant when compared
to the control (p < 0.05) and TCP groups (p <0.01). How-
ever, simultaneous antioxidant supplementation with FU
extract reversed ACP-induced hypercalcemia (p < 0.05) to
the control values. In contrast, none of the applied protocols
significantly influenced serum levels of creatinine
(Figure 2(b), F =2.002) and urea (Figure 2(c), F = 0.810).

Serum markers of lipid status were significantly affected
by prolonged oral administration of nanosized calcium
phosphates (Figure 3). As presented in Figures 3(a) and
3(b), serum triglycerides and LDL cholesterol levels were sig-
nificantly above the control values (p < 0.05, F =3.192 and
3.086) in rats solely treated with ACP but lowered after FU
extract administration (p <0.05) and leveled to the control
values. At the same time, serum HDL levels were not signif-
icantly affected by any of the applied nanosized CaPs
(Figure 3(c), F=1.139). More significant impact following
the 30-day protocol with nanosized CaPs was achieved on
total cholesterol levels (Figure 3(d), F =3.693), where the
treatment with ACP resulted in a significant increase when
compared to the control (p <0.05), and attenuated by FU
extract administration that significantly reduced serum total
cholesterol levels (p < 0.01) when compared with the group
where only ACP was administered. The most prominent
alterations of lipid status induced by ACP intake were con-
firmed by the cholesterol ratio (Figure 3(e), F = 3.386) that
was also significantly increased following the treatment with
nanosized ACP particles (p < 0.01) and declined after simul-
taneous FU extract administration (p < 0.05).

Serum LDH levels (Figure 4(a)) were seriously affected
by the applied protocols (F = 3.457), which was manifested
in the ACP group by LDH elevation when compared to both
the control and TCP groups (p < 0.05), and reversed to the
control values after FU extract application. Unlike LDH, nei-
ther of the evaluated liver enzymes, ALP, ALT, and AST
(Figures 4(b)-4(d)), was significantly altered following any
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of the applied protocols (F=0.059, 0.443, and 0.159,
respectively).

As shown in Figure 5(a), serum testosterone levels were
significantly influenced by the protocols with nanosized
CaPs (F = 3.579). Although all applied CaPs declined testos-
terone levels (significant for HA and ACP, p < 0.05), when
applied along with CaP nanoparticles, FU extract prevented
the lowering of the levels of testosterone. Even more signifi-
cant hormonal disturbance following prolonged nanosized
CaP intake was observed by means of serum LH levels
(Figure 5(b), F=7.130). All three applied forms of nano-
CaPs induced a significant reduction in serum LH
(p <0.01). The deterioration of LH levels was persistent even
following antioxidant supplementation with FU extract, with
values significantly below the control (p < 0.01).

Lipid peroxidation in kidney tissue, expressed as TBARS
(Figure 6(a)), was significantly altered following the applied
protocols (F=12.801). TBARS values were significantly
above the control values (p < 0.01) in all three groups solely
treated with CaPs. However, the significant reduction of the
lipid peroxidation was observed after simultaneous adminis-
tration of FU extract in groups treated with HA and TCP,
while antioxidant supplementation failed to prevent the
increase in TBARS values with ACP, since the values
remained significantly above the control (p <0.01). The
enzymatic antioxidant defense (Figures 6(b) and 6(c)) was
significantly affected by the applied protocols (F=7.687
and 39.195, respectively). The activity of SOD was signifi-
cantly reduced by all three nano-CaPs individually
(p <0.05 for HA and TCP, and p < 0.01 for ACP) and rees-
tablished by simultaneous antioxidant supplementation. The
significant reduction of CAT activity, also achieved with all
three nano-CaPs (p < 0.01), although significantly enhanced
by FU extract (p <0.01), still remained significantly below
the control values (p <0.01) in all three combined groups.
Nonenzymatic antioxidant capacity (Figure 6(d)), like the
enzymatic mechanism, was also significantly influenced by
the applied treatments (F = 5.248). The significant reduction
of GSH levels was observed following HA administration
(p<0.01) but was successfully compensated by FU extract
that resulted in a significant increase of kidney tissue GSH
concentration (p < 0.05). The impact of nanosized CaPs on
the relative expression of apoptosis-related genes was esti-
mated by the determination of the Bax, Bcl-2, and Bax/Bcl-
2 ratio (Figures 6(e)-6(g), F=3.081, 2.919, and 12.099,
respectively). While the relative mRNA expression of Bax
was significantly enhanced only in the ACP group
(p <0.05) and successfully attenuated by FU extract admin-
istration, no significant impact of the applied protocols was
observed in antiapoptotic Bcl-2. However, when expressed
as a pro/antiapoptotic gene expression ratio, the nanosized
CaPs significantly shifted the ratio to proapoptotic.
Although this ratio was observed with all three nano-CaPs,
the significant augmentation was achieved only with ACP.
ACP administration resulted in the Bax/Bcl-2 ratio enhance-
ment even when compared to the other two CaPs used in
this study (p <0.05), and it was persistently low following
antioxidant supplementation with FU extract. Observed
results were in line with pathohistological findings of
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vacuolation of the proximal convoluted tubule epithelium
and glomerular cells that were most prominent in the ACP
group (Figures 6(h) and 6(i)).

As presented in Figure 7(a), the applied protocols with
nanosized CaPs showed a significant impact on lipid perox-
idation, expressed as TBARS (F =40.750), in the liver. While
TCP administration did not produce a significant alteration
of TBARS, oral intake of HA induced a significant increase
when compared to the control values (p < 0.05). However,
the most prominent enhancement of lipid peroxidation
was observed following ACP application. The TBARS values
in animals solely treated with ACP were significantly above
the control values (p <0.01), even when compared to the
HA and TCP groups (p < 0.01). Although supplementation
with FU extract significantly decreased lipid peroxidation
induced by ACP (p < 0.01), the values remained significantly
above the control (p<0.01). The activity of antioxidant
enzymes (Figures 7(b) and 7(c)) was also significantly
altered by the applied protocols (F=29.663 and 51.663,
respectively). All three applied nanosized CaPs significantly
reduced the activity of both SOD and CAT when compared
to the control values (p < 0.01). Interestingly, the decline in
SOD and CAT activities observed in the HA and ACP
groups was even more pronounced when compared to that
in the TCP group (p < 0.01). Although antioxidant supple-
mentation resulted in augmentation of enzymatic activity
(significant for SOD in the HA+FU group, p <0.05), the
values in all combined groups remained significantly below

the control (p < 0.01). The nonenzymatic antioxidant capac-
ity in the liver (Figure 7(d)) was less affected than the enzy-
matic one (F =2.889), since only individual administration
of ACP resulted in a significant decline (p <0.05), which
was also reversed by supplementation with FU extract. The
analysis of the relative gene expression of apoptotic markers
revealed a very strong influence of nanosized CaP adminis-
tration on both the proapoptotic (Figure 7(e), F =34.431)
and antiapoptotic (Figure 7(f), F =29.141) markers, as well
as on their ratio (Figure 7(g), F = 62.482). When individu-
ally applied, all three CaPs employed in this study signifi-
cantly enhanced the relative expression of Bax (p <0.01),
with the most prominent proapoptotic action observed in
the ACP group, where the values were also significantly
above the HA and TCP groups (p <0.01). The antioxidant
supplementation with FU extract, which significantly low-
ered Bax relative expression in the ACP combined group
(p<0.01), was insufficient to prevent the nano-CaP-
induced increase of Bax, except in the TCP+FU group. In
the same manner, the trials with individually applied nano-
sized CaPs significantly declined Bcl-2 relative gene expres-
sion when compared to the control (p <0.01). Again, the
most prominent alteration was observed in the ACP group,
where the deterioration of Bcl-2 expression was significant
even when compared to the TCP group (p<0.01). Like
Bax, the antioxidant supplementation successfully prevented
the decline of this antiapoptotic marker only in the TCP+FU
group. Finally, the Bax/Bcl-2 ratio confirmed the
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proapoptotic effect of the protocols with the individual
nanosized CaPs when compared to the control (p <0.05
for HA, and p <0.01 for ACP), except in the TCP group.
The proapoptotic action was the most prominent in the
ACP group again, with the values of the Bax/Bcl-2 ratio sig-
nificantly above the other two CaPs (p < 0.01). Unlike HA
and TCP, simultaneous administration of FU extract in the
applied dose, although it significantly reduced the ratio
(p<0.01), failed to prevent ACP-induced proapoptotic
action (p < 0.01). Pathohistological analysis of accumulated
lipids in liver tissue sections demonstrated intralobular
microvesicular steatosis, which was the most prominent in
the ACP group (Figures 7(h) and 7(i)).

As shown in Figure 8, all applied protocols in this study
significantly affected oxidative status in rats’ testicular tissue
by means of lipid peroxidation (TBARS, Figure 8(a), F =
10.130), as well as both the enzymatic (SOD and CAT,
Figures 8(b) and 8(c), F=12.157 and 8.045, respectively)
and nonenzymatic antioxidant mechanisms (GSH,
Figure 8(d), F=7.512). HA and ACP administration
increased TBARS values when compared to the control
(p<0.01) and even when compared to the TCP group
(p <0.01) for ACP-treated animals. While antioxidant sup-
plementation, when applied simultaneously with HA,
resulted in a significant decline of lipid peroxidation com-
pared to the HA group (p<0.01) and reversed TBARS
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values to the control levels, FU extract did not significantly
affect the ACP-induced increase in TBARS, and the values
remained significantly above the control (p < 0.01). Interest-
ingly, CAT activity in the testis was significantly reduced
only in the ACP group when compared to the control group
(p <0.01), while the much more profound decline in SOD
activity was observed in both the HA and ACP groups
(p <0.01). The prooxidant effect of ACP was even significant

when compared to that of the TCP group (p<0.01) and
remained below the control values after simultaneous FU
extract administration (p <0.01). The ACP prooxidative
action was also observed by means of GSH concentration
in testicular tissue. Prolonged intake of ACP significantly
declined GSH when compared to the control and TCP
groups (p < 0.01). When FU extract was administered along
with ACP, GSH levels remained below the control values
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FIGURE 6: Oxidative stress (a—d) and apoptotic (e-g) markers with representative H&E staining in the kidney (h, i). The values are mean
+ SEM; # denotes a significant difference, p < 0.05; ##* denotes a significant difference, p < 0.01.

(p < 0.05). The equilibrium in the relative gene expression of
pro- and antiapoptotic factors was also significantly shifted
toward the apoptosis by means of the relative Bax
(Figure 8(e), F =31.611) and Bcl-2 expression (Figure 8(f),
F =17.877). Bax relative gene expression in testicular tissue
was significantly enhanced by HA and ACP administration
when compared to the control (p <0.01), as well as to the
TCP group (p < 0.05 for HA, and p < 0.01 for ACP). Also,
Bax observed in the ACP group was significantly above the
values in the HA group (p < 0.05). Although the antioxidant
supplementation significantly reduced Bax relative gene
expression when compared to the group where CaPs were
applied solely (p < 0.05 for HA, and p < 0.01 for ACP), Bax
was significantly above the control values in the ACP+FU
group (p <0.01). At the same time, Bcl-2 expression in tes-
ticular tissue was significantly declined by all three applied
nanosized CaPs when compared to the control (p <0.01),
with the most prominent response to ACP (p < 0.01 when
compared to TCP). The antioxidant supplementation with
FU extract failed to significantly improve the antiapoptotic
capacity since the values were kept persistently below the
control values (p <0.05 for HA, and p <0.01 for TCP and
ACP). The proapoptotic action of nanosized CaPs in the
male rat testis was confirmed by significant alterations in
the Bax/Bcl-2 ratio (Figure 8(g), F = 62.745). However, the
most significant changes were observed in the ACP group
where the Bax/Bcl-2 ratio was significantly above the con-
trol, as well as the HA and TCP groups (p < 0.01). Although
FU extract, when applied along with ACP, induced a signif-
icant decline in the Bax/Bcl-2 ratio (p <0.01), the values
remained above the control (p<0.01). Pathohistological
analysis of testicular tissue demonstrated notable changes
in tissue architecture in ACP-treated rats. A remarkably
lower number of testicular interstitial cells were present.
Also, in interstitial spaces of ACP-treated rats, cells with
condensed chromatin with pyknotic nuclei were present. In
this experimental group, the seminiferous tubule structure
was also notably altered with a diminished number of cells
in the germinal epithelium (Figures 8(h) and 8(i)).

Summarizing the results obtained in individual organs,
we presented (Table 1) the comparison of the observed
effects for each experimental protocol.

4. Discussion

Although calcium phosphates may be considered materials
for the future in various biomedical applications, potential
health risks related to their usage are often underestimated,
especially since the exposure to nanoparticles is continual
and usually occurs without explicit consent. Even more,
there is an evident imbalance in public views between the
promotion of the benefits for new nanomaterials, including
nano-CaPs, and the caution considering their side effects
(Table 1). Therefore, it seems necessary to alert the public
about the potential risk factors associated with their medical
applications. In that sense, in order to allow a better insight
into the nanoparticles’ side effects, the knowledge in this
field should be presented more systematically. First of all,
investigations in this medical problem should be standard-
ized by means of the particle size and shape, surface compo-
sition, and release of biologically active species [34]. Finally,
the administration route should be considered one of the
most important aspects of experimental design.

Although chronic nano-CaP administration resulted in
negligible alterations in renal function indicators in periph-
eral blood, the analysis of oxidative stress indicators in renal
tissue revealed that nano-CaP protocols produced significant
worsening in oxidative stress markers. Prooxidative action of
all three applied nano-CaPs was manifested by both
increased ROS production (augmentation of the index of
lipid peroxidation, Figure 6(a)) and diminished antioxidant
capacity. Interestingly, both the enzymatic (SOD and CAT
activities, Figures 6(b) and 6(c), respectively) and nonenzy-
matic (GSH, Figure 6(d)) antioxidant mechanisms were
impaired, but it should be noticed that GSH levels were min-
imized only following prolonged HA administration. Fur-
thermore, it seems obvious that simultaneous antioxidant
supplementation with FU extract prevented the prooxidative
action of the applied nano-CaPs within all estimated oxida-
tive stress indicators in renal tissue. Thus, FU extract not
only successfully diminished nano-CaP-induced ROS over-
production (except in the ACP group) but also restored the
antioxidant capacity by means of increased enzymatic anti-
oxidant activity, as well as by reversing GSH levels to the
control values. Due to the lack of data for the action of other
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F1GURE 7: Oxidative stress (a-d) and apoptotic (e-g) markers with representative photomicrographs of Oil Red O staining in the liver (b, i).
The values are mean + SEM; * denotes a significant difference, p < 0.05; ** denotes a significant difference, p < 0.01.

nano-CaPs on renal function in vivo, we can only compare
our results with the most comprehensively evaluated neph-
rotoxic effects of HA. Indeed, our results are in accordance
with the results for HA-induced nephrotoxicity obtained
under various experimental conditions. Mosa and coworkers
also reported prooxidative action of HA in renal tissue fol-
lowing chronic administration in male rats [16], which was
manifested by the increased ROS production and marked
decline in all antioxidant defense mechanisms, including
total antioxidant capacity. The proposed mechanism of HA
prooxidative action was based on previous findings that
nanoparticles inside the cell promote imbalance between
oxidants and antioxidants with consequent intracellular oxi-
dative stress [35]. The intracellular prooxidative action of
nanoparticles may be manifested by the affection in various
intracellular structures based on the modification of lipids,
proteins, and nucleic acids [36]. Although with no specific
data for renal tissue, the observed proapoptotic action of
nano-CaPs following the protocols applied in this study
can be only compared to the previously reported general
prooxidant pathways described for nano-HA in vitro. Xu
and collaborators observed the dose-dependent prooxidative
action in C6 cells as an acute response to nano-HA particles
[36]. A similar prooxidant effect of nano-HA was confirmed
on osteoblastic MC3T3-E1 cells, particularly affecting mito-
chondrial pathways [13]. These investigators, although with
different doses and time exposure, reported both increased
ROS production and diminished antioxidant capacity fol-
lowing HA administration.

The impact of the applied nano-CaPs on apoptotic
markers was significant only in the ACP group
(Figures 6(e)-6(g)). Interestingly, the proapoptotic action
of ACP was confirmed not only when compared to the con-
trol group but also in comparison to the other two applied
nano-CaPs and persisted even after antioxidant supplemen-
tation with FU extract. Again, with no specific data for the
impact of nano-CaPs on apoptotic indicators in renal tissue,
we can only state that our results are in line with previous
reports for proapoptotic action of nano-CaPs obtained in
in vitro studies. HA nanoparticle administration resulted in
potentiating apoptosis in osteoblasts and macrophages via
the augmentation of p53 expression and caspase family

activity and the simultaneous downregulation of Bcl-2 [37,
38]. At the same time, it has been reported that ACP nano-
particles induced apoptosis of leukemia cells by the selective
effect in the G1 phase [39].

The most prominent prooxidative and apoptotic actions,
as observed in the ACP group, were accompanied by the
morphological alterations in renal tissue, predominantly
manifested by vacuolation of the proximal convoluted
tubule epithelium and glomerular cells (Figures 6(h) and
6(i)). It is not surprising that kidney tissue undergoes signif-
icant alterations following potentially toxic substances due
to the high flow rate of blood, which in turn delivers elevated
concentrations of nano-CaPs to the kidney. Moreover, the
proximal tubule epithelium is more vulnerable to nephro-
toxicity, as confirmed in this study. This specific local affec-
tion can be attributed to the fact that these cells express
various transporters, which enable active intake and intracel-
lular accumulation of toxic compounds [40].

Under the standardized conditions that allow the com-
parison of individual nano-CaP effects on renal function,
as performed in this study, it seems that the nephrotoxicity
by means of all estimated levels was the most prominent in
the ACP-treated group, with the less harmful effect observed
in the HA group, and especially in TCP-treated rats. How-
ever, it should also be taken into account that the increased
phosphate load itself may significantly affect kidney mor-
phology and function [41]. Therefore, it is not surprising
that hypercalcemia was confirmed only following the treat-
ment with ACP. The observed serum calcium level elevation
achieved with prolonged ACP oral intake was significant not
only when compared to the control but also when compared
to the TCP group. However, simultaneous administration of
FU extract was sufficient to attenuate the ACP-induced cal-
cemia rise.

As expected, we are not able to compare our results for
the impact of antioxidant supplementation with FU extract
to other reports that used the same antioxidant-rich natural
compound. Therefore, we can confirm that the protective
role of antioxidants, as observed in this study, is in accor-
dance with the previously reported beneficial effect of curcu-
min and chitosan on HA-induced nephrotoxicity
mechanisms by means of their antioxidative and
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FiGure 8: Oxidative stress (a—d) and apoptotic (e-g) markers with representative H&E staining in the testis (h, i). The values are mean
+ SEM; * denotes a significant difference, p < 0.05; ** denotes a significant difference, p < 0.01.

TaBLE 1: Summary of the organ-specific results.

Effect (organ)
Structural
alterations

Oxidative

Treatment
damage

Apoptosis

Kidney
HA HA+FU N 1l n.c. nc  nc nc

TCP TCP+FU N 1l n.c. nc  nc nc

ACP  ACP+FU 111 |l m 1 T !
Liver

HA HA+FU N 1l N l nc  nc

TCP TCP+FU T 1 T l nc  nc

ACP  ACP+FU 177 ! m U T !
Testis

HA HA+FU N 11l ™ nc  nc nc
TCP TCP+FU n.c. n.c. T n.c. n.c. n.c.
ACP  ACP+FU 117 1 Ml 17 !

The arrows represent the description of alterations in the evaluated
parameters. n.c. =no change.

antiapoptotic actions, accompanied by the restoration of tis-
sue architecture [16].

None of the evaluated liver enzymes was affected by the
prolonged oral intake of nano-CaPs in doses applied in this
study (Figures 4(b)-4(d), respectively), but LDH levels were
significantly above the control values following prolonged
ACP administration. The serum LDH observed in the ACP
group was also significantly higher when compared to that
in TCP-treated animals. However, this effect of ACP was
prevented by simultaneous administration of FU extract
(Figure 4(a)). On the other hand, the indicators of liver met-
abolic functions were significantly influenced by the applied
protocols. Interestingly, while neither HA nor TCP altered
serum levels, ACP administration increased serum levels of
triglycerides, LDL, and total cholesterol, as well as the cho-
lesterol ratio (Figures 3(a)-3(e)). Those manifestations of
dyslipidemia were abolished by antioxidant supplementa-
tion with FU extract. The results obtained in this study are
in accordance with previous findings of Chen and colleagues
[42], in terms of increased LDH and unaltered ALP levels

following nano-HA administration. A similar increase in
serum LDH levels following HA nanoparticle application
was also achieved in a dose-dependent manner in an
in vitro experimental model [17]. In contrast to the previ-
ously mentioned investigation, treatments with nano-CaPs
applied in this study did not increase serum ALT and AST
levels. Those discrepancies could be attributed to differences
in experimental design, including the applied dose (three
times above ours), the exposure duration, and the route of
administration. This can also be considered an indirect con-
firmation that liver injury following nano-CaP administra-
tion in this study was not as severe as in the investigation
conducted by Chen et al. Indeed, a recent study by Paras$
and coworkers [43] also showed no significant alterations
in AST and ALT levels following chronic administration of
nano-HA (120 days). The lipid profile alterations observed
in our study are also in accordance with the reported
increase in serum total cholesterol and LDL levels following
nano-HA administration [42].

The evaluation of oxidative stress markers in hepatic tis-
sue revealed a significant impact of the applied protocols.
ROS production was significantly enhanced by HA and
ACP, with no significant effect of TCP (Figure 7(a)). This
manifestation of prooxidative action was successfully abol-
ished by FU extract in the HA group but remained above
the control values in ACP-treated animals. At the same time,
the enzymatic antioxidant defense was markedly reduced by
HA and ACP, again with no significant impact of TCP
(Figures 7(b) and 7(c), respectively). Interestingly, the
decline in enzymatic antioxidant activity in the HA and
ACP groups was significantly augmented even when com-
pared to that in the TCP group and remained lower after
simultaneous antioxidant supplementation. Furthermore,
GSH levels in hepatic tissue samples were reduced only in
ACP-treated rats, but this was prevented by FU extract.
Our results correspond to the data obtained in the rat liver
cell model [17], where HA nanoparticles induced the dose-
dependent augmentation of total oxidative stress and the
simultaneous decline in total antioxidant capacity. Also, a
single dose of 50 mg/kg nano-HA resulted in prooxidative
action in rat liver samples [42]. Like in our study, even an
acute response to HA nanoparticles was manifested by



14

increased lipid peroxidation, decreased SOD activity, and
diminished GSH content. Due to the lack of literature data
for other nano-CaPs, we can only compare our results with
other nanometallic compounds and assume that the prooxi-
dative action, as observed in this study, might be mediated
via the JNK/p53 and NF-«B pathways [44].

The proapoptotic effect of the applied nano-CaPs was
expressed by means of both the increase of the relative proa-
poptotic gene expression (Figure 7(e)) and the decline in the
relative antiapoptotic gene expression (Figure 7(f)) and con-
firmed by their ratio (Figure 7(g)). Unlike the oxidative
stress, apoptotic markers were significantly affected by all
three applied nano-CaPs, but this effect was prevented by
simultaneous FU extract administration except in ACP-
treated rats. Structural alterations accompanied by prooxida-
tive and apoptotic actions of nano-CaPs in liver tissue sam-
ples were manifested predominantly through lipid
accumulation in the form of intralobular microvesicular
steatosis. Not surprisingly, the morphological changes were
the most prominent in the ACP group (Figures 7(h) and
7(i)). Again, although with a different experimental design,
it is obvious that our results are in line with the previously
reported proapoptotic action of nano-HA [42]. However,
structural changes described in that investigation do not cor-
respond to ours. Namely, in contrast to Chen et al.’s report
that potentiates inflammatory response in the liver following
HA administration, our experimental protocols resulted in
microvesicular steatosis. The observed differences could be
explained by the fact that the acute response to the high dose
of nano-HA could trigger an immediate hepatotoxic effect
manifested by inflammatory cell infiltration, while chronic
treatment with the lower dose of nano-HA predominantly
caused the steatotic effect.

The obvious beneficial role of antioxidant supplemen-
tation with FU extract on nano-CaP-induced hepatotoxic-
ity cannot be compared to similar reports. However,
although already known for its protective role by means
of antioxidant and anti-inflammatory effects [24], the con-
firmation of benefits of using FU extract following nano-
CaP administration could be found only in certain brain
regions [11].

A significant decline in serum testosterone levels (for
approximately 50%) was observed in the HA and ACP
groups, with no significant impact of TCP (Figure 5(a)).
Serum testosterone levels decrease induced by nano-HA,
and ACP was successfully attenuated by FU extract adminis-
tration. All applied nano-CaPs diminished LH levels in sera,
but unlike testosterone, the decline in serum LH persisted in
all experimental groups even with simultaneous antioxidant
supplementation (Figure 5(b)). The decline of testosterone,
as observed in this study, following nano-CaPs is in accor-
dance with the recently reported effect of chronic nano-HA
on serum testosterone levels, while the lowering of LH is
not in line with the results of a similar investigation [18].
Therefore, we must notice that there was a significant differ-
ence in experimental design in the mentioned study in
which the pretreatment was 50% longer, and the daily dose
was more than 15-fold higher. However, the principal mech-
anism of sex hormone level alterations may be found in the
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significant reduction of interstitial cells in testes that are the
main source of testosterone. Furthermore, this mechanism is
probably responsible for the observed changes in the germi-
nal epithelium.

The prooxidative action of nano-CaPs in testicular tissue
was confirmed by various aspects. The increased ROS pro-
duction and decline in SOD activity were observed in HA-
and ACP-treated animals (Figures 8(a) and 8(c)), while only
nano-ACP administration reduced CAT activity and GSH
levels (Figures 8(b) and 8(d)). The most pronounced proox-
idative action of ACP remained persistent after simulta-
neous administration of FU extract. It is worth noticing
that TCP administration induced no significant prooxidative
response. The same response to nano-HA was observed in
the study that evaluated the reproductive toxicity [18]. Due
to the lack of other literature sources for nano-CaPs, we
can only compare our results with previously reported oxi-
dative damage in other species induced by different metallic
nanoparticles [45].

While all three administered nano-CaPs induced a
decline in Bcl-2 relative gene expression (Figure 8(f)), only
nano-HA and ACP increased Bax relative gene expression
in testicular tissue. On the other hand, FU extract applica-
tion significantly lowered Bax but did not affect Bcl-2 alter-
ations induced by nano-CaPs. Again, the proapoptotic
potential, expressed as the Bax/Bcl-2 ratio, reached the high-
est levels in ACP-treated animals. The results obtained in
this study for the proapoptotic action may be supported by
the previously reported effect of nano-HA that involves the
increase in p53 and TNF-« [18].

In testicular tissue, we observed significant alterations in
tissue architecture following ACP treatment. The most
prominent difference, when compared to the control group,
was a reduction in the number of testicular interstitial cells.
This was accompanied by the diminished number and
altered structure of the germinal epithelial cells
(Figures 8(h) and 8(i)). Our results are in line with the
reduction of Leydig cells as the consequence of nano-HA
treatment [18], as well as with the report that nano-Ag par-
ticles reduced the number of germline stem cells in tes-
tes [45].

The beneficial response to simultaneous administration
of FU extract manifested by counteracting nano-CaP-
induced gonadal dysfunction was confirmed at different esti-
mated levels: sex hormone serum levels, oxidative and proa-
poptotic indicators, and structural changes in testicles.
However, there is no literature data for this specific action
of FU, so we can only comment that our results are in accor-
dance with the previously reported protective role of other
antioxidants (such as curcumin and chitosan) on nano-
CaP-induced gonadotoxicity [18].

5. Conclusions

The results of our study clearly demonstrate that chronic
intake of nano-CaPs may be accompanied by serious sys-
temic and organ-specific adverse effects. Therefore, we sug-
gest that further investigations for potential medical
application of novel materials for tissue engineering should
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include at least a basic systematic estimation of side effects,
in order to achieve the biosafety of new therapeutic com-
pounds. Yet, at least some aspects of observed toxicities
may be prevented by safe and reliable supplementation with
antioxidants.

Data Availability

All data is available upon request.

Ethical Approval

The study was approved by an institutional review board of
the Faculty of Medical Sciences, University of Kragujevac
(approval ID 01-304/3).

Conflicts of Interest

The authors declare no conflict of interest.

Authors’ Contributions

The contributions of the authors involved in this study are as
follows: conceptualization: R.S., D.S., N.J., and G.R.; meth-
odology: RS., D.S,, J.SKS.,, N.A, MA, JM,, PM, M.V,
N.J., and G.R;; validation: R.S.,, D.S., N.J.,, and G.R.; formal
analysis: R.S., D.S,, J.S.KS., N.A, MA, JM,, PM,, M.V,
N.J., and G.R; investigation: R.S., D.S,, J.S.K.S.,, N.A,, MA,
JM., PM., M.V., N.J,, and G.R,; resources: D.S., N.J., and
G.R,; data curation: R.S.,, D.S,, J.SKS., N.A, MA, J.M,,
P.M., M.V,, N.J,, and G.R.; writing—original draft prepara-
tion: R.S,, D.S.,, J.S.K.S, N.A., M.A,, .M., P.M.,, M.V, NJ.,
and G.R; writing—review and editing: R.S., D.S., N.J.,, and
G.R; visualization: R.S., D.S, N.J,, and G.R; and funding
acquisition: D.S., N.J., and G.R. All authors have read and
agreed to the published version of the manuscript. Radomir
Scepanovic and Dragica Selakovic contributed equally to this
work.

Acknowledgments

This work was supported by the Faculty of Medical Sciences,
University of Kragujevac, Serbia (JP 01/19).

References

[1] W. Habraken, P. Habibovic, M. Epple, and M. Bohner, “Cal-
cium phosphates in biomedical applications: materials for the
future?,” Materials Today, vol. 19, no. 2, pp. 69-87, 2016.

[2] S.V.Dorozhkin and M. Epple, “Biological and medical signif-
icance of calcium phosphates,” Angewandte Chemie (Interna-
tional Ed. in English), vol. 41, no. 17, pp. 3130-3146, 2002.

[3] M. Epple and A. Kovtun, “Functionalized calcium phosphate
nanoparticles for biomedical application,” Key Engineering
Materials, vol. 441, pp. 299-305, 2010.

[4] R.Z. LeGeros, “Calcium phosphates in oral biology and med-
icine,” Monographs in Oral Science, vol. 15, pp. 1-3, 1991.

[5] P. W. Brown and B. Constantz, Hydroxyapatite and Related
Materials, CRC Press, Boca Raton, Florida, United States, 1st
edition, 1994.

15

[6] C. Liu, W. Wang, W. Shen, T. Chen, L. Hu, and Z. Chen,
“Evaluation of the biocompatibility of a nonceramic
hydroxyapatite,” Journal of Endodontia, vol. 23, no. 8,
pp. 490-493, 1997.

[7] E. Munting, M. Verhelpen, F. Li, and A. Vincent, “Contribu-
tion of hydroxyapatite coatings to implant fixation,” in Hand-
book of Bioactive Ceramics, T. Yamamuro, L. Hench, and J.
Wilson, Eds., vol. 2pp. 143-148, CRC press, Boca Raton, Flor-
ida, United States, 1st edition, 1990.

[8] T.S. Golec, “The use of hydroxylapatite to coat subperiosteal
implants,” The Journal of Oral Implantology, vol. 12, no. 1,
pp. 21-39, 1985.

[9] M.L.RabalaisJr., R. A. Yukna, and E. T. Mayer, “Evaluation of
durapatite ceramic as an alloplastic implant in periodontal
osseous defects. L. Initial six-month results,” Journal of Peri-
odontology, vol. 52, no. 11, pp. 680-689, 1981.

[10] J. F. Piecuch, “Augmentation of the atrophic edentulous ridge
with porous replamineform hydroxyapatite (Interpore-200),”
Dental Clinics of North America, vol. 30, no. 2, pp. 291-305,
1986.

[11] N. Arsenijevic, D. Selakovic, J. S. Katanic Stankovic et al., “The
beneficial role of Filipendula ulmaria extract in prevention of
prodepressant effect and cognitive impairment induced by
nanoparticles of calcium phosphates in rats,” Oxidative Medi-
cine and Cellular Longevity, vol. 2021, Article ID 6670135, 12
pages, 2021.

[12] R.N. Jardim, A. A. Rocha, A. M. Rossi et al., “Fabrication and
characterization of remineralizing dental composites contain-
ing hydroxyapatite nanoparticles,” Journal of the Mechanical
Behavior of Biomedical Materials, vol. 109, p. 103817, 2020.

[13] Y. Jin, X. Liu, H. Liu et al., “Oxidative stress-induced apoptosis
of osteoblastic MC3T3-E1 cells by hydroxyapatite nanoparti-
cles through lysosomal and mitochondrial pathways,” RSC
Advances, vol. 7, no. 21, pp. 13010-13018, 2017.

[14] Z. Liu, Y. Xiao, W. Chen et al.,, “Calcium phosphate nanopar-
ticles primarily induce cell necrosis through lysosomal rup-
ture: the origination of material cytotoxicity,” Journal of
Materials Chemistry B, vol. 2, no. 22, pp. 3480-3489, 2014.

[15] H. Turkez, M. I. Yousef, E. Sénmez et al., “Evaluation of cyto-
toxic, oxidative stress and genotoxic responses of hydroxyapa-
tite nanoparticles on human blood cells,” Journal of Applied
Toxicology, vol. 34, no. 4, pp. 373-379, 2014.

[16] I F. Mosa, M. L. Yousef, M. Kamel, O. F. Mosa, and Y. Helmy,
“The protective role of CsNPs and CurNPs against DNA dam-
age, oxidative stress, and histopathological and immunohisto-
chemical alterations induced by hydroxyapatite nanoparticles
in male rat kidney,” Toxicology Research, vol. 8, no. 5,
pp. 741-753, 2019.

[17] E. Sonmez, I. Cacciatore, F. Bakan et al., “Toxicity assessment
of hydroxyapatite nanoparticles in rat liver cell model in vitro,”
Human & Experimental Toxicology, vol. 35, no. 10, pp. 1073-
1083, 2016.

[18] M. I Yousef, H. H. Abd, Y. M. Helmy, and M. A. N. Kamel,
“Synergistic effect of curcumin and chitosan nanoparticles on
nano-hydroxyapatite-induced reproductive toxicity in rats,”
Environmental Science and Pollution Research International,
vol. 28, no. 8, pp. 9362-9376, 2021.

[19] L. Barros, L. Cabrita, M. V. Boas, A. M. Carvalho, and I. C. F.
R. Ferreira, “Chemical, biochemical and electrochemical assays
to evaluate phytochemicals and antioxidant activity of wild
plants,” Food Chemistry, vol. 127, no. 4, pp. 1600-1608, 2011.



16

(20]

(21]

[22]

(23]

[24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

N. Harbourne, E. Marete, J. C. Jacquier, and D. O'Riordan,
“Stability of phytochemicals as sources of anti-inflammatory
nutraceuticals in beverages — A review,” Food Research Inter-
national, vol. 50, no. 2, pp. 480-486, 2013.

J. Katani¢, T. Boroja, N. Stankovi¢ et al., “Bioactivity, stability
and phenolic characterization of Filipendula ulmaria (L.)
Maxim,” Food & Function, vol. 6, no. 4, pp. 1164-1175, 2015.

P. Trouillas, C. A. Calliste, D. P. Allais et al., “Antioxidant,
anti-inflammatory and antiproliferative properties of sixteen
water plant extracts used in the Limousin countryside as
herbal teas,” Food Chemistry, vol. 80, no. 3, pp. 399-407, 2003.

S. Vogl, P. Picker, J. Mihaly-Bison et al., “Ethnopharmacologi-
cal in vitro studies on Austria's folk medicine —~An unexplored
lore in vitro anti-inflammatory activities of 71 Austrian tradi-
tional herbal drugs,” Journal of Ethnopharmacology, vol. 149,
no. 3, pp. 750-771, 2013.

J. Katanié¢, S. Mati¢, E. M. Pferschy-Wenzig et al., “Filipendula
ulmaria extracts attenuate cisplatin-induced liver and kidney
oxidative stress in rats: In vivo investigation and LC-MS anal-
ysis,” Food and Chemical Toxicology, vol. 99, pp. 86-102, 2017.

O. A. Abbas, I. G. Ibrahim, and A. E. Ismail, “Therapeutic
effects of nano-HAp in a rat model of AlCl; induced neurotox-
icity,” Iranian Journal of Pharmaceutical Research, vol. 18,
no. 3, pp. 1309-1322, 2019.

K. Zhang, L. Cheng, M. D. Weir, Y. X. Bai, and H. H. K. Xu,
“Effects of quaternary ammonium chain length on the antibac-
terial and remineralizing effects of a calcium phosphate nano-
composite,” International Journal of Oral Science, vol. 8, no. 1,
pp. 45-53, 2016.

R. F. Beers Jr. and I. W. Sizer, “A spectrophotometric method
for measuring the breakdown of hydrogen peroxide by cata-
lase,” The Journal of Biological Chemistry, vol. 195, no. 1,
pp. 133-140, 1952.

H. P. Misra and I. Fridovich, “The role of superoxide anion in
the autoxidation of epinephrine and a simple assay for super-
oxide dismutase,” The Journal of Biological Chemistry,
vol. 247, no. 10, pp. 3170-3175, 1972.

G. L. Ellman, “Tissue sulthydryl groups,” Archives of Biochem-
istry and Biophysics, vol. 82, no. 1, pp. 70-77, 1959.

H. Ohkawa, N. Ohishi, and K. Yagi, “Assay for lipid peroxides
in animal tissues by thiobarbituric acid reaction,” Analytical
Biochemistry, vol. 95, no. 2, pp. 351-358, 1979.

O. H. Lowry, N. J. Rosebrough, A. L. Farr, and R. J. Randall,
“Protein measurement with the Folin phenol reagent,” The
Journal of Biological Chemistry, vol. 193, no. 1, pp. 265-275,
1951.

I. Kumburovic, D. Selakovic, T. Juric et al., “Antioxidant effects
of Satureja hortensis L. attenuate the anxiogenic effect of cis-
platin in rats,” Oxidative Medicine and Cellular Longevity,
vol. 2019, Article ID 8307196, 15 pages, 2019.

K. J. Livak and T. D. Schmittgen, “Analysis of Relative Gene
Expression Data Using Real-Time Quantitative PCR and the
2744 € Method,” Methods, vol. 25, no. 4, pp. 402-408, 2001.

M. Epple, “Review of potential health risks associated with
nanoscopic calcium phosphate,” Acta Biomaterialia, vol. 77,
pp. 1-14, 2018.

D. Nemengani, O. El-Gharib, A. M. Ahmed, and A. R. Baiu-
omy, “The protective effects of antioxidant (vitamin C) against
hepatic oxidative damage induced by zinc oxide nanoparti-
cals,” International Research Journal of Applied and Basic Sci-
ences, vol. 9, pp. 502-509, 2015.

(36]

(37]

(38]

(39]

[40]

(41]

[42]

[43]

(44]

[45]

Oxidative Medicine and Cellular Longevity

J. Xu, P. Xu, Z. Li, J. Huang, and Z. Yang, “Oxidative stress and
apoptosis induced by hydroxyapatite nanoparticles in C6
cells,” Journal of Biomedical Materials Research. Part A,
vol. 100A, no. 3, pp. 738-745, 2012.

Z. Xu, C. Liu, J. Wei, and J. Sun, “Effects of four types of
hydroxyapatite nanoparticles with different nanocrystal mor-
phologies and sizes on apoptosis in rat osteoblasts,” Journal
of Applied Toxicology, vol. 32, no. 6, pp. 429-435, 2012.

J. Sun and T. Ding, “p53 reaction to apoptosis induced by
hydroxyapatite nanoparticles in rat macrophages,” Journal of
Biomedical Materials Research. Part A, vol. 88, no. 3,
pp. 673-679, 2009.

G.Li,J. Huang, Y. Li et al., “In vitro study on influence of a dis-
crete nano-hydroxyapatite on leukemia P388 cell behavior,”
Biomedical Materials and Engineering, vol. 17, no. 5,
pp. 321-327, 2007.

S. E. Hart, “Assessment of renal function,” in Drug Discovery
and Evaluation: Pharmacological Assays, F. Hock, Ed., pp. 1-
44, Heidelberg, Springer, Berlin, 2015.

L. L. Haut, A. C. Alfrey, S. Guggenheim, B. Buddington, and
N. Schrier, “Renal toxicity of phosphate in rats,” Kidney Inter-
national, vol. 17, no. 6, pp. 722-731, 1980.

Q. Chen, Y. Xue, and J. Sun, “Hepatotoxicity and liver injury
induced by hydroxyapatite nanoparticles,” Journal of Applied
Toxicology, vol. 34, no. 11, pp. 1256-1264, 2014.

S. Parag, D. Trisi¢, O. Mitrovi¢ Ajti¢ et al., “Toxicological pro-
file of nanostructured bone substitute based on hydroxyapatite
and poly(lactide-co-glycolide) after subchronic oral exposure
of rats,” Nanomaterials, vol. 10, no. 5, p. 918, 2020.

X. LiuandJ. Sun, “Endothelial cells dysfunction induced by sil-
ica nanoparticles through oxidative stress via JNK/p53 and
NEF-«xB pathways,” Biomaterials, vol. 31, no. 32, pp. 8198-
8209, 2010.

C. Ong, Q. Y. Lee, Y. Cai et al., “Silver nanoparticles disrupt

germline stem cell maintenance in the Drosophila testis,” Sci-
entific Reports, vol. 6, no. 1, p. 20632, 2016.



	The Antioxidant Supplementation with Filipendula ulmaria Extract Attenuates the Systemic Adverse Effects of Nanosized Calcium Phosphates in Rats
	1. Introduction
	2. Materials and Methods
	2.1. Animals and Treatment
	2.2. Sample Preparation
	2.3. Biochemical Parameter Determination
	2.4. Serum Hormone Assays
	2.5. The Determination of Oxidative Stress Markers
	2.6. Chemicals for the Oxidative Stress Determination
	2.7. RNA Isolation and Real-Time PCR Analysis
	2.8. Histological Analysis
	2.9. Statistical Analysis

	3. Results
	4. Discussion
	5. Conclusions
	Data Availability
	Ethical Approval
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

