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We evaluated the influence of an antioxidant-rich extract of Filipen-
dula ulmaria L. on anxiety levels induced by nano-sized particles of
different calcium phosphates. Rats in experimental groups were ad-
ministered with either nano-sized hydroxyapatite, tricalcium phos-
phate, or amorphous calcium phosphate in the presence of Filipen-
dula ulmaria extract. Appropriate behavioral tests were performed
to assess anxiety levels, while oxidative status and apoptosis pa-
rameters were determined in the hippocampus samples. The ap-
plied calcium phosphates increased oxidative stress markers in hip-
pocampal tissue, accompanied by an enhanced pro-apoptotic mech-
anism. Moreover, the hippocampal immunoreactivity for brain-
derived neurotrophic factor and GABAergic-A receptors was signifi-
cantly lower following calcium phosphate nanoparticles intake. The
observed functional and morphological alterations in the rat hip-
pocampus occurred simultaneously with the anxiogenic response es-
timated in behavioral testing. The neuroprotective effect of Filipen-
dula ulmaria was markedly manifested by the attenuation of oxidative
damage induced by amorphous calcium phosphate and enhanced
anti-apoptotic action in the rat hippocampus. The increased hip-
pocampal immunoreactivity for brain-derived neurotrophic factor,
GABAergic-A receptors and significant anxiolytic-like effects of Fil-
ipendula ulmaria may suggest a beneficial role of antioxidant supple-
mentation in preventing anxiogenic response to nano-sized calcium
phosphates.
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1. Introduction
The results obtained in studies performed on cell cul-

ture indicate that cell damage was fundamentally caused by
calcium phosphate nanoparticle impact on oxidative mech-
anisms with consequent apoptosis [1]. This has been con-
firmed by Xu et al. [2] that inhibition of osteoblast activ-
ity by hydroxyapatite (HA) nanoparticles was accompanied
by apoptosis in vitro through the mitochondrial mechanisms
they suggest. The extent of apoptosis was determined by the
concentration and size of the HA nanoparticles. The asso-
ciation between cell apoptosis and the size of HA particles
was also confirmed by Shi et al. [3] with osteoblast-like cells,
while Liu et al. [4] and co-workers concluded that differences
in the Ca/P ratio of different CaP phases were among the key
factors that determined the level of osteoblast apoptosis that
should be considered, besides the particular size, in selecting
the type CaPs used for various therapeutic applications. It
is usually claimed that oxidative damage may be a substantial
part of the pathophysiological mechanism that underlines the
numerous toxicities induced by CaP compounds.

Meadowsweet, Filipendula ulmaria (L.) Maxim. – FU is a
perennial herb that belongs to the Rosaceae family. Tradi-
tionally, the flowers of this plant are used to treat colds and
mild rheumatic, renal, and gastric dysfunctions [5]. It is as-
sumed that the aerial parts of FU have numerous medicinal
effects: diuretics, antiseptics, antirheumatics, and antacids.
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Extensive research has shown that FU exhibits strong antiox-
idant, antimicrobial, cytotoxic, and anti-inflammatory prop-
erties [6–8].

Following the recent trend of administering natural prod-
ucts as antioxidant supplementation in the treatment of var-
ious disorders accompanied with oxidative damage, that in-
clude confirmation of their neuroprotective role in both pre-
and clinical studies [9], there is a growing need for extensive
use of calcium phosphates with a bioactive effect due to the
confirmed toxic effects in various tissues caused by the use of
composites containing nano-CaPs, as well as the fact that the
neurotoxicity (including behavioral manifestations).

FU extract (aerial parts of the plant) was chosen in our
earlier work [10], exploring the possibility of balancing the
redox status altered by different nano-sized CaP compounds.
Our previous investigations have confirmed that both pro-
depressant effect and cognitive decline were also accompa-
nied by changes in the prefrontal cortex [10]. Here, the in-
tention was to evaluate the potential influence of predefined
protocols [10] on other mood disorders, such as the impact
on anxiety state level and the different brain structures (hip-
pocampus) responsible for mood regulation. Furthermore,
we define morphofunctional alterations in the hippocampus,
the region crucially involved in anxiety level regulation, fol-
lowing the chronic intake of nano-sized CaPs with and/or
without antioxidant supplementation by FU extract.

2. Materials andmethods
2.1 Pretreatment protocols

The MMA, Serbia, provided Nine-week-old male Wistar
albino rats (weighting 180–220 g). Rats were housed in plex-
iglass cages (three rats in each), maintaining the controlled
physiological environment (constant temperature 23± 1 ◦C
and humidity 50± 5%) with equal light and dark phases. The
animalswere allowed unrestricted food andwater intake dur-
ing the pretreatment protocols.

Rats were randomly assigned into seven groups (six ani-
mals per group). Control group; HA group, that received per
os hydroxyapatite (17.8 mg/kg b.w.) for 30 days; HA + FU
group, received per os hydroxyapatite (17.8 mg/kg b.w.) and
FU extract (100 mg/kg b.w.) for 30 days; tricalcium phos-
phate (TCP) group, received per os tricalcium phosphate hy-
drate (11 mg/kg b.w.) for 30 days; TCP + FU group, re-
ceived per os tricalcium phosphate hydrate (11 mg/kg b.w.)
and FU extract (100 mg/kg b.w.) for 30 days; amorphous
calcium phosphate (ACP) group, received per os amorphous
calcium phosphate (9.65 mg/kg b.w.) for 30 days; and ACP +
FU group received per os amorphous calcium phosphate (9.65
mg/kg b.w.) and FU extract (100 mg/kg b.w.) for 30 days.

The characteristics of nano-sized CaPs, purchased from
Sigma-Aldrich (Germany), matched those described previ-
ously in ourwork [10]. The Filipendula ulmaria extract prepa-
ration and content determination were performed as de-
scribed in our previous work [6]. Doses of mineral compo-
nents were equimolar to allow the comparison of individual

CaP effects. The applied doses met the lowest HA dose that
induced toxic effects in vivo experiments with nanoparticles
[11] and in vitro experiments, which evaluated the concentra-
tions of daily CaPs released from dental composites [12]. To
mimic the original route, all CaPs were applied orally. Ac-
cording to our previous results, the plant extract dose was
chosen [7], where FU induced significant biological effects.
The final concentrations of all estimated compounds were
determined following the procedure described in our previ-
ous work [10].

The pretreatment and experimental procedures were per-
formed following the European Directive for the Welfare
of Laboratory Animals Directive 2010/63/EU, and the GLP
principles, as well as the ARRIVE guidelines, following the
approval by the Ethical Committee of the Faculty of Medical
Sciences, University of Kragujevac, Serbia.

2.2 Anxiety level estimation

On the day following the end of the pretreatment pro-
tocols, rats were accommodated in the testing area for one-
hour (around 8AM). Anxiety level estimationwas performed
in an open field (OF) and elevated plus maze (EPM) tests.
The spontaneous activity in OF maze, followed by EPM, was
recorded for five minutes. During 15 minutes between each
trial, the mazes were cleaned with water and ethanol (70%)
to remove any potentially interfering scents that might affect
the test. Video recordings were interpreted with Ethovision
software XT 13.0.1220 (Noldus InformationTechnology, the
Netherlands).

OF testing was conducted according to a previously de-
fined algorithm in our lab [8]. The following parameters
were calculated: the cumulative duration in the center zone –
CDCZ, in seconds, the frequency to the central zone – FCZ,
the total distancemoved – TDM, in centimeters, the percent-
age of time moving – %TM, and the wall, free and total num-
ber of rearings.

EPM testing was also implemented according to an estab-
lished standard procedure [13]. The anxiety indicators an-
alyzed from the EPM test were: the cumulative duration in
open arms – CDOA, in seconds, the frequency to open arms –
FOA, the total distance moved, in cm, the percentage of time
moving, the number of walls and free rearings, the number
of protected and unprotected head-dippings, and the number
of total exploratory activity (TEA) episodes.

2.3 Tissue sample collection and analysis

After the finalization of behavioral estimation, rats were
anesthetized by the combination of ketamine and xylazine (10
and 5 mg/kg, respectively, i.p.) and decapitated. The intact
brain hemisphereswere promptly and carefully separated and
sagittally divided, one for immunohistochemistry and hip-
pocampal tissue dissection (divided for RT PCR and oxida-
tive stress marker analysis).
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2.3.1 Quantification of oxidative stress indicators in the
hippocampus

According to a previously described procedure, the ho-
mogenization of hippocampal tissue and sample preparation
(centrifugation at 4000 rpm for 15 min at 4 ◦C in PBS, pH
7.4) was performed [14]. Supernatants were distinct for fur-
ther analyses using the materials presented in Supplemen-
tary file 1. All spectrophotometric analyses were performed
using aUV-Vis double beam spectrophotometer (model Halo
DB-20S, with a temperature controller, Dynamica GmbH,
Dietikon, Switzerland). The evaluation of protein content
in the hippocampal samples followed Lowry’s method [15],
while BSA was used as the standard. The estimation of ox-
idative status in hippocampal tissue was analyzed according
to the following indicators: index of lipid peroxidation (ex-
pressed as thiobarbituric acid reactive substances – TBARS),
the activity of antioxidant enzymes (superoxide dismutase –
SOD and catalase – CAT), and non-enzymatic defense, ex-
pressed as the levels of reduced glutathione (GSH). The index
of lipid peroxidation in hippocampal samples was assessed
as the levels of TBARS and presented as nmol MDA/mg
protein [16]. SOD activity was quantified spectrophotomet-
rically [17], following the monitoring of the inhibition of
(adrenalin) transformation to adrenochrome. The rate of hy-
drogen peroxide degradation was used to determine CAT ac-
tivity determination [18]. The antioxidant enzymes activities
were presented as U/mg protein. The GSH level was quanti-
fied as previously described [19] and presented in mg GSH/g
protein.

2.3.2 Isolation of hippocampal RNA and RT-PCR analysis

Extraction of total RNA from hippocampal samples fol-
lowed the manufacturer’s instructions and was performed
using PureZOL reagent (Bio-Rad, USA). iScript Reverse
Transcription Mastermix (Bio-Rad, USA) was used for re-
verse transcription. QuantitativeRT-PCRwas obtainedwith
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad,
USA). mRNA-specific primers for Bax, Bcl-2, and β-actin
(housekeeping gene), presented in Supplementary Table
1, were used, and quantitative RT-PCR reactions were per-
formed in the Applied Biosystems 7500 (Applied Biosystems,
USA). The relative gene expression was quantified according
to Livak and Schmittgen [20].

2.3.3 IHC analysis of hippocampal tissue

A randomly-selected hemisphere for each rat was fix-
ated in 4% formaldehyde solution in PBS and paraffin-
embedded. Five µm thick coronal brain sections were de-
waxed, rehydrated, and antigen retrieval was done using cit-
rate buffer (pH 6.0) in a microwave for 23 minutes. Ac-
cording to manufacturer instructions, staining was visual-
ized using an EXPOSE Rabbit-specific HRP/DAB detection
IHC Kit (ab80437, Abcam, UK), and sections were coun-
terstained with Mayer’s hematoxylin. The slices were incu-
bated with Anti-GABA A Receptor alpha 2/GABRA2 an-
tibody (ab216973, dilution 1:250) and Recombinant Anti-

BDNF antibody [EPR1292] (ab108319, dilution 1:500) for 12
hours overnight at room temperature in a humidity chamber.
Sections were covered with DPX mounting medium (Sigma,
USA). The obtained hippocampal sections were photomi-
crographed by light microscope fitted with a digital camera
(Olympus BX51, Japan), digitized and analyzed. Immunore-
active cell counting was constantly performed in the dor-
sal hippocampal region, at the level of the section of 3.80
mm caudal to the bregma, according to Paxinos and Wat-
son stereotaxic atlas. Immunoreactive cell quantification was
presented as the mean value of the immunoreactive cells
counted in five consecutive hippocampal sections for all in-
vestigated regions (CA1, CA2/3, DG) (Supplementary Fig.
1), using ImageJ software (version 1.52u, U. S. National Insti-
tute of Health, Bethesda, Maryland, USA). The counts were
made by independent investigators, who were blind to the
entire experimental design.

2.4 Statistical analysis
SPSS version 20.0 statistical package (IBM SPSS Statistics

20, Chicago, IL, USA) was used for statistical analysis. The
results are expressed as mean values ± standard error of the
mean (SEM). After the initial use of the Levene᾽s test for ho-
mogeneity of variance and Shapiro-Wilk test of normality,
the One-way ANOVA (followed by Bonferroni post hoc test)
was used for comparisons between the groups. For all tests,
p< 0.05 was considered significant.

3. Results
3.1 Anxiety level alterations

Both behavioral tests performed – OF and EPM test, cho-
sen in accordance with the criteria for an adequate estima-
tion of anxiety. They revealed significant alterations in anxi-
ety state level following the applied protocols (Figs. 1,2). The
clear anxiogenic response to chronic intake of nano-sized HA
and ACP in OF the significant decrease confirmed the test in
cumulative duration and frequency in the center zone (df =
6, F = 7.033 and 8.445, respectively) when compared to the
control values (Fig. 1A,B, p< 0.01), with no significant anxi-
ety level alteration after completing the treatment with TCP.
However, the anxiogenic response to HA and ACP expressed
through the decline of CDCZwas significantly diminished by
simultaneous administration of FU extract (p < 0.05). How-
ever, a significant increase in FCZ after FU administration
was observed only in the ACP group (p < 0.01). The results
obtained in the EPM test (Fig. 2A) showed that only nano-
sized ACP administration produced a significant decline in
cumulative duration in open arms (F = 9.109, p < 0.01) that
was reversed with FU extract supplementation (p< 0.01). As
shown in Fig. 2B, all three applied CaPs significantly reduced
frequency to open arms (F = 7.194, p< 0.01 for HA and ACP,
and p < 0.05 for TCP), but this manifestation of anxiogenic
response was sufficiently abolished by FU extract only fol-
lowing ACP treatment (p < 0.05). The locomotor confir-
mation of anxiety alteration after completing the treatments
with HA, TCP, and ACP, solely and simultaneously with FU
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extract, was estimated using total distance moved and % of
the time moving in both OF and EPM tests (Fig. 1C,D, F
= 3.879 and 1.979; Fig. 2C,D, F = 6.413 and 5.196, respec-
tively). As an indicator of anxiogenic response, decreased lo-
comotion in OF test was confirmed following HA and ACP
nanoparticles administration (p < 0.05). In contrast, a sig-
nificant decline in the same parameter and % of TM in the
EPM test was only observed in the ACP group (p < 0.01).
Interestingly, the reduction of both TDM and % of TM in
the ACP group was significant even when compared to TCP
(p< 0.01), but it was successfully eliminated by simultaneous
administration of FU extract for both parameters (p< 0.01).
The anxiogenic response to ACP administration was addi-
tionally confirmed by a significant reduction of exploratory
activity when expressed as the number of wall rearings in
OF and EPM tests (Figs. 1E and 2E, F = 3.108 and 2.983, re-
spectively) when compared to the control values (p < 0.05
and 0.01, respectively). Even more significant reduction of
exploratory activity was observed using the number of free
rearings in OF and EPM tests (Figs. 1F and 2F, F = 8.826 and
7.610, respectively). A significant decline of this exploratory
indicator was observed in both OF and EPM tests after com-
pleting the one-month administration of HA (p < 0.01) and
ACP (p< 0.05), with no significant effect of TCP application.
The robust anxiogenic response to ACP was manifested not
onlywhen compared to the control values but also in theTCP
group (p< 0.05).

However, antioxidant supplementation successfully pre-
vented this manifestation of anxiogenic response to HA ad-
ministration only in an open field. A significant decline in
the number of free rearings in elevated plus-maze test after
FU application was preserved compared to the control (p <
0.05). The reduction in free exploration for both tests in-
duced by ACP intake was successfully reversed by antioxi-
dant supplementation (p < 0.01). Additionally, the possi-
bility for estimation of the exploratory activity in the open
arms in the EPM test revealed that the anxiogenic response
to CaPs was significant only for unprotected head-dippings
(Fig. 2H, F = 9.603). At the same time, this was not the case
for protected head-dippings (Fig. 2G, F = 1.626). The ad-
ministration of HA and ACP resulted in a significant reduc-
tion of this exploratory behavior not only when compared
to the control but also when compared to the values to the
values observed in the TCP group (p < 0.01). At the same
time, antioxidant supplementation diminished this manifes-
tation of the anxiogenic response (p< 0.01 for the ACP + FU
group) and returned the values to the control. Ultimately,
summarized results for the exploratory activity of both be-
havioral tests finally showed that protocols withHA andACP
administration produced a significant decline (p < 0.01) in
the total exploratory activity in OF and EPM test (Figs. 1G
and 2I, F = 8.686 and 11.723, respectively). Not surprisingly,
since the EPM test allows a more sensitive insight into ex-
ploratory activity, the estimation of the mentioned parame-
ters also showed a significant decline when compared to the

TCP group (p< 0.01), but antioxidant supplementation with
FU extract at a predefined dose successfully reversed the anx-
iogenic response to HA and ACP (p< 0.01).

3.2 Impact on oxidative stress markers in hippocampal tissue

The results presented in Fig. 3 confirmed the strong pro-
oxidant action of the applied protocols. The index of lipid
peroxidation, expressed as TBARS (Fig. 3A, F = 9.426), was
significantly enhanced by all three nano-sized CaPs intake (p
< 0.01 for HA and ACP, p < 0.05 for TCP) when compared
to the control. This confirmation of increased ROS produc-
tion was successfully attenuated by prolonged administration
of FU extract, which resulted in a significant decline in the
groups of animals treated with ACP (p < 0.01). The esti-
mation of antioxidant enzymes activity following the one-
month intake of those mineral components was not uniform.
At the same time, the SOD activity (Fig. 3B, F = 2.247) was
significantly lowered only in the ACP group (p < 0.05), the
diminished antioxidant activity was more pronounced using
CAT activity (Fig. 3C, F = 22.818). The pro-oxidative ac-
tion of nano-sized mineral particles was confirmed by a sig-
nificant decrease (p < 0.01) in CAT activity following ad-
ministration of all three CaPs. This effect persisted even af-
ter simultaneous FU extract application, with the values con-
stantly below the control (p< 0.01) except for the TCP + FU
group. Interestingly, although antioxidant supplementation
along with ACP resulted in a significant increase of CAT ac-
tivity (p< 0.05), but remained lower when compared to con-
trol (p < 0.01). As shown in Fig. 3D, the administration of
those three nano-sizedmineral components also significantly
affected non-enzymatic antioxidant capacity in the rat hip-
pocampus (F = 6.053). Thus, hippocampal GSH levels were
significantly lowered (p < 0.01) after CaPs application. This
effect of the CaPs remained even after simultaneous FU ex-
tract administration but was less pronounced inHA+FU and
ACP + FU groups (p< 0.05).

3.3 Alterations in relative pro-and anti-apoptotic gene expression
in the hippocampus

As shown in Fig. 4, the relative gene expression of the
pro-apoptotic marker in the hippocampus, estimated using
Bax relative gene expression (Fig. 4A), and the hippocampal
anti-apoptotic marker – Bcl-2 (Fig. 4B) was significantly al-
tered following the chronic administration of CaPs (df = 6,
F = 3.896 and 23.364, respectively). The increase in rat hip-
pocampal Bax relative gene expression following prolonged
ACP applicationwas evident compared to control values (p<
0.05), but the other mineral composites produced no signifi-
cant effect. Alternatively, the pro-apoptotic influence of ACP
was successfully abolished by FU extract administration (p<
0.05). At the same time, the impact of individual nano-sized
CaPs on the anti-apoptotic capacity of rat hippocampal tissue
was even clearer. Namely, all three applied mineral compo-
nents significantly reduced Bcl-2 relative gene expression af-
ter one month of treatment (p < 0.01). The decline in Bcl-2
gene expression was neutralized by chronic FU extract intake
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Fig. 1. Anxiety indicators were obtained in the open field test (6 per group). (A) Cumulative duration in the center zone. (B) Frequency to center
zone. (C) Total distance moved. (D) Percentage of time moving. (E) The number of wall rearings. (F) The number of free rearings. (G) The number of
total rearings. HA – hydroxyapatite; HA + FU – hydroxyapatite and Filipendula ulmaria extract; TCP – tricalcium phosphate hydrate; TCP + FU – tricalcium
phosphate hydrate and Filipendula ulmaria extract; ACP – amorphous calcium phosphate; ACP + FU – amorphous calcium phosphate and Filipendula ulmaria

extract. The graph bars present mean± SEM, * represents a significant difference p< 0.05, ** represents a significant difference p< 0.01.

in all three groups (p< 0.01), reversing the hippocampal Bcl-
2 relative gene expression to control values. As the mineral
components had more effect on anti-apoptotic activity than
on pro-apoptoticmarker (Bax) expression, it is not surprising
that the Bax/Bcl-2 ratio (Fig. 4C, F = 35.992) mostly resem-
bles the results obtained for Bcl-2.

3.4 Immunohistochemical verification of BDNF and GABA-AR2S
changes in hippocampal tissue

Immunohistochemical analysis also revealed a significant
impact of the pretreatment protocols on the number of brain-
derived neurotrophic factor (BDNF) (Fig. 5) and GABA-
AR2S (Fig. 6) immunoreactive cells in the rat hippocam-
pus. The total number of BDNF immunoreactive cells in
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Fig. 2. Anxiety indicators were obtained in the elevated plus-maze test (6 per group). (A) Cumulative duration in open arms. (B) Frequency to open
arms. (C) Total distance moved. (D) Percentage of time moving. (E) The number of free rearings. (F) The number of wall rearings. (G) The number of
protected head-dippings. (H) The number of unprotected head-dippings. (I) The number of TEA (total exploratory activity) episodes. HA – hydroxyapatite;
HA + FU – hydroxyapatite and Filipendula ulmaria extract; TCP – tricalcium phosphate hydrate; TCP + FU – tricalcium phosphate hydrate and Filipendula

ulmaria extract; ACP – amorphous calcium phosphate; ACP + FU – amorphous calcium phosphate and Filipendula ulmaria extract. The graph bars present
mean± SEM, * represents a significant difference p< 0.05, ** represents a significant difference p< 0.01.
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Fig. 3. Hippocampal oxidative stressmarkers (6per group). (A) Index of lipid peroxidation (expressed as thiobarbituric acid reactive substances –TBARS).
(B) CAT (catalase) activity. (C) SOD (superoxide dismutase) activity. (D) GSH (reduced glutathione). HA – hydroxyapatite; HA + FU – hydroxyapatite and
Filipendula ulmaria extract; TCP – tricalcium phosphate hydrate; TCP + FU – tricalcium phosphate hydrate and Filipendula ulmaria extract; ACP – amorphous
calcium phosphate; ACP + FU – amorphous calcium phosphate and Filipendula ulmaria extract. The graph bars present mean± SEM, * represents a significant
difference p< 0.05, ** represents a significant difference p< 0.01.

the entire hippocampal sections (Fig. 5D) was significantly
reduced by the one-month administration of all CaPs (F
= 79.621, p < 0.01). Simultaneous application of FU ex-
tract did not prevent the observed reduction in BDNF im-
munoreactive cells following prolonged intake of HA, TCP,
and ACP, which remained at levels beyond the control val-
ues (p < 0.01). However, the FU extract significantly in-
creasedBDNF immunoreactive cells numberwhen compared
to the groups where HA (p< 0.01) and ACP (p< 0.05) were
applied separately. Interestingly, in those groups, the hip-
pocampal BDNF immunoreactivity was significantly lower
even when compared to the TCP group (p < 0.01). Analysis
of individual hippocampal regions showed that the strongest
impact (F = 88.388) of the applied protocols was observed
in DG (Fig. 5C), where all mineral components applications
significantly reduced the number of BDNF immunoreactive
cells (p < 0.01). The reduction achieved in the HA group
was also significant compared to the TCP group (p < 0.01).
Although the administration of FU extract significantly in-
creased BDNF immunoreactivity in DG when applied along
with HA (p < 0.01), the number of BDNF immunoreac-
tive cells in all combined groups was still significantly lower
when compared to control values (p < 0.01). There was a
less pronounced response (F = 13.575) to the applied nano-
sized mineral components using the number of BDNF im-
munoreactive cells in the CA2/3 region (Fig. 5B) since only

HA and ACP groups showed a significant decline in BDNF
immunoreactivity when compared to the control but also the
TCP group (p < 0.01). The protective role of FU extract on
BDNF immunoreactivity in the CA2/3 regionwas confirmed
by preventing a significant decline in the number of BDNF
immunoreactive cells in HA + FU and ACP + FU groups
when compared to the control values. Only the slightest ef-
fect (F = 5.396) of the applied mineral components was ob-
served in the CA1 region (Fig. 5A). In contrast, the number
of BDNF immunoreactive cells was reduced in the CA1 re-
gion by HA and TCP application (p < 0.05), while the effect
of the treatment with ACP was even more pronounced (p <
0.01).

As shown in Fig. 6, the applied protocols affected the
number of GABA-AR2S immunoreactive cells in CA1,
CA2/3, DG, and total hippocampal sections (F = 19.839,
13.006, 10.745, and 32.343, respectively). HA and ACP ap-
plication resulted in a significant decline of the number of
GABA-AR2S immunoreactive cells in all investigated re-
gions (Fig. 6A–C), as well as in total hippocampal GABA-
AR2S immunoreactivity (Fig. 6D). The same effect was ob-
served in the TCP group, but the impact of TCP administra-
tion was slightly lower in the CA1 region (p < 0.05) when
compared to the control. Likewise, FU extract and nano-
sized mineral components administration prevented any sig-
nificant decline in the number of GABA-AR2S immunore-
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Fig. 4. Pro-andanti-apoptotic relative gene expression in thehippocampus (6per group). (A) Bax. (B) Bcl-2. (C) Bax/Bcl-2 ratio. HA– hydroxyapatite;
HA + FU – hydroxyapatite and Filipendula ulmaria extract; TCP – tricalcium phosphate hydrate; TCP + FU – tricalcium phosphate hydrate and Filipendula

ulmaria extract; ACP – amorphous calcium phosphate; ACP + FU – amorphous calcium phosphate and Filipendula ulmaria extract. The graph bars present
mean± SEM, * represents a significant difference p< 0.05, ** represents a significant difference p< 0.01.

active cells only when applied simultaneously with TCP in
the CA1 region. The results observed in other combined
groups and TCP + FU in other regions confirmed that the
applied antioxidant supplementation was insufficient to di-
minish the decline in hippocampal GABA-AR2S immunore-
activity since the number of GABA-AR2S immunoreactive
cells remained below the control values.

4. Discussion
The widespread medical use of nanoparticles, including

CaPs, is associated with confirmed toxicities in numerous or-
gans and tissues. Further elucidation is therefore required to
determine the general mechanism (including oxidative dam-
age) that may compromise their efficiency and safety. Con-
sequently, it seems appropriate to evaluate and promote the
prevention of nanoparticle-induced toxicities by antioxidant
supplementation. Furthermore, there is a growing need
for antioxidant components obtained from natural products.
When taken together, this allows the two current medical
approaches explored here (the employment of nanomaterials
and simultaneous attenuation of their toxicities) to comple-
ment each other.

As described above, it is clear that the CaP compounds
applied in nanoparticles significantly altered numerous pa-
rameters estimated. This is not surprising since literature
data indicate different pathways for the entrance of nanopar-

ticles of other substances into the central nervous system, ac-
companied by neurotoxicity with behavioral manifestations
[21]. Also, there is evidence that nano-CaP compounds en-
ter numerous brain regions, including the hippocampus [22],
which is the initiating point for this investigation, confirm-
ing earlier research that concluded that these compounds in-
duce neurotoxicity with a prodepressant outcome and cogni-
tive impairment [10].
4.1 Pro-oxidant and pro-apoptotic action of nano-CaPs

The impact of CaP nanoparticles employed on oxidative
stressmarkers (Fig. 3) is in accordancewith the results of pre-
vious investigations that analyzed the mechanisms of those
nanoparticles’ toxicities. As a postulated mechanism, it has
been suggested that nano-HA increasedROSgeneration, pre-
dominantly via hydroxyl radical production [23]. Further-
more, the oxidative imbalance induced by nano-HA has been
associated with a decline in cellular antioxidant capacity ex-
pressed as a reduction in SOD activity in C6 cell cultures [1].
Results obtained confirmed that antioxidant enzyme activity
was more affected by the diminished CAT activity. Interest-
ingly, the values that resume the cellular antioxidant capac-
ity based on antioxidant enzyme activity were not uniformly
improved by antioxidant supplementation, while the non-
enzymatic antioxidant defense system depletion (expressed
by GSH) was not successfully recovered by FU extract.
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Fig. 5. Quantitative immunohistochemical analysis of BDNF-positive cells in the hippocampus (6 per group) and the distribution in CA1 region (A), CA2/3
region (B), DG (C), and the total section of the hippocampus (D), and (E) the representative images of BDNF IHC staining (original magnification×40). HA
– hydroxyapatite; HA + FU – hydroxyapatite and Filipendula ulmaria extract; TCP – tricalcium phosphate hydrate; TCP + FU – tricalcium phosphate hydrate
and Filipendula ulmaria extract; ACP – amorphous calcium phosphate; ACP + FU – amorphous calcium phosphate and Filipendula ulmaria extract. The graph
bars present mean± SEM, * represents a significant difference p < 0.05, ** represents a significant difference p < 0.01, # represents a significant difference
(p< 0.01) between control and all other groups.

There is considerable evidence that oxidative damage sig-
nificantly affects the balance between pro-and anti-apoptotic
factors [24]. Following the results for oxidative stress mark-
ers obtained, it is not surprising that the applied protocols
with nano-sized CaPs potentiated the pro-apoptotic outcome
(Fig. 4). Namely, the direct impact of mineral components
on the augmentation of pro-apoptotic relative gene expres-
sion (Bax) was significant only in the ACP group. The min-
imization of anti-apoptotic relative gene expression (Bcl-2)
was observed for all three mineral components administered.
Antioxidant supplementation with FU extract was benefi-
cial using attenuation of pro-apoptotic and potentiating anti-

apoptotic relative gene expression. This was confirmed by
improving the Bax/Bcl-2 ratio observed following prolonged
administration of mineral components.

The results obtained are concordantwith previous reports
that evaluated the mechanisms of CaP-induced apoptosis.
Principally, it seems that both the size and the chemical struc-
ture of mineral components significantly affect apoptotic
mechanisms in various tissues. In general, metallic nanopar-
ticles have been reported to increase NO release and pro-
inflammatory factors such as tumor necrosis factor-alpha by
activated microglia in cell culture [25]. Considering the im-
pact of chemical structure on the apoptotic response to CaPs,
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Fig. 6. Quantitative immunohistochemical analysis of GABA-AR2S-positive cells in the hippocampus (6 per group) and the distribution in CA1 region (A),
CA2/3 region (B), DG (C), and the total section of the hippocampus (D), and (E) the representative images of GABA-AR2S IHC staining (originalmagnification
x20). HA – hydroxyapatite; HA + FU – hydroxyapatite and Filipendula ulmaria extract; TCP – tricalcium phosphate hydrate; TCP + FU – tricalcium phosphate
hydrate and Filipendula ulmaria extract; ACP – amorphous calcium phosphate; ACP + FU – amorphous calcium phosphate and Filipendula ulmaria extract.
The graph bars present mean± SEM, * represents a significant difference p < 0.05, ** represents a significant difference p < 0.01, # represents a significant
difference (p< 0.01) between control and all other groups.

it should be mentioned that HA nanoparticle administration
was associated with an increased p53, down-regulation of
Bcl-2, and general DNA damage in rat kidneys [26]. At the
same time, nano-ACP can cause apoptosis of the leukemia
P388 cells by selectively acting onG1 in the cell cycle [27]. In-
creased intracellular calcium level (probably due to its release
from nanoparticles) has been reported to trigger apoptosis
[28]. Additionally, increased intracellular PO43- has been
suggested to induce apoptosis throughmodulation of the mi-
tochondrial membrane potential [29]. Generally, it should be
noted that there is still no consensus as to whether CaPs in-
duce apoptosis via caspase-dependent or independent path-
ways [30].

4.2 Down-regulation of hippocampal BDNF and GABA-AR
following nano-CaPs intake

The pro-apoptotic action of all three mineral components
applied accompanied hippocampal BDNFdecline (Fig. 5). Al-
though it is well known that BDNF has anti-apoptotic po-
tential in various tissues [31], including CNS [32], it has
also been reported that apoptosis itself, especially in the re-
gions responsible for BDNFproduction, may significantly re-
duce neurogenesis [33], thus affecting BDNF content. In-
deed, the results confirmed that the groups with mineral
components intake, with a marked pro-apoptotic outcome,
also expressed the lowest hippocampal BDNF immunore-
activity. Furthermore, since BDNF is highly responsible
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for hippocampal neurogenesis [34], it is not surprising that
GABA-AR were also at their lowest levels in the groups
(HA and ACP) with evident pro-apoptotic action and down-
regulation of hippocampal BDNF (Fig. 6). Our results also
agree with a confirmed connection between increased BDNF
and up-regulation of the GABAergic system [35].

4.3 Anxiogenic response to nano-CaPs

Finally, the results of behavioral testing performed
strongly confirmed an anxiogenic response to the adminis-
tered mineral components (Figs. 1,2), with the most pro-
nounced effect observed with HA, especially ACP nanopar-
ticles. Increased anxiety following prolonged HA and ACP
application may be associated with the previously discussed
down-regulation of the hippocampal GABAergic system, ex-
pressed using a decline in the number of GABA-AR2S im-
munoreactive cells in all investigated hippocampal regions.
The results obtained for the alterations in anxiety level that
correspond to hippocampal GABA-AR expression follow
previously reported evidence that GABAergic dysfunction
plays one of the key roles in the pathogenesis of variousmood
disorders [36] and anxiety [37, 38]. Moreover, it should be
mentioned that considerable evidence was found for the im-
pact of some of the other parameters evaluated contributing
to anxiety level regulation. Therefore, it has been reported
that the experimental protocols that resulted in pro-oxidative
[39] and pro-apoptotic [13] action in hippocampal tissue sig-
nificantly enhanced anxiogenic response. At the same time,
the down-regulation of hippocampal BDNF was also associ-
ated with increased anxiety [40]. Although not evaluated in
this study, the additional pathophysiological mechanism for
mood alterations could be found in astrocytic impairment in
rat hippocampus that affects other transmitters and result in
mood deprivation [41].

4.4 Protective role of FU extract on anxiogenic response to
nano-CaPs

The results considering the consequences of this
antioxidant-rich FU extract usage confirmed that this
therapeutic approach might be beneficial in the prevention
of the described mood alterations induced by nano-CaPs. At
the dose applied, the potentially protective role of FU extract
was confirmed by its attenuation of numerous anxiogenic
factors such as oxidative damage, up-regulation of anti-
apoptotic and down-regulation pro-apoptotic factors well as
increased hippocampal BDNF and GABA-AR2S expression.
The improvement in anxiety level regulation parameters
following antioxidant supplementation observed further
confirms the findings of recently published investigations
performed in our lab [40].

5. Conclusions
This research analyzed the possible influence of an

antioxidant-rich extract of FU on anxiety level alterations in-
duced by nano-sized particles of differentCaPs. As previously
noted, this investigation, based on the results obtained in pre-

vious work [42], should be followed by a broader approach
that includes other nano-CaPs, with a different experimen-
tal design (including more prolonged treatment, and finally
should explore other brain regions responsible for mood reg-
ulation).

The results obtained suggest a growing need for new ma-
terials in restorative dentistry should include, besides the es-
timation of local tissue response, an adequate methodology
for the necessary estimation of various potential side effects,
including neurotoxicity and its behavioral manifestations. It
is worth noting that some differences for individual nano-
CaPswere observed for the behavioralmanifestations of neu-
rotoxicity. From this perspective, it would appear that TCP
was less harmful using anxiety level alteration following the
protocols applied herein. Additionally, it seems that antioxi-
dant supplementationmay be useful in the prevention and/or
treatment of toxicities induced by CaPs.
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