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The leading pathological mechanisms of Alzheimer’s disease (AD) are amyloidosis

and chronic inflammation. The study of new therapeutic drugs of the

corresponding action, in particular miRNAs and curcominoids, as well as methods

for their packaging, is topical. The aim of the work was to study the effect of miR-

101 + curcumin in a single liposome in a cellular AD model. AD model was made

by incubating a suspension of mononuclear cells with aggregates of beta-amyloid

peptide 1–40 (Aβ40) for 1 h. The effect of the subsequent application of liposomal

(L) preparations miR-101, curcumin (CUR), and miR-101 + CUR was analyzed over

time of 1, 3, 6, and 12 h. A decrease in the level of endogenous Aβ42 under the

influence of L(miR-101 + CUR) was revealed during the entire incubation period

(1–12 h), the first part of which was overlapped due to inhibition of mRNAAPP

translation by miR-101 (1–3 h), and the second-by inhibition of mRNAAPP

transcription by curcumin (3–12 h), the minimum concentration of Aβ42 was

recorded at 6 h. The cumulative effect of the combination drug L(miR-101 + CUR)

was manifested in the suppression of the increase in the concentration of TNFα

and IL-10 and a decrease in the concentration of IL-6 during the entire incubation

period (1–12 h). Thus, miR-101 + CUR in one liposome enhanced each other’s

antiamyloidogenic and anti- inflammatory effects in a cellular AD model.
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Introduction

The loss of neural connections in the Alzheimer’s disease (AD) brain is mainly due to the
disruption of signaling pathways that affect both synaptic plasticity and dendritic function,
two critical regulators of cognitive processes (Abuelezz et al., 2021). At the molecular level,
studies show that beta-amyloid peptide (Aβ) and Tau (τ) pathologies cause progressive
axonal degeneration and severe disruption of downstream synaptic processes (Pereira et al.,
2021). Moreover, Aβ and τ aggregates cause an increase in the immune response of microglia,
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as well as a violation of the functionality of astrocytes, which
ultimately contributes to cognitive decline in AD (Fakhoury, 2018).

Current treatments for AD currently focus on the use of
acetylcholinesterase inhibitors designed to inhibit the enzyme
acetylcholinesterase to increase acetylcholine levels (Mehta et al.,
2012). However, these drugs can only relieve AD symptoms and
have harmful side effects that limit success (Iqbal et al., 2010).
Therefore, there is an urgent need for an effective therapeutic agent
for the treatment of AD.

About 70% of experimentally detected miRNAs are expressed
in the brain, where they regulate neurite outgrowth, dendritic spine
morphology, and synaptic plasticity. A growing body of research
shows that miRNAs are deeply involved in synaptic function and
specific signals during memory formation (Reddy et al., 2017). This
was a key point in considering the critical miRNAs that are being
studied in AD. MicroRNA dysfunctions are increasingly recognized
as a major factor influencing AD through deregulation of genes
involved in the pathogenesis of AD. MiRNAs that directly target
the APP support a role for miRNAs in the pathogenesis of AD.
Reduced levels of miR-101 in the AD brain are reported, consistent
with in vitro studies in which miR-101 inhibition increased APP
levels (Siedlecki-Wullich et al., 2021). And vice versa: exogenous
miR-101 caused inhibition of mRNAAPP translation, reducing the
level of endogenous Aβ42 and the inflammatory cytokine response
(Sokolik et al., 2021).

Recent reports also suggest a therapeutic potential for CUR
in the pathophysiology of Alzheimer’s disease (Hamaguchi et al.,
2010). CUR has been reported in in vitro studies to inhibit Aβ

aggregation and Aβ-induced inflammation, as well as β-secretase
and acetylcholinesterase activity (Ono et al., 2004; Ahmed and
Gilani, 2009; Sokolik and Shulga, 2016). In in vivo studies, oral
or nasal administration of CUR resulted in inhibition of Aβ

deposition, Aβ oligomerization, and tau phosphorylation in the
brain of AD animal models, as well as improvement in behavioral
disturbances and cognitive characteristics (Garcia-Alloza et al.,
2007; Sokolik and Shulga, 2015). These data suggest that CUR may
be one of the most promising compounds for the development of
AD treatments.

Another problem of AD therapy is the difficulty of effective and
non-invasive drug delivery directly to the brain. However, growing
advances in nanotechnology (Mageed et al., 2021) and targeted
delivery of biological materials have been successfully reported in
some animal AD models.

In our previous studies, the predominantly anti-amyloidogenic
and/or anti- inflammatory effects of liposomal preparations of CUR
and miR-101 have been established individually in animal and
cellular models of Alzheimer’s disease (Sokolik and Shulga, 2015,
2016; Sokolik et al., 2017, 2019, 2021). Therefore, it is logical that
the aim of this study was to study the effect of miR-101 + CUR in a
single liposome in an experimental AD model in vitro.

Abbreviations: 0.9% NaCl, saline τ, tau protein; Aβ, beta-amyloid peptide;
Aβ40, beta-amyloid peptide 1–40; Aβ42, beta-amyloid peptide 1–42; AAPP,
amyloid-β protein precursor; AMPs, antimicrobial peptides; BASE 1, beta-
site APP cleaving enzyme 1; AD, Alzheimer’s disease; CUR, curcumin; ELISA,
enzyme-linked immunosorbent assay; IL-6, interleukin-6; IL-10, interleukin-
10◦L, liposomes; miR-101, micro ribonucleic acid-101; mRNAAPP, messenger
ribonucleic acid of amyloid-β protein precursor; TNFα, tumor necrosis
factor α; RPMI, Roswell Park Memorial Institute medium.

Materials and methods

A cellular Alzheimer’s disease (AD) model was made in vitro
on a suspension of human mononuclear cells (n = 3 samples).
The ethics committee of the SI “Institute of Neurology, Psychiatry
and Narcology of the National Academy of Medical Sciences of
Ukraine,” Kharkiv, Ukraine approved this study (Protocol no. 12-à,
12.12.2019). Written informed consent from volunteer donors was
obtained at the time of blood sampling. Mononuclear cells were
isolated using a Ficoll-Urografin density gradient, washed three
times with 0.9% NaCl, and resuspended in RPMI medium to a
concentration of 12,000 × 109 cells per liter.

Beta Amyloid Peptide (1–40) (Human), Abcam, Cambridge,
UK was dissolved in double- distillate water to the concentration
of 1.5 mmol/L and aggregated at 37◦C during 24 h. Large
conglomerates of Aβ40 were dispersed by ultrasound and sterilized
intermediary before adding to the suspension of mononuclear cells.
The suspension of Aβ40 aggregates was added to the incubation
medium RPMI with mononuclear cells in a 1:17 dose.

The liposomal forms of miR-101 (miR-101-3p, SPF Sintol LLC,
and RF), CUR (Sigma-Aldrich, St. Louis, MO, USA) and miR-
101 + CUR was obtained using the lipid injection method. The
diameter of liposomes (composed of phospholipid/cholesterol) was
calibrated in an extruder using additional membranes with 100 nm
openings. The concentration of microRNA in the suspension of
liposomes was 12.5·1018 molecules per liter, the CUR concentration
was 0.7 g per liter. At the same time, liposomal preparations were
added to the incubation medium at a ratio of 1:50. Nucleotide
sequence of miR-101: UACAGUACUGUGAUAACUGAA.

Four experimental groups were created for each from three
different samples of mononuclear suspensions:

Control: mononuclear cells + 0.9% NaCl (1 h) + 0.9% NaCl
Group L(miR-101): mononuclear cells + Aβ40 (1 h) + L(miR-101).

Group L(miR-101 + CUR): mononuclear cells + Aβ40
(1 h) + L(miR-101 + CUR) Group L(CUR): mononuclear
cells + Aβ40 (1 h) + L(CUR), Aβ40 aggregates (except for
Control) were added to these cells, and after 1 h of incubation

FIGURE 1

Diagrams of the relative content of Aβ42 in suspension of
mononuclear cells after 1 h of incubation with aggregates of Aβ40
and subsequent incubation over time for 1, 3, 6 and 12 h with
liposomal forms of miR-101, CUR, and miR-101 + CUR. The vertical
axis is the concentration of Aβ42 in the target samples normalized
to the corresponding concentration of this substance in the
suspension of mononuclear cells incubated with saline, %.
*P < 0.05, ***P < 0.001.
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FIGURE 2

Diagrams of the relative content of cytokines: TNFα (A), IL-6 (B), and IL-10 (C) in mononuclear cell suspension after 1 h of incubation with Aβ40
aggregates and subsequent incubation over time 1, 3, 6, and 12 h with liposomal forms of miR-101, CUR, and miR-101 + CUR. The vertical axis is the
concentration of the corresponding cytokine in the target samples normalized to the corresponding concentration of this substance in the
suspension of mononuclear cells incubated with saline, %. *P < 0.05, ***P < 0.001.

at 37◦C, liposome suspensions miR-101, miR-101 + CUR, and
CUR were added, respectively. Aliquots (V = 300 µl) for the
determination of the concentration of Aβ42 and cytokines were
taken at the beginning of the experiment, after 1 h of incubation
with Aβ40 and atthe dynamics of the time after adding the
suspension of liposomal reagents: on the 1st, 3rd, 6th, and
12th h. The control was given the corresponding volume of
saline. Samples were negatively frozen and stored until ELISA
simmered at −80◦C.

Enzyme-linked immunosorbent assay for Aβ42 and cytokines
(TNFα, IL-6, IL-10) concentration was performed according kit
manuals for the Human Aβ 1–42 (Amyloid Beta 1–42) ELISA
Kit Elabscience Bio-technology Inc., USA, α-TNF-EIA-BEST,

Interleukin-6-EIA- BEST and Interleukin-10-EIA-BEST, RF. The
absorbance of samples was read with a GBG Stat FAX 2,100
microplate analyzer (USA) at 450 nm with wavelength correction
at 630 nm. The EIA data were represented in picograms per mL
(pg/mL). To identify the specificity of the effect of Aβ40 and
liposomal preparations miR-101, miR-101 + CUR, and CUR, the
data of the L(miR-101), L(miR-101 + CUR), and L(CUR) groups
were normalized to the corresponding indicators of the control
group in dynamics research and are expressed in%.

Data are presented as mean ± standard deviation (SD). For
comparison of non-parametric data sets the Mann-Whitney U-test.
The results were considered statistically significant at P < 0.05.
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Results

The liposomal form of miR-101 + CUR revealed the most
effective (from the first hour of incubation by an average
of 67% over the entire period) and long-term (within 12 h)
suppression of the Aβ42 level in mononuclear suspension, caused
by the preliminary administration of Aβ40 aggregates (Figure 1)
according to compared with the action of miR-101 and CUR
in liposomes individually. Thus, miR-101 in liposomes caused a
decrease in the level of Aβ42 only during the first 3 h of incubation
and, on average, by 70% during this time, while the effect of
liposomal CUR actualized during 3–12 h of incubation, i.e., was
more delayed.

The greatest effect of miR-101 + CUR liposomal preparation
turned out to be at 6 h of incubation of mononuclear cells with the
AD model (Figure 1). It was most compelling when compared to
liposomal miR-101 or CUR individually in the same term. These
data characterize the primary antiamyloidogenic action of miRNAs
and only an indirect and delayed effect of CUR.

Liposomal preparations of miR-101 or CUR individually
during the first 6 h of incubation failed to prevent an increase
in TNFα concentration in the suspension of mononuclear cells
activated by Aβ40 aggregates, in contrast to liposomes with miR-
101 + CUR (Figure 2A). A decrease in the concentration of this
cytokine by 12 h of incubation cannot be considered a specific
anti-inflammatory effect of liposomes with microRNA and CUR,
since TNFα is a cytokine of the first wave of the inflammatory
cascade and its level decreases physiologically by this time, as well
as IL-10 (Figure 2C). What cannot be said about the concentration
dynamics of the ambivalent representative of the second wave of the
cytokine cascade-IL-6 (Figure 2B). It was shown that all liposomal
forms of reagents specifically reduced the concentration of IL-6
during the entire incubation period (1–12 h), which illustrates their
anti-inflammatory effect. The dynamics of IL-10 concentration
presented in Figure 2C shows that miR-101 + CUR in liposomes
provides a stable increase in the level of this anti- inflammatory
cytokine in the range of 1–6 h of incubation, while only miR-101
or only CUR in liposomes is effective only for the first hour of
incubation.

Discussion

Alzheimer’s disease is a multifactorial metabolic disorder of the
central nervous system, so a single drug with a narrowly focused
symptom-corrective action cannot be a panacea for it. From a
large pool of miRNAs involved in the pathogenesis of AD (more
than 40, 16 of which have diagnostic potential in humans), miR-
101 was selected.

Deficiency of the latter leads to uncontrolled induction of
APP synthesis, the excess of which is converted by beta-site APP
cleaving enzyme 1 (BASE1) and γ- secretase into aggregate active
Aβ (Vilardo et al., 2010). Altered expression of miR-101 was found
in patients with AD. Two independent miRNA expression profiles
(Hébert et al., 2008; Nunez-Iglesias et al., 2010) showed that miR-
101 is down-regulated in the human cortex in AD, indicating that
miR-101 down-regulation may play a role in the development of
AD. This hypothesis is consistent with our previous results, which

indicate a direct role for miR-101 in the control of APP translation
and Aβ accumulation (Sokolik et al., 2021).

Liposomal miR-101 in mononuclear cell suspension caused
a decrease in Aβ42 levels only for the first 3 h of incubation,
while together with CUR, the effect lasted 12 h (Figure 1),
since CUR came into play just starting from 3 h of incubation.
This dynamic is since miR-101 has a direct inhibitory effect
on the translation of mRNAAPP, while CUR affects indirectly:
by inhibiting the inflammatory cytokine cascade. These data are
consistent with previously published results that FAM-labeled
miR-101 in liposomes is actively absorbed by mononuclear cells
during the first 1–2 h of incubation, and then the intensity of the
fluorescent signal decreases by half by 3 h of incubation (Sokolik
et al., 2021).

Most likely, degradation of miR-101 occurs. Our other study
revealed that CUR causes a decrease in mRNAAPP expression
precisely by 3 h of incubation (Sokolik and Shulga, 2016) and a
corresponding decrease in Aβ concentration. Thus, miR-101 has
a rapid and direct effect on mRNAAPP translation, while CUR
has a slow and indirect effect on its transcription. Therefore, their
combined use in an experimental AD model had the most effective
antiamyloidogenic effect.

Aβ is a representative of the ancient peptide defense system
of the brain-antimicrobial peptides (AMPs), which can react faster
and first of the cellular immunity systems and the cytokine cascade,
activating the latter (Kumar et al., 2016; Moir et al., 2018; Pastore
et al., 2020). In the present study, miR-101 in liposomes showed
an indirect effect on the dynamics of the cytokine response (except
for IL-6), which is most likely due to an inhibitory effect on the
level of endogenous Aβ. CUR, in turn, is considered as a direct
negative regulator of IL-6 inflammatory signaling pathways due
to suppression of NF-kappaB activation (Ghandadi and Sahebkar,
2017). Therefore, of greatest interest is the revealed cumulative
effect of their combined action miR-101 + CUR in one liposome on
an experimental AD model. Namely: suppression of the increase
in the concentration of TNFα and IL-10 and a decrease in the
concentration of IL-6 during the entire incubation period (1–
12 h). Undoubtedly, the subtle regulatory mechanisms of this
effect require further detailed study, but the obtained fact inspires
optimism regarding the advisability of using the liposomal form
of miR-101 with CUR for the treatment of Thus, miR-101 + CUR
in one liposome enhanced each other’s antiamyloidogenic and
anti-inflammatory effects in a cellular AD model.
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