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Background. The nanopowder of titanium dioxide (ТіО2) is among the most 
demanded industrial nanomaterials; thus, it is widely used in the food industry, medi-
cine, cosmetics production, and agriculture. It creates preconditions for constant, daily 
input of these particles into the organism. ТіО2 nanoparticles are known to impact the 
functioning of the vascular endothelium cells, changing their response to acetylcholine. 
However, there is almost no information about possible effects of this nanomaterial on 
the processes of inducing the contractile function of the vessels, using epinephrine and 
the activation of voltage-gated Са2+-channels. Another interesting issue is the study of 
polymorph-dependent effects of ТіО2 nanoparticles (NPs).

This study was aimed at investigating the effect of ultradisperse ТіО2 nanoparticles 
of crystalline forms of anatase and rutile on the contractions of smooth muscle prepara-
tions of rat aorta, induced by the depolarization of the plasma membranes of myocytes 
and epinephrine-activated contractions.

Materials and Methods. The commercial preparations of TiO2 nanoparticles 
(PlasmaChem GmbH, D-12489 Berlin, Germany) in the form of nanopowder with the 
average size of particles of 1–3 nm (crystalline form of rutile) and 4–8 nm (crystalline 
form of anatase) were used in the study. The determination of the average hydrody-
namic diameter of ТіО2 nanoparticles in the suspension involved the method of dynamic 
light scattering.
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The tenzometric experiments were conducted in the isometric and isotonic regist
ration modes using the rings of rat thoracic aorta with preserved endothelium. The  
contractions of aortic isolated preparations were induced by the application of a high-
potassium solution (80 mM), the activator of L-type voltage-gated Са2+-channels Bay 
K8644, and a non-selective agonist of adrenoreceptors, epinephrine. The contractions 
were analysed by the methods of mechanokinetic analysis with the estimation of maxi-
mal velocities of the contraction and relaxation phases.

Results. It was determined that both polymorphs of ТіО2 (at the fixed concen-
tration of 10-4 mg/mL and 30 min pre-incubation) equally (approximately by one-third) 
activated the isometric and isotonic contractile responses of the aortic isolated  prepara-
tions to the application of the high-potassium solution (80 mM) and the activator of Са2+-
channels Bay K8644 (5 μM). In all cases, the parameters of the normalized maximal 
velocities of the phases of contraction and relaxation (VnC and VnR) remained at the 
control level. It was also found that under similar conditions of application, both types of 
ТіО2 NPs equally (more than twice as compared to the control) inhibited the amplitude 
of epinephrine-induced (1 μM) contractions of the aortic preparations.

Conclusions. Ultradisperse ТіО2 NPs in a polymorph-independent manner 
enhance aortic contractions in the case of potential-dependent input of Са2+ ions. 
These nanoparticles also induce the inhibition of catecholaminergic contractions of aortic 
smooth muscles, which may occur due to the chelating of catecholamines by ТіО2.

Keywords:	 aorta, ultradisperse nanoparticles of titanium dioxide, voltage-gated 
Са2+-channels, epinephrine, mechanokinetic parameters

INTRODUCTION
Modern industrial technologies envisage active application of micro- and nanoma-

terials. These compounds have unique physical and chemical properties, which make 
them irreplaceable, for instance, in the energy sector and machine-building (Eker et al., 
2024). At present, nanomaterials are also actively used in the production of food, medi-
cal preparations, cosmetics, and agriculture. One of the most commonly applied nano-
powders is titanium dioxide (ТіО2), which is the main pigment of white color. The global 
volumes of ТіО2 production amount to over 6 million tons a year (Khan et al., 2025). 
Although the larger part of the produced ТіО2 powder is used in plastic, paper, and rub-
ber production, about 10% of its total produced volume is used in food, medical, and 
cosmetic industries. In particular, ТіО2 material as a food additive received a code Е171; 
it is used to color many food products, tablets, different creams, and toothpastes white. 
Also, since ТіО2 is a biocompatible material, it is used in the production of orthopedic 
and dental implants.

Therefore, there are objective prerequisites for considerable constant input of ТіО2 
into the organism and its accumulation in the tissues and organs. For instance, while 
fifteen years ago, the approximate daily consumption of Е171 with food in industrially 
developed countries was 0.2–0.7 mg/kg for adults and 1–2 mg/kg for children, in 2021, 
it increased to the indices of 6.7 mg/kg and 11.5 mg/kg respectively (Weir et al., 2012; 
Khan et al., 2025). According to the data of В. Jovanović (Jovanović, 2015), less than 
1% of digested ТіО2 penetrates the inner environment of the organism, yet the prerequi-
sites are created for considerable accumulation of this material in the organism tissues. 
It is noteworthy that industrially produced powder Е171 contains at least one-third of 
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nanosize particles of ТіО2 (Silva et al., 2013; Musial et al., 2020), so their small size 
allows for enhanced possibilities to penetrate the inner environment of the organism.

A large volume of information about the biological effects and mechanisms of ТіО2 
toxicity, including genotoxicity and carcinogenicity, has been accumulated. Therefore, 
since January 2022, it has been prohibited to use Е171 as a food additive in the European 
Union, while in other countries of the world, this additive is still used (Shabbir et al., 2021; 
Baranowska-Wójcik et al., 2022; Khan et al., 2025). The main reason for ТіО2 toxicity is 
its high ability to enhance the production of reactive oxygen species (ROS) in cells, to 
cause oxidative stress, and induce apoptosis (Baranowska-Wójcik et al., 2022; Khan 
et al., 2025; Pokharkar et al., 2025). Due to the effect of ТіО2 nanoparticles (NPs), there 
are impairments of some intracellular signalling pathways, as shown using the models 
of nervous cells, for instance; there is also excessive activation of signalling pathways 
p38-Nrf-2 and ERK1/2/MAPK with the inhibition of brain-derived neurotrophic factor – 
tropomyosin kinase receptor B (BDNF-TrkB) instead (Domingues et al., 2024; Tripathy 
et al., 2025). Also, ТіО2 NPs can activate tumor metastases (Mu et al., 2023).

ТіО2 material can be present in three crystalline forms: rutile, anatase, and brookite 
(Domingues et al., 2024; Khan et al., 2025). In the industry, Е171 is mostly obtained 
by chemical methods, which lead to the formation of particles in the form of rutile or  
a mixture of anatase and rutile (Jovanović, 2015; Tripathy et al., 2025). ТіО2 NPs in the 
form of anatase can activate a considerably higher rate of ROS generation (Duan et al., 
2023); however, in some cases, higher cytotoxicity was found in NPs of the rutile form 
(Cheng et al., 2021; Hadrup et al., 2024).

It is known that in the case of the dominant pathway of penetrating the organism 
via the digestive system, ТіО2 NPs overcome the intestine barrier, causing changes 
in the motility regulation mechanisms for smooth muscles in the stomach and intes-
tines (Tassinari et al., 2023; Tsymbalyuk et al., 2019, 2023), then they spread along the 
blood circulation system. While interacting with the endothelium of the vascular walls, 
ТіО2 NPs cause inflammation and dysfunctional impairments, an increase in the ROS 
rate and inhibition of nitrogen oxide synthesis (Chen et al., 2013; Cao et al., 2018). 
So far, the results of only several studies aimed at investigating the effect of these 
NPs on the contractile function of the vessels have been published (LeBlanc et al., 
2009; Nurkiewicz et al., 2009; Loft & Møller, 2011; Mikkelsen et al., 2011; Jensen et al., 
2018). For instance, the in vitro and in vivo investigations of rats (with peroral intake of 
ТіО2 NPs) found enhanced responses in the aortic rings – acetylcholine-induced vas-
odilation and serotonin-induced vasoconstriction (Jensen et al., 2018). The opposite 
effects regarding acetylcholine vasodilation were obtained using the segments of the 
murine aorta with atherosclerosis, induced by the knockout of apolipoprotein E (in case 
of inhaling administration of ТіО2 NPs) (Mikkelsen et al., 2011). The preparations of 
subepicardial arterioles of rats, which were administered ТіО2 NPs by inhalation, were 
used to determine the increase in spontaneous tone and the inhibition of vasodilation, 
induced by acetylcholine or caused by high concentrations of Са2+-ionophore А23187 
(LeBlanc et al., 2009). Similarly, a considerable inhibition of the response to A23187 
was observed in the preparations of arterioles of the spine trapezius muscle of rats, 
which were administered ТіО2 NPs by inhalation. There was also a considerable inhibi-
tion of the response to А23187, and, under the action of ultradisperse NPs – the inver-
sion of А23187 effect from relaxation to contraction (Nurkiewicz et al., 2009). The model 
of human aortic myocyte culture was used to demonstrate that ТіО2 NPs can affect 
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the functioning of the smooth muscle cells of vascular walls, leading to a considerable 
increase in the reactive oxygen species (ROS) synthesis, the accumulation of Zn2+ ions 
in cells, and the stress of sarcoplasmic reticulum (Wang et al., 2018).

Thus, despite the current accumulation of a significant amount of data from in vivo 
and in vitro studies, and regularities of pharmacokinetics and pharmacodynamics of 
ТіО2 NPs, some regularities and mechanisms of their effect on specific organism tis-
sues are yet to be fully elucidated. For instance, the issue of the possible impact of ТіО2 
NPs on the contractile function of vessels induced by the depolarization of the plasma 
membrane of myocytes and epinephrine is yet to be solved.

The aim of this study was to investigate the effects of ultradisperse ТіО2 nanopar-
ticles of crystalline forms of anatase and rutile on the contractions of smooth muscle 
preparations of rat aorta, induced by the depolarization of the plasma membranes of 
myocytes and epinephrine-activated contractions.

MATERIALS AND METHODS
Characterization of NPs and preparation of their suspensions. Commercial 

preparations of TiO2 NPs (PlasmaChem GmbH, D-12489 Berlin, Germany) in the form 
of nanopowder with the average size of particles of 1–3 nm (crystalline form of rutile) 
and 4–8 nm (crystalline form of anatase) were used in the study. To prepare the stock 
solutions of ТіО2, their nanopowders were re-suspended in the distillate in the concen-
tration of 1 mg/mL, mixed using the laboratory shaker Vortex4 and treated with ultra-
sound for 5 min.

To determine the average hydrodynamic diameter of ТіО2 NPs in the suspension, 
we used the method of dynamic light scattering with the laser correlation spectrometer 
“ZetaSizer-3” (Malvern Instruments, Great Britain), equipped with He-Ne laser LGN-111 
(Р = 25 mW, λ = 633 nm; the measuring range of the device is from 1 nm to 20 µm). The 
registration and statistical processing of the laser irradiation, dissipated from aqueous 
(n = 1.33) suspension of NPs, were conducted five times in the course of 60 s at the 
temperature of +22 °С under the dissipation angle of 90°. The obtained results of the 
measurements were processed using PCS-Size servicing software, mode v1.61.

Aortic rings preparation and tenzometric studies. The studies were conducted 
using Wistar rats which were kept with a standard diet and under standard conditions: tem-
perature of 20±2 °C, relative air humidity 50–70%, light regime – light:darkness = 12:12 h. 
All the manipulations with the animals were conducted according to the International 
Convention for the Protection of Animals and the Law of Ukraine “On Protection of Animals 
from Cruelty” (the Minutes of the meeting of bioethics commission of SSC Institute of 
Biology and Medicine No. 8 dated December 26, 2024). The animals were euthanized 
by the displacement of cervical vertebrae after combined anesthesia with thiazol and 
xylazine.

The tenzometric experiments were conducted using the rings of the rat thoracic 
aorta with preserved endothelium. Aortic rings (2–3 mm wide) were placed into the 
working chamber (the volume of 2 mL) with the flowing Krebs solution (the flow rate of 
8 mL/min), and thermostated at 37 °С. The preparations were provided with passive 
tension at the rate of 10 mN and left at least for 1 h. The contractile activity was studied 
in the isometric mode (using the force sensing device) and the isotonic mode (using 
the movement sensing device). The signals were registered with an analogue-to-digital 
transformer.
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Krebs solution was used in the experiments (mM): 120.4 NaCl; 5.9 KCl; 15.5 
NaHCO3; 1.2 NaH2PO4; 1.2 MgCl2; 2.5 CaCl2; 11.5 glucose; рН of the solution was 7.4. 
The high-potassium solution (HPS), containing К+ ions in the concentration of 80 mM, 
was prepared by isotonic replacement of the required amount of Na+ ions in the initial 
Krebs with the equimolar amount of К+ ions. The non-selective agonist of adrenorecep-
tors, a neurotransmitter  epinephrine (in the applied concentration of 1 μM, Sigma) and 
the agonist of voltge-gated Са2+-channels of L-type, Bay K8644 (in the applied concen-
tration of 5 μM, Sigma) were used in the study.

The stock solutions of ТіО2 NPs (1 mg/mL) were prepared by re-suspending with 
the laboratory shaker in the distillate, with the subsequent treatment with ultrasound for 
5 min. The aliquotes of the stock solutions were added to the working solutions (the nor-
mal Krebs and high-potassium solutions) and applied in a concentration of 100 µg/mL.

Mechanokinetic analysis of contractions. Since the aorta generates contractile 
responses, which slowly (up to 30 min) reach the maximal value, these were deter-
mined three minutes after the contraction activation to ensure a unified comparison of 
the amplitude parameters of Fmax and ∆Lmax.

The contractions of the aortic preparations, registered in the isometric mode, were 
analyzed according to the method of multiparameter analysis of the complex mechanokine
tic analysis (Kosterin et al., 2021). To analyze the complete profile of single spontaneous 

contractions, they were linearized in the coordinates 
� �� � �� �� �
� �� �� �

R

C

ln ; ln +F t
tF , where F and t – 

instant values of force and time at the level of the contraction cycle (С and R – symbols 
for the phases of contraction and relaxation, respectively), FC and FR – the values of the 
force at the inflexion points of the mechanogram at the level of the phases of contraction 
(from the beginning of the increase in the force to its maximal value Fmax) and relaxa-
tion (from the maximal value of the force Fmax at the time moment τ0 and until its return 
to the basal level), ∆t – arbitrarily fixed time interval (which varied within 15–50 s). The 
linearization charts were used to determine the characteristic constants k and n, which 
were further used to calculate the parameters: force (Fmax, FC and FR) and velocity (VC 
and VR). Here VC and VR – maximal velocities of the phases of contraction and relaxa-
tion, respectively.

The contractions of the aortic preparations, registered in the isotonic mode, were 
analyzed according to the method of complex mechanokinetic analysis (Kosterin & 
Tsymbalyuk, 2023). To analyze the complete profile of single spontaneous contractions, 

they were linearized in the coordinates 
� �� � �� �� �
� �� �� �

R

C

ln ; ln +L t
tL

, where L and t – instant values 

of length (diameter of aortal ring) and time at the level of the contraction cycle (С and 
R – symbols for the phases of contraction and relaxation, respectively), LC and LR – the 
values of the contraction (shortening) of the muscle preparation at the inflexion points 
of the mechanogram at the level of the phases of contraction (from the beginning of the 
contraction to its maximal value Lmax) and relaxation (from the maximal value of the con-
traction ∆Lmax at the time moment τ0 and until its return to the length of the preparation at 
rest, to the basal level), ∆t – arbitrarily fixed time interval. The linearization charts were 
used to determine the characteristic constants k and n, which were further used to cal-
culate the parameters: contraction (∆Lmax, ∆LC and ∆LR) and velocity (VC and VR). Based 
on the analytical dependencies, which involved the indices n, k and the amplitude, the 
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energy parameters of contractions were estimated: ∆Аmax = ∆Аτ0, τС, the averaged power 
Nm at the level of the contraction phase, the maximal power Nmax = N.

The method of kinetic analysis, elaborated by Kosterin–Burdyga, was also used in 
the study (Burdyga & Kosterin, 1991). During the analysis, the phases of contraction 

and relaxation were separately linearized within the coordinates � ��� �
� �� �

� �� �
ln ; lnmf f t

f
; the 

linearized charts were used to determine τ and n, further used to estimate the normal-
ized maximal velocities of the phases of contraction (Vnc) and relaxation (Vnr), which did 
not depend on the amplitude of contractile responses.

Statistical analysis. The experimental data were processed by variation statistics 
methods using OriginPro 2018 program. The samples were checked in terms of belon
ging to normally distributed general populations according to Shapiro–Wilk’s test. The 
one-way analysis of variances (ANOVA) with multiple post-hoc comparisons with Turkey 
test was used to determine reliable differences between the mean values of samplings. 
The results were considered significant on the condition of the probability value p <0.05. 
The validation analysis of data approximation while using the mechanokinetic analysis 
method by the linear function was performed using Fisher’s criterion; determination 
coefficients (R2) were at least 0.96 in all cases. The results were presented as the arith-
metic mean ± standard error of the mean value, n – number of experiments.

RESULTS AND DISCUSSION
The characteristics of suspensions of ТіО2 nanoparticles. The study using the 

method of dynamic light scattering determined that both samplings of ТіО2 NPs formed 
stable monodisperse systems (Figs. 1 and 2). For instance, the average hydrodynamic 
diameter of rutile NPs in the aqueous suspension was 33.2 nm, and its distribution in 
terms of sizes was as follows: the largest number (44.3 %) of particles –16.7 nm, 20.0 % 
of particles – 10.6 nm, 29.2 % of particles – 26.1 nm, and the hydrodynamic diameter of 
the remaining 6.5% was more than 26.1 nm (Fig. 1).

NPs with the certified size of 4–8 nm (the crystalline structure of anatase) in the 
aqueous solution were characterized by the average value of the hydrodynamic diame
ter of 8.9 nm (Fig. 2). In terms of sizes, its distribution was as follows: the largest num-
ber (40.9 %) of particles – 7.5 nm, 17.8 % of particles – 5.5 nm, 30.0 % of particles – 
10.3 nm and the hydrodynamic diameter of the remaining 11.4% was larger, but not 
exceeding 36.1 nm (Fig. 2).

Also, NPs of the certified size of 1–3 nm (polymorph rutile) were characterized by 
some aggregation, while the aggregation of the particles of 4–8 nm (polymorph anatase) 
was minimal. In both cases, the suspended NPs corresponded to the ultradisperse NPs 
(Calderón-Garcidueñas & Ayala, 2022).

The contractions of aortic isolated preparations, induced by the input of 
the extracellular Са2+, at the effect of ТіО2 NPs, polymorphs rutile (1–3 nm) and 
anatase (4–8 nm). The main pathway of activating the excitation of myocytes in the 
vascular wall is the potential-dependent input of Са2+ ions from the extracellular space, 
i.e. so called electromechanical excitation–contraction coupling (Eckert et al., 2000).  
A convenient model for its investigation is the depolarization of the plasma membrane 
of myocytes using the high-potassium solution.
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The addition of the suspensions of ТіО2 NPs of both polymorph forms (both in the 
concentration of 10-4 mg/mL) to the washing solution and the preliminary incubation 
for 30 min did not cause any changes in the basal tension and the diameter of aortic 
isolated preparations at rest in the case of isometric and isotonic modes of registration.

However, under the action of both types of ТіО2 NPs, activation of isometric and iso-
tonic contractions of preparations in response to the application of the high-potassium 
solution (80 mM) was observed (Fig. 3). In all modes of registration and polymorph forms 
of NPs, the magnitude of the activation of contractions was significant (р <0.05) and, as 
compared to the control values, amounted to: for isotonic contractions – 137.2±10.5 % 
(at the background of NPs of 1–3 nm) and 127.4±4.6 % (at the background of NPs of 
4–8 nm) and for isometric contractions – 121.8±5.3 % (at the background of NPs of 
1–3 nm) and 159.5±12.4 % (at the background of NPs of 4–8 nm) (Fig. 4, 6).

Further on, to get a deeper understanding of the changes in the dynamics of the force 
and contraction at the effect of ТіО2 NPs and to foresee possible cell targets for the action 
of this xenobiotic, the mechanograms of the contraction-relaxation cycles were analyzed 
using the methods of the mechanokinetic analysis (Burdyga & Kosterin, 1991; Kosterin 
et al., 2021; Kosterin & Tsymbalyuk, 2023). It was determined that both polymorphs of 
ТіО2 equally (and similar to the amplitude values of ∆Lmax) increased the parameters of 
aortic preparation contraction at the inflexion points of the mechanogram at the level 

Fig. 1.	 The distributions of the hydrodynamic 
diameters of ТіО2 nanoparticles with the 
certified size of 1–3 nm in the suspension 
with the concentration of 1 mg/mL: А – 
the distribution by the intensity of light 
scattering; B – the distribution by the 
volume; C – the distribution by the number 
of NPs. The mean values of results from 
five consecutive measurements of one 
minute each are presented
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of the phases of contraction and relaxation (LC and LR, respectively) (Fig. 4А). There 
were differences between the effects of polymorphs on the parameters of the maximal 
velocities of the phases of contraction and relaxation (VnC and VnR) of the isotonic con-
tractions: in case of rutile of 1–3 nm, there was an equal increase in both velocities (by 
one-third, on average), while at the effect of anatase NPs of 4–8 nm, the velocities did 
not significantly differ from the control values (Fig. 4B).

The energy parameters were also estimated for the isotonic contractions of aorta, 
induced by the high-potassium solution in the control, and under the effect of ТіО2 NPs. 
It was determined that at the effect of both polymorphs of ТіО2, there was a consider-
able increase in both work indices (maximal ∆Аmax and average ∆Аm). The power indices 
(except for the maximal power Nmax against the background of rutile NPs) remained at 
the level of control values (Fig. 5).

Similarly to the isotonic contractions, there was a reliable increase in all the power 
parameters for the isometric contractions of aortic smooth muscle isolated preparations 
under the effect of rutile and anatase nanoparticles (Fig. 6). Contrary to the isotonic 
contractions, in the isometric mode of registration, ТіО2 NPs did not change the velocity 
parameters (VC and VR) of the contractions induced by the high-potassium solution. Yet, 
in the case of the maximal velocities normalization regarding the amplitude of contrac-
tions in both modes of registering the contractile activity of the aorta, we did not observe 
any considerable differences as compared to the control values (Fig. 4C and 6C).

Fig. 2.	 The distributions of the hydrodynamic 
diameters of ТіО2 nanoparticles with the 
certified size of 4–8 nm in the suspension 
with the concentration of 1 mg/mL: А – 
the distribution by the intensity of light 
scattering; B – the distribution by the 
volume; C – the distribution by the number 
of NPs. The mean values of results from 
five consecutive measurements of one 
minute each are presented
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Fig. 3.	 The typical mechanograms of isotonic (A and B) and isometric (C and D) contractions of the isolated 
preparations of rat aorta, induced by the application of the high-potassium solution (80 mM), at the 
control and preliminary effect of ТіО2 nanoparticles (10-4 mg/mL, the preincubation throughout of 
30 min): А and C – at the background of the NPs suspension of 1–3 nm (rutile); B and D – at the 
background of the NPs suspension of 4–8 nm (anatase)

Thus, under the effect of ТіО2 NPs with the average size of 1–3 nm (rutile) and 
4–8 nm (anatase) there was an increase in the contractions, activated by the depolari-
zation of the plasma membrane in smooth muscle cells, which showed no critical diffe
rences by the amplitude (Fmax, FC and FR; ∆Lmax, ∆LC and ∆LR) and velocity (VnC and VnR) 
parameters. These effects allow us to infer that ТіО2 NPs increase the voltage-gated 
input of Са2+ ions from the extracellular space in a polymorph-independent manner 
(Eckert et al., 2000). It is known that in the plasma membrane of the aortic myocytes, 
there are voltage-gated Са2+-channels of L- and T-types which get activated under 
these conditions and determine the predominant contribution into the processes of acti-
vation of the contractile response of the muscle preparations (Wani et al., 2018, 2020). 
This assumption may be confirmed by the investigations (Nurkiewicz et al., 2008) that 
found a considerable decrease in the vasodilation response to the introduction of Са2+-
ionophore А23187 in the arterioles of the spinal trapezius muscle of rats (the animals 
were administered thin-disperse and ultradisperse TiO2 NPs by inhalation) up to the 
change in the response of the vessels to the vasoconstriction, due to the activation of 
the Са2+ input into the myoplasm at the effect of ТіО2.
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Fig. 4.	 The relative changes in the parameters of the isotonic contractions of the rat aortic isolated prepara-
tions, caused by the application of the high-potassium solution (80 mM) at the preliminary effect of 
ТіО2 nanoparticles with the average sizes of 1–3 nm (rutile) and 4–8 nm (anatase) (10-4 mg/mL, the 
pre-incubation throughout of 30 min): А – contraction parameters (∆Lmax, ∆LC and ∆LR); B – velocity 
parameters (VC and VR); C – normalized maximal velocities of the phases of contraction and relaxa
tion (VnC and VnR). The parameters of muscle contractions in the control were taken as 100 %, and 
are indicated by a red line in the diagrams. n = 5; * – p <0.05; ** – p <0.01 – the difference is significant 
as compared to the control

Fig. 5.	 The relative changes in the parameters of the isotonic contractions of the rat isolated aortic prepara-
tions, caused by the application of the high-potassium solution (80 mM) at the preliminary effect of 
ТіО2 nanoparticles with the average sizes of 1–3 nm (rutile) and 4–8 nm (anatase) (10-4 mg/mL, the 
pre-incubation throughout of 30 min): A – work parameters for the maximal ∆Аmax and average ∆Аm; 
B – power parameters for the maximal Nmax and average Nm). The parameters of muscle contractions 
in the control were taken as 100%, and are indicated by a red line in the diagrams. n = 5; * – p <0.05; 
** – p <0.01 – the difference is significant as compared to the control
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Fig. 6.	 The relative changes in the parameters of the isometric contractions of the rat aortic isolated prepara-
tions, caused by the application of the high-potassium solution (80 mM) at the preliminary effect of 
ТіО2 nanoparticles with the average sizes of 1–3 nm (rutile) and 4–8 nm (anatase) (10-4 mg/mL, the 
pre-incubation throughout of 30 min): А – force parameters (Fmax, FC and FR); B – velocity parameters 
(VC and VR); C – normalized maximal velocities of the phases of contraction and relaxation (VnC and 
VnR). The parameters of muscle contractions in the control were taken as 100%, and are indicated by 
a red line in the diagrams. n = 5; * – p <0.05; ** – p <0.01 – the difference is significant as compared 
to the control

To check the assumption that TiO2 NPs can increase the contractions of the aortic 
rings, induced by the high-potassium solution, precisely due to the activation of the input 
of Са2+ ions via voltage-gated Са2+-channels of the plasma membrane, we studied the 
effect of these nanoparticles on the contractions of the rat aortic preparations activated 
by the selective activator of voltage-gated Са2+-channels of L-type, Bay K8644 (5 μM).

It was found that the preliminary incubation (for 30 min) of the smooth muscle 
isolated preparations of aorta with the suspensions of ТіО2 NPs was accompanied with  
a considerable increase in the amplitude (Fmax and ∆Lmax, respectively) of isometric and 
isotonic contractile responses to Bay K8644 without a significant effect on the parame
ters of the normalized maximal velocities of the phases of contraction and relaxation 
(Fig. 7A and B). Thus, we can expect that the effects of the increase in the high-potas-
sium contracture of the aorta under the impact of ТіО2 NPs are conditioned by the acti-
vation of the extracellular calcium via voltage-gated Са2+-channels of L-type.
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Fig. 7.	 The typical mechanograms of isotonic (A and C) and isometric (B and D) contractions of the rat aortic 
isolated preparations, induced by the application of the activator of voltage-gated Са2+-channels of 
L-type, Bay K8644 (5 μM), and epinephrine (1 μM) under the preliminary effect of ТіО2 NPs of 1–3 nm 
(rutile): A and B – Bay K8644; B and D – epinephrine

The contractions of aortic preparations, induced by epinephrine, under the 
effect of ТіО2 NPs, polymorphs rutile (1–3 nm) and anatase (4–8 nm). The con-
tractile responses of the vascular smooth muscles under the effect of epinephrine are 
a typical example of the activation via the pharmacomechanical excitation-contraction 
coupling. Mostly, they are implemented by the stimulation of the adrenoreceptors of 
α1-type, coupling with Gq/11-proteins (Eckert et al., 2000). It should be noted that the 
receptors of α1А/С- and α1D-subtypes are expressed in the aortic myocytes of rats, but 
the latter dominate functionally (Eckert et al., 2000; Lee et al., 2024).

The application of epinephrine (1 μM) was accompanied by isotonic contractions of 
the aortic rings, which were characterized by the following average amplitude parame
ters (three minutes after the start of epinephrine application): ∆Lmax -0.025±0.0018 mm 
and Fmax 5.06±0.43 mN (n = 5). There was a considerable inhibition of the epinephrine-
induced aortic contractions in the presence of ТіО2 NPs of both polymorphs in the solu-
tion washing the smooth muscle preparations. For instance, NPs with the average size 
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of 1–3 nm (rutile) caused the decrease in the amplitude parameters of the contractions 
on average down to: ∆Lmax -0.0011±0.0001 mm and Fmax 1.12±0.14 mN (n = 5, p <0.01 as 
compared to the corresponding control values) (Fig. 7C and D). Under the effect of NPs 
with the average size of 4–8 nm (anatase), the amplitude values of epinephrine-induced 
contractions of aortic preparations were as follows: ∆Lmax -0.0012±0.0001 mm and Fmax 
1.04±0.13 mN (n = 5, p <0.01 as compared to the corresponding control values). No sig-
nificant differences were observed between the effects of different polymorphs of ТіО2 
(p >0.05). The introduction of ТіО2 caused a two-fold inhibition of epinephrine-induced 
contractions as compared to the control.

The epinephrine-induced contractions of the vascular smooth muscles are contri
buted to by both Са2+ ions, released from the sarcoplasmic reticulum, and the ions, 
incoming from the extracellular space via Са2+-channels (Creutz & Chou, 2008). At 
the first glance, there is a considerable contradiction between the effects of ТіО2 NPs 
regarding the contractions, induced by the high-potassium solution and epinephrine. 
However, these differences may be explained by the ability of ТіО2 to selectively chelate 
the enediol-containing compounds, including biologically active catecholamines (epi-
nephrine, norepinephrine, dopamine) (Tae et al., 2005). In particular, these nanopar-
ticles are currently used to elaborate sensors which would determine the content of 
epinephrine in biological fluids (Wu et al., 2007). Thus, it can be inferred that a conside
rable inhibition of the responses of the aortic isolated preparations to epinephrine can 
be explained by the binding of the molecules of this agonist to ТіО2 NPs.

In general, catecholamines play an important role in the regulation of tone and 
contractile activity of both vascular and visceral smooth muscles. Norepinephrine, by 
activating α-adrenoceptors of vascular smooth muscle to a greater extent, causes 
vasoconstriction and increased vascular resistance (Fernández-Reina et al., 2018). 
Dopamine at low concentrations predominantly activates Gs-protein-coupled D1-like 
(subtypes D1 and D5) receptors in resistance arteries, causing vasodilation, while at 
high concentrations (under model experimental conditions) it can stimulate not only 
dopamine receptors, but also β1- and α1-adrenoceptors (Zeng et al., 2008; Yang et al., 
2024). The motility of the smooth muscles of the digestive tract is controlled by the main 
excitatory neurotransmitter acetylcholine (via muscarinic cholinergic receptors of the 
M2- and M3-subtypes), as well as by dopamine and norepinephrine (Zizzo et al., 2020). 
Additionally, catecholamines, in particular dopamine and norepinephrine, can take on  
a compensatory role of normalizing the motor function when cholinergic neurotransmis-
sion in the digestive tract wall deteriorates in the initial stages of Parkinson’s disease 
(Zhu et al., 2012; Murillo et al., 2023). However, the death of enteric dopaminergic 
neurons is observed as the disease progresses (Natale et al., 2017). Adrenergic neu-
rotransmission in smooth muscles is diverse, which is due to the selective expression 
of certain types of adrenoceptors. Thus, α1-adrenoceptors, which are coupled with 
Gq/11-proteins, are predominantly expressed in smooth muscle cells of blood vessels 
and the urinary tract, and their stimulation with epinephrine and norepinephrine causes  
a contractile response. Stimulation of α1-adrenoceptors (with the selective agonist phe-
nylephrine) causes relaxation of smooth muscle cells of the gastrointestinal tract due to 
activation of Ca2+-activated K+-channels of small conductance (Traserra et al., 2025). 
Therefore, we can expect that the penetration of TiO2 NPs into the internal environment 
of the body may also cause a weakening of the effects of catecholamines in the regula-
tion of the contractile function of vascular and visceral smooth muscles.
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CONCLUSIONS
The suspensions of ТіО2 NPs (1–3 nm, rutile, and 4–8 nm, anatase) were used to 

investigate their effect on aortic contractions.  It was determined that both polymorphs 
of ТіО2 (used in the concentration of 10-4 mg/mL) equally activated the isometric and 
isotonic contractile responses of the aortic isolated preparations to the application of the 
high-potassium solution (80 mM) and the activator of the voltage-gated Са2+-channels 
of L-type, Bay K8644 (5 μM), not affecting the parameters of the normalized maxi-
mal velocities of the phases of contraction and relaxation (VnC and VnR). These effects 
are likely related to the immediate activation of the input of Са2+ ions by TiO2 NPs in  
a potential-dependent way.

It was found that both samplings of ТіО2 NPs (10-4 mg/mL) equally inhibited the 
amplitude of the epinephrine-induced (1 μM) contractions of the aortic isolated prepara-
tions by more than two times. A probable reason for this inhibition is the ability of ТіО2 to 
selectively chelate catecholamines, including epinephrine.

The results, obtained in our work, may be useful for deeper understanding of the 
toxic effect of ТіО2 NPs on living organisms, for instance, by foreseeing the mechanisms 
of impairments in the functioning of the cardiovascular system and the concentrations 
of the neurotransmitters of the central nervous system at the effect of this xenobiotic.
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МОДУЛЯЦІЯ СКОРОЧЕНЬ АОРТИ ЩУРІВ УЛЬТРАДИСПЕРСНИМИ 
НАНОЧАСТИНКАМИ TiO2 КРИСТАЛІЧНИХ ФОРМ АНАТАЗУ І РУТИЛУ
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1 Київський національний університет імені Тараса Шевченка
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2 Львівський національний університет імені Івана Франка
вул. Університетська, 1, Львів 79000, Україна  

Обґрунтування. Нанопорошок діоксиду титану (ТіО2) є одним із найбільш 
затребуваних промислових наноматеріалів, також його широко використовують  
у виробництві продуктів харчування, медичних і косметичних засобів, у сільському 
господарстві. Це створює передумови постійного, щоденного надходження цих 
частинок в організм. Відомо, що наночастинки ТіО2 впливають на функціонування 
клітин ендотелію судин, змінюючи їхню реакцію на ацетилхолін. Втім, на сьогодні 
практично немає інформації про ймовірні ефекти цього наноматеріалу на процеси 
активації скорочувальної функції судин епінефрином і на активацію потенціалке-
рованих Са2+-каналів. Також цікавим питанням залишається дослідження полі-
морфзалежних ефектів НЧ ТіО2.

Метою роботи було дослідити вплив ультрадисперсних наночастинок ТіО2 
кристалічних форм анатазу і рутилу на скорочення гладеньком’язових препаратів 
аорти щурів, викликані деполяризацією плазматичної мембрани міоцитів, а також 
на епінефрин-активовані скорочення.

Матеріали і методи. У дослідженнях використовували комерційні препа-
рати наночастинок TiO2 (PlasmaChem GmbH, D-12489 Berlin, Germany) у формі 
нанопорошку зі середнім розміром частинок 1–3 нм (кристалічна форма рутил)  
і 4–8 нм (кристалічна форма анатаз). Для визначення середнього гідродинамічного 
діаметра наночастинок ТіО2 у суспензії було застосовано метод динамічного роз-
сіювання світла.

Тензометричні досліди проводили в ізометричному й ізотонічному режимах 
реєстрації на препаратах кілець грудної аорти щурів зі збереженим ендотелієм. 
Скорочення ізольованих препаратів аорти індукували аплікуванням гіперкалієвого 
розчину (80 мМ), активатора потенціалкерованих Са2+-каналів L-типу Bay K8644 та 
неселективного агоніста адренорецепторів епінефрину. Скорочення аналізували 
методами механокінетичного аналізу з розрахунком максимальних швидкостей 
фаз скорочення і розслаблення. 

Результати. Встановлено, що обидва поліморфи ТіО2 (за фіксованої концен-
трації 10-4 мг/мл і часу передінкубації 30 хв) однаковою мірою (приблизно на тре-
тину) спричиняють активацію ізометричних та ізотонічних скорочувальних відпо-
відей ізольованих препаратів аорти на аплікування гіперкалієвого розчину (80 мМ) 
і активатора потенціалкерованих Са2+-каналів L-типу Bay K8644 (5 мкМ). У всіх 
випадках параметри нормованих максимальних швидкостей фаз скорочення і роз-
слаблення (VnC і VnR) залишалися на контрольному рівні. Також виявлено, що за 
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аналогічних умов аплікування обидва типи НЧ ТіО2 однаковою мірою (більш ніж 
удвічі щодо контролю) пригнічують амплітуду епінефрин-викликаних (1 мкМ) ско-
рочень препаратів аорти. 

Висновки. Ультрадисперсні наночастинки ТіО2 поліморфнезалежним чином 
посилюють скорочення аорти і надходження іонів Са2+ потенціалзалежним шля-
хом. Також наночастинки ТіО2 обумовлюють пригнічення катехоламінергічних ско-
рочень гладеньких м’язів аорти, ймовірно, внаслідок хелатування катехоламінів. 

Ключові слова:	 аорта, ультрадисперсні наночастинки діоксиду титану, 
потенціалкеровані Са2+-канали, епінефрин, механокінетичні 
параметри
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