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Abstract—TiO2-based nanocomposites were prepared to deliver oligonucleotides into cells. The nanocomposites were
designed by the immobilization of polylysine-containing oligonucleotides on TiO2-nanoparticles (TiO2·PL-DNA). We
showed for the first time the possibility of using the proposed nanocomposites for treatment of hypertensive disease by introducing them into hypertensive ISIAH rats developed as a model of stress-sensitive arterial hypertension. The mRNA of the
gene encoding angiotensin I-converting enzyme (ACE1) involved in the synthesis of angiotensin II was chosen as a target.
Administration (intraperitoneal injection and inhalation) of the nanocomposite showed a significant (by 20-30 mm Hg)
decrease in systolic blood pressure when the nanocomposite contained the ACE1 gene-targeted oligonucleotide. When using
the oligonucleotide with a random sequence, no effect was observed. Further development and improvement of the inhalation nanocomposite drug delivery to systemic hypertensive disease treatment promises new possibilities for clinical practice.
DOI: 10.1134/S000629791704006X
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Diseases of the cardiovascular system are still the
leading cause of death in humans in developed countries
[1]. Hypertension plays a central role in the development
of severe complications, such as myocardial infarction and
cerebral stroke. Despite great medical advances in the creation of effective antihypertensive drugs, the necessary
control of blood pressure (BP) is possible only in every
third patient with essential hypertension [2]. The efficacy
of the pharmacological treatment of hypertension seems
to reach their ceiling, and further progress depends on the
development of innovative approaches and drugs.
A new trend is gene therapy, which implies the use of
nucleic acid (NA) fragments aimed at the key links of the
Abbreviations: ACE1, angiotensin I-converting enzyme; BP,
arterial blood pressure; ISIAH, inherited stress-induced arterial hypertension; NA, nucleic acid; TiO2·PL-DNA, nanocomposites designed by the immobilization of polylysine-containing oligonucleotides on TiO2-nanoparticles.
* To whom correspondence should be addressed.

disease. Gene therapy in a broad sense implies the introduction into the body for therapeutic purposes of specially designed NA fragments that have an impact on the target node links in the pathogenesis of the disease.
In this work, we studied the possibility of the treatment of hypertension by using TiO2·PL-DNA nanocomposites containing conjugates of antisense oligonucleotides with polylysine (PL-DNA) immobilized on TiO2
nanoparticles. Titanium dioxide nanoparticles provide
delivery of oligonucleotides into cells, and the oligonucleotides can block the function of key genes for development of hypertension. We used the nanocomposite bearing
an oligonucleotide that is targeted to the gene encoding
the synthesis of angiotensin I-converting enzyme (ACE1)
involved in pathogenesis of hypertension. The ability of
the proposed nanocomposites to decrease BP was studied
on ISIAH rats, which are an experimental model of inherited stress-induced arterial hypertension. Along with traditional intraperitoneal injection of the nanocomposites,
we used the inhalation way of administration.
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MATERIALS AND METHODS
TiO2 nanoparticles in the crystal form (anatase) were
prepared by hydrolysis of titanium isopropoxide with
additional treatment of the formed soles by glycidyl isopropyl ether [3]. Antisense oligodeoxyribonucleotide
DNA1 (5′-GCCCCCATGGCGCGGTp) targeted to
mRNA of the ACE1 gene and oligodeoxyribonucleotide
DNA2 (5′-CCGTCGGTACCGGCCGp) with a random
sequence were synthesized using an ASM-800 DNA synthesizer (Biosset, Russia) with phosphoroamidite
monomers (Glen Research, USA). To synthesize polylysine-containing oligonucleotides, the 3′-terminal phosphate groups were activated by the triphenylphosphine/
dipyridyldisulfide pair in the presence of nucleophilic
catalyst 4-dimethylaminopyridine-1-oxide (DMAPO).
The reaction of the resulting activated derivatives with
polylysine led to the formation of PL-DNA conjugates
with a yield of ∼90% [4]. TiO2·PL-DNA nanocomposites
were prepared by the immobilization of PL-DNA on TiO2
nanoparticles [3, 5] with a yield of 90-95%. The capacity of the nanocomposites for oligonucleotides was
∼60 nmol/mg.
We used male hypertensive ISIAH rats aged five
months as a model of stress-induced arterial hypertension. This rat line was developed by long-term selection
for high blood pressure under emotional stress [6, 7]. The
work was performed at the facilities of the vivarium of the
Institute of Cytology and Genetics (Siberian Branch,
Russian Academy of Sciences). The rats were kept under
standard conditions; water and balanced food were provided without limitation. All experiments were conducted
according to international rules for research using experimental animals (UFAW Handbook) and were approved
by the Bioethics Committee of the Institute of Cytology
and Genetics (Siberian Branch, Russian Academy of
Sciences).
The rats were divided into three groups of five each.
The first and the third group of rats received intraperitoneal injection of the TiO2·PL-DNA1 and TiO2·PLDNA2 nanocomposites, respectively. The second group of
rats was subjected to inhalation of the TiO2·PL-DNA1
nanocomposite. In the case of intraperitoneal injection, a
single dose of the nanocomposite was 0.5 ml (1 mg/ml,
60 µM for oligonucleotide). In the case of inhalation, the
rat was placed in a wire restrictor. A funnel-equipped
nebulizer was placed in front of the rat’s nostrils to deliver the suspension of the nanocomposite to the respiratory
tract. The dose of the preparation was the same as in the
case of intraperitoneal injection. Systolic BP in the rats
was measured by the indirect tail cuff method using a
BioPac System (USA) instrument. The pressure was
measured two days before the experiment, then the next
day and one, two, and three weeks after administration.
The data were statistically processed using dispersion
analysis. We calculated two-factor dispersion complex
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containing factors of the sample introduction (three
grades) and measurement time (five grades). The post-hoc
Tukey test was used to compare mean values.

RESULTS AND DISCUSSION
The development of the so-called antisense
approach based on the use of the nucleic acid fragments
as a new generation of pharmaceuticals is now underway.
NA fragments (oligonucleotides and their analogs) due to
their physicochemical and pharmacological properties
affect genetic material through fundamentally different
mechanisms compared to drugs currently used in medicine. RNA and DNA fragments, short interfering RNA
(siRNA), ribozymes and deoxyribozymes, etc., which are
used as nucleic acid fragments, can recognize certain
sequences in genes or mRNA and selectively and efficiently inhibit their functions in cells and in the body with
minimal side effects. Due to complementary interactions,
nucleic acid fragments act on the root cause of the disease
associated with the presence of particular genes, and this
is a significant advantage of these compounds compared
to conventional pharmaceutical preparations. In addition, the effects of NA-based drugs are generally more
durable and permanent compared to traditional preparations that must be taken at least once a day.
Research in this area began long ago, and the results
of using gene therapy in animal models of hypertensive
disease are described in many publications [8]. However,
one can note the presence of a temporary break in the
number of these studies since the 2000s primarily because
of the lack of effective vectors for transferring genetic
material into cells. Increasing interest in the problem of
gene therapy of hypertension has been revived in recent
years due to the emergence of a relatively safe vector,
adeno-associated viruses (AAV) [9-11], and to the success
of nanomedicine.
The use of viral vectors has some limitations because
they may cause immune or inflammatory response.
Therefore, the prospects of gene therapy will likely be
associated with nonviral vectors that might provide safe
delivery of NA-based drugs for the regulation of gene
expression inside cells and organisms [12]. Several
reviews were published in 2015 on the delivery of NAbased drugs into cells (e.g. [13]). The possible use of nonviral vectors was demonstrated with nanoparticles capable
of transferring drugs, including oligonucleotides [14].
We earlier created TiO2·PL-DNA nanocomposites
consisting of titanium dioxide nanoparticles and polylysine-containing DNA fragments to deliver them into cells
without transfection agents or physical impacts on cells
[3, 5]. It was shown that the proposed nanocomposites
exhibited low toxicity (TC50/ml ≈ 1.8 mg/ml) and very
high activity against influenza A virus in cell culture [1517].
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Systolic blood pressure in hypertensive ISIAH rats after the introduction of TiO2·PL-DNA nanocomposites. Intraperitoneal injection (a) and inhalation (b) of TiO2·PL-DNA1 containing the
oligonucleotide targeted to mRNA-ACE1; intraperitoneal injection of TiO2·PL-DNA2 containing oligonucleotide with a random
sequence (c). Pressure: basal level (1), next day (2), in one week
(3), in two weeks (4), and in three weeks (5); ** p < 0.01, *** p <
0.001

Here we studied the ability of the proposed
nanocomposites to affect specific genes that modify functions of the blood pressure-regulating systems and prevent or correct stress-induced arterial hypertension. For
this study, we used ISIAH rats, whose hypertension is the
result of a severe hereditary predisposition to the development of hypertensive reactions under emotional stress.
The ISIAH rats also show other characteristic features of
arterial hypertension: hypertrophy of the left ventricle,
increase in the wall thickness of the small arteries, alterations in kidney functions, signs of glomerulosclerosis,
and changed reactivity of sympathetic adrenal and other
neuroendocrine systems [18-21].
To date, several genetic targets were found that might
be used for gene-targeted therapy of hypertension with
the use of antisense oligonucleotides. The gene encoding
angiotensin I-converting enzyme (ACE1) involved in the
synthesis of angiotensin II was chosen as a target because
ACE1 blockade is a common and effective way to treat
human hypertension disease using pharmaceutical drugs
(captopril, monopril, etc.).
We prepared TiO2·PL-DNA1 and TiO2·PL-DNA2
nanocomposites containing oligonucleotide DNA1 complementary to the conservative region of the chosen target
and oligonucleotide DNA2 with a random sequence.
Intraperitoneal injection and inhalation were used to
introduce the nanocomposites into ISIAH rats. In the
case of inhalation, the dose of the preparation was the
same as in the intraperitoneal injection (0.5 ml, 1 mg/ml,
60 µM for the oligonucleotide). However, the rats
received a lower amount of the nanocomposite during
inhalation because a part of the sprayed substance does

not enter the rats’ lungs. Nevertheless, it was reasonable
to test this route of administration of the nanocomposite
intended to block ACE1 because ∼80% of ACE1 is known
to be synthesized in the walls of pulmonary vessels. The
approach of the drug to the target could have a significant
effect even if its dose is insufficient.
The results of the measurement of systolic BP in rats
after the injection of the preparation showed that both
routes of administration led to a reliable decrease in BP
(figure, panels (a) and (b)). Nevertheless, there is a difference in the effects when using the different routes of
administration, which is confirmed by dispersion analysis. Significant effects of the route of drug administration
(F2,50 = 49.47, p < 0.0000001), measurement time (F4,50 =
12.79, p < 0.0000001), and the interaction between these
parameters (F8,50 = 6.36, p < 0.000011) were revealed. The
correlation between the parameters is due to a difference
in the dynamics of the BP changes in response to the
introduction of the sample. With intraperitoneal injection, the BP was significantly reduced the next day after
injection and remained virtually unchanged for two weeks
and raised by the end of the third week, whereas after
inhalation, the return to the original level began at the
end of the second week. Another feature was that the total
BP reduction after the next two measurements (next day
and at the end of the first week) was slightly lower after the
injection than after inhalation: 14.25 ± 2.3 vs. 22.9 ±
1.32 mm Hg (p < 0.004). Thus, inhalation gives a more
pronounced effect during the first week, but BP starts rising and by the end of the second week almost achieves the
initial level (although this value was insignificantly lower
than the initial BP). The intraperitoneal injection provided a lower but more prolonged effect (a slight increase in
BP was observed only by the end of the third week) compared to the inhalation route of administration. The exact
cause of this phenomenon remains unclear. This is probably due to the difference in the dose of the preparation
or/and to the feature of pharmacokinetics.
It is important to emphasize that in both cases the
introduction of the TiO2·PL-DNA1 nanocomposite containing the antisense oligonucleotide targeted to mRNAACE1 was accompanied by significant and prolonged
reduction in BP compared to traditional preparations,
which must be taken at least once a day. TiO2·PL-DNA2
nanocomposite bearing oligonucleotide with random
sequence had no effect (figure, panel (c)), which indicates the selective effect of the proposed nanocomposites.
Thus, we have shown for the first time that the proposed TiO2·PL-DNA nanocomposites are promising
preparations for the treatment of hypertension. Moreover,
it has been demonstrated that efficient therapy of hypertension can be achieved using the inhalation route of drug
administration, which in this case is motivated by the fact
that the main amount of ACE1 is synthesized in the pulmonary vessels endothelium. Moreover, this method of
NA administration is preferable for clinical use.
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It is important to emphasize that the studied
nanocomposites can be prepared with unmodified phosphodiester oligodeoxynucleotides, which are less expensive compared to oligonucleotide derivatives or analogs
mostly used in the antisense approach.
The use of antisense oligonucleotides in the composition with various nanocarriers opens new opportunities
for the development of alternative methods of the struggle
not only with hypertension, but also with other pathologies. The advantage of the proposed approach is primarily the fact that an antisense oligonucleotide delivered into
cells in the nanocomposite is strongly aimed at a certain
target, which provides high specificity and eliminates
many adverse effects typical of traditional pharmaceuticals.
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