
cells

Article

Serum Level of miR-1 and miR-155 as Potential
Biomarkers of Stress-Resilience of NET-KO and
SWR/J Mice
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Abstract: In the present study, we used three strains of mice with various susceptibility to stress:
mice with knock-out of the gene encoding norepinephrine transporter (NET-KO), which are well
characterized as displaying a stress-resistant phenotype, as well as two strains of mice displaying two
different stress-coping strategies, i.e., C57BL/6J (WT in the present study) and SWR/J. The procedure
of restraint stress (RS, 4 h) was applied, and the following behavioral experiments (the forced swim
test and sucrose preference test) indicated that NET-KO and SWR/J mice were less sensitive to RS
than WT mice. Then, we aimed to find the miRNAs which changed in similar ways in the serum of
NET-KO and SWR/J mice subjected to RS, being at the same time different from the miRNAs found in
the serum of WT mice. Using Custom TaqMan Array MicroRNA Cards, with primers for majority
of miRNAs expressed in the serum (based on a preliminary experiment using the TaqMan Array
Rodent MicroRNA A + B Cards Set v3.0, Thermo Fisher Scientific, Waltham, MA, USA) allowed the
identification of 21 such miRNAs. Our further analysis focused on miR-1 and miR-155 and their
targets—these two miRNAs are involved in the regulation of BDNF expression and can be regarded
as biomarkers of stress-resilience.
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1. Introduction

Stress is defined as conditions that seriously perturb the psychological and physiological balance
of an individual. However, the impact of stressful life events on physical and psychological well-being
is highly variable, and does not affect everyone in the same manner; there are susceptible individuals
who poorly adapt to stressors and express inappropriate responses that can become persistent states
of stress, while resilient individuals can perceive adversity and develop adaptive psychological and
physiological responses [1]. The underlying mechanisms of these responses are not fully understood
as yet, although they are known to depend on a combination of genetic and non-genetic factors that
interact in complex ways. Coping refers to alternative response patterns that occur in reaction to a
challenging environment, and coping strategies are essential to minimize the impact of stress and
determine the degree of resilience and susceptibility. However, as the biological basis of stress response
is not clearly defined, the same concerns coping strategies [2].

The idea of microRNAs (miRNAs) as mediators of the brain genomic response to stress is quite
new, although recently many studies have been devoted to this subject, and various miRNAs or
miRNAs families have been shown to be regulated in response to different kinds of stress [3–6], and they
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are regarded as endogenous “hubs” (as Issler and Chen have put it) for the fine tuning of target gene
expression or an “expression switch”, and can provide deeper insight into complex biological processes
underlying stress response.

In the present study, we used three strains of mice differentially reacting to stress: mice with
knock-out of the gene encoding norepinephrine transporter (NET-KO), which are well characterized as
displaying a stress-resistant phenotype [7–9], as well as two other strains of mice displaying different
stress-coping strategies, i.e., C57BL/6J (WT in the present study) and swiss SWR/J, described extensively
by Szklarczyk and co-workers [10]. The different reaction to stress of these strains of mice has
been confirmed by measuring corticosterone level. The NET-KO mice display a slower increase in
corticosterone level after stress compared with WT animals, while corticosterone level was not changed
at 2 h after restraint stress in the blood of SWR/J mice [8,10]. We applied the procedure of restraint
stress (RS), which has been shown to induce an uncontrollable aversive situation that produces both
physical and psychological consequences leading to neuronal and behavioral alterations [11]. The aim
of following molecular studies was to find biomarkers for different behavioral responses to RS among
miRNAs expressed in the serum of three genotypes under study. This goal was achieved, as we were
able to identify a group of miRNAs differentiating the stress response of NET-KO and SWR/J mice
from WT animals. The most interesting were the alterations in the miR-1 and miR-155 levels, which are
involved in regulation of BDNF expression, which in turn affects important biochemical processes.

2. Materials and Methods

2.1. Animals

Heterozygous mice (C57BL/6J background), obtained from Dr M. Caron and generated by Xu
and co-workers at Duke University Medical Center, Durham, NC, USA [12], were mated to each other.
Homozygous WT and NET-KO (Slc6a2tm1Mca/IFPAS) males, ca. 4.5 month old, were used for the
experiments. Genotypes were confirmed with a polymerase chain reaction (PCR) using the primers
mNETEx2s (5′-GCT TTA TGG CAT GTA GTG TGC AC-3′), mNETEx2as (5′-GCT TTC TGC TTG AAC
TTG AAG GC-3′), and EGFPas (5′-GCC GGA CAC GCT GAA CTT GTG-3′) to amplify 700 and 500 bp
PCR products from WT and NET-KO mice, respectively.

The swiss (SWR/J) strain was obtained from the Jackson Laboratory (USA). Six week old males
and females were imported to IFPAS and mated to each other. The 4.5 month old males were used for
the experiments.

The mice were housed in groups. Animals had free access to food and water and were kept at a
constant room temperature (24 ◦C) under a 12 h light/dark cycle. Animals were kept according to the
decision of the Minister of Environment (no. 88/2014) and the Local Bioethic Commission (199/2017).

2.2. Behavioral Studies

2.2.1. Restraint Stress (RS)

The mice were housed individually one week before the experiment. Ten male mice per group
were used for behavioral tests. After the adaptation period, they were placed in well-ventilated
polypropylene tubes (diameter 28 mm and length 110 mm), located in their home cage, for 4 h.
During the immobilization phase, the mice did not have access to food and water, and after the
experiment they were left undisturbed in their home cage.

2.2.2. Forced Swim Test (FST)

The forced swim test was performed 6 days after the RS. Mice were individually placed in a
transparent cylinder (20 cm in diameter) filled with water (23–25 ◦C) to a depth of 12 cm, to prevent
them from using their tails to support themselves in the water. Immobility was measured during the
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last 4 min of a 6 min session. Immobility was defined as cessation of limb movements except for minor
movements necessary to keep the mouse afloat [13].

2.2.3. Sucrose Preference Test (SPT)

The sucrose preference test was performed 6 days after the RS. The experimental animals were
acclimatized to two bottles of water one week before the RS; they were not deprived of food or water
before the test. Then, they were given free choice between a 2% sucrose-solution and tap water for 24 h.
The bottles with water and sucrose solution were replaced after 12 h of test time. The consumption
of liquid was determined by weighting the bottles. The preference to sucrose was determined by
comparison of sucrose-solution intake to the total amount of liquid drunk [14].

2.2.4. Statistical Analysis of Behavioral Data

Data from behavioral experiments were analyzed with GraphPad Prism 7.04. Each genotype
was investigated during separate experiments, therefore data were analyzed by the Student’s t-test to
compare the stressed group with the control group of each genotype. Additionally, control groups of
NET-KO and SWR/J were compared with the control group of WT mice. The Student’s t-test was also
used for these comparisons. The p values less than 0.05 were considered significant.

2.3. Molecular Studies

2.3.1. Blood Collection

The trunk blood was collected 10 min after the RS procedure from 7 male mice per group, as well
as from mice not subjected to RS (control groups). Blood was left at room temperature for 20–30 min to
clot. Then, it was centrifuged at 3000 rpm for 15 min at 4 ◦C. Serum was withdrawn and centrifuged
again (3000 rpm for 5 min at 4 ◦C) to remove remaining cells. The hemolysis in serum was determined
by the absorbance of hemoglobin at 414 nm using a NanoDrop ND-1000 (Thermo Fisher Scientific,
Waltham, MA, USA). Serum samples with absorbance ≤ 0.3 were considered as unhemolyzed [15],
and stored at −80 ◦C until further purification.

2.3.2. Isolation of miRNAs from Serum

Total RNAs, including small RNAs, were isolated from 80 µL of the serum using miRNeasy
Serum/Plasma Kit (Qiagen, Germantown, MD, USA) according to the manufacturer’s instructions.
We used 1 µg MS2 RNA as a carrier to increase recovery. The synthetic spiked-in ath-miR-159a was
added to each sample at the amount of 3 × 109 copies to monitor RNA extraction [16]. The 400 µL of
QIAzol lysis reagent and 80 µL of chloroform were added to each sample. The recovered amount of
aqueous phase was always 240 µL. The 360 µL of 100% ethanol was added per sample. The whole
sample was transferred to the column, which was washed according to the manual’s instructions.
The 14 µL RNase-free water was used to elute the RNA from the column. The quality and quantity
of the isolated total RNA were evaluated by a NanoDrop ND-1000 (Thermo Fisher Scientific) and
Experion microcapillary electrophoresis system (Bio-Rad). Samples that passed the quality threshold
(RIN > 8.0) were used for further experiments.

2.3.3. miRNA RT-qPCR Array

A preliminary experiment using the TaqMan Array Rodent MicroRNA A + B Cards Set v3.0
(Thermo Fisher Scientific was performed to determine serum expressed miRNAs. The set enables
accurate quantitation of 641 unique microRNAs. The primers for 191 miRNAs expressed in the serum
of all experimental groups of mice as well as the primers for ath-miR-159a (used later for normalization)
were placed on the Custom TaqMan Array MicroRNA Cards used for the main experiment. One Custom
TaqMan Array MicroRNA Card was used per sample. The samples were ran in duplicates. The cDNA
was synthetized by a TaqMan MicroRNA Reverse Transcription Kit (Thermo Fisher Scientific) with a
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Megaplex RT Primers Rodent Pools Set v3.0—preliminary experiment—or with a TaqMan Custom
RT Pool for further experiments, according to the manufacturer’s instructions. The obtained cDNA
was preamplified to increase the quantity of desired cDNA using a TaqMan PreAmp Master Mix
(Thermo Fisher Scientific) with Megaplex PreAmp Primers—preliminary experiment—or TaqMan
Custom PreAmp Primers for further studies. The preamplified product was diluted and RT-qPCR
reactions were performed with the TaqMan Universal PCR Master Mix, No AmpErase UNG
(Thermo Fisher Scientific). The qPCRs were ran on a QuantStudio 12K Flex System (Applied Biosystems,
Waltham, MA, USA).

Data were further analyzed with the QuantStudio 12K Flex Software (Applied Biosystems). A Ct
value above 30 was considered as undetectable miRNAs due to the preamplification. The same threshold
equal to 0.2 was set for all samples for comparison. Then, the data were analyzed with qBasePLUS
3.1 software (Biogazelle, Zwijnaarde, Belgium) which enables whole genome miRNA profiling with
global mean normalization. The miRNAs like mmu-miR-301a-3p and mmu-miR-7a-1-3p—suitable for
normalization—were generated by the geNorm algorithm [17,18]. Afterwards, statistical analysis was
carried out with GraphPad Prism 7.04 by two-way ANOVA (Tukey’s post-test for multiple comparisons
between groups) to compare each miRNA expression changes between genotypes under control
conditions and following RS. A value of p ≤ 0.05 was considered to be significant.

2.3.4. Identification of miRNA Targets In Silico

The miRNAs with expression level significantly differentiating the experimental groups of animals
were subjected to further bioinformatics analyses. The DIANA-miRPath v.3.0, an online software, was
used for the assessment of miRNA regulatory roles and the identification of controlled pathways [19].
Following pathway enrichment analysis using Fisher’s Exact Test (hypergeometric distribution),
the miRNAs targets were selected from TarBase v7.0. A value of p ≤ 0.05 was considered to be
significant and FDR correction was selected.

Additionally, the miRNet v1.0—the integrated platform linking miRNAs, targets and
functions—was used to find a connection network of miRNAs and target genes regulated by them [20].
Only genes regulated by two or more miRNAs were indicated, therefore degree cutoff equal to 1 was
selected from the degree filter. Then, the results of the computational approaches were validated
experimentally on the mRNA level.

2.3.5. Isolation of mRNAs from the Liver

The livers of four mice of each genotype under the control and stress conditions were separated
10 min after RS, frozen and stored at −80 ◦C until further use. The TRI Reagent (Sigma-Aldrich,
New York, NY, USA) was used for RNA purification, according to manufacturer’s instructions. The liver
was homogenized with 1 mL of reagent per sample, in the homogenizer stirrer (Glas-Col, Terre Haute,
IN, USA; 099C, K4424). The amount of aqueous phase was always 400 µL. The 30 µL of RNase-free
water was used for dissolved the RNA pellet. The quality and quantity of the isolated total RNA
were evaluated by a NanoDrop ND-1000 (Thermo Fisher Scientific) and Experion microcapillary
electrophoresis system (Bio-Rad, Hercules, CA, USA). Samples that passed the quality threshold
(RIN > 8.0) were used for further experiments.

2.3.6. Quantitative RT-qPCR Analyses of Individual mRNAs

The RNA was reverse transcribed to cDNA transcripts according to the manufacturer’s protocol,
using a High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). For RT-qPCR
reactions, the TaqMan Universal Master Mix II (no UNG) and TaqMan Gene Expression Assay
(Thermo Fisher Scientific) were added to the 20 ng of cDNA template. The list of TaqMan Gene
Expression Assays was included in the Supplementary Materials (Table S1). The real-time PCR reactions
were carried out in duplicates using a CFX96 Touch Real-Time PCR Detection System (Bio-Rad) with
the following cycles: enzyme activation at 95 ◦C for 10 min, 40 cycles of denaturation at 95 ◦C for 15 s,
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and subsequent annealing/elongation at 60 ◦C for 60 s. The results were normalized to β-actin (Actb)
and glyceraldehyde-3-phosphate dehydrogenase (Gapdh). Then, the results were analyzed with CFX
Manager Software (Version 3.1; Bio-Rad) using the ∆∆Cq method to obtain the relative normalized
expression values. GraphPad Prism (Version 7.04) was used for statistical analysis. Two-way ANOVA
was used to determine the statistical significance of the differences. The mRNA expression levels were
compared by genotype and stress response. These analyses were followed by Tukey’s post-test for
multiple comparisons between groups. The p-values ≤ 0.05 were considered statistically significant.

2.3.7. Glucose Measurement

The trunk blood glucose level was measured in 8–9 male mice per group using a Diagnostic Gold
glucometer (Diagnosis SA, Białystok, Poland), 10 min after RS. The statistical analysis was performed
by one-way ANOVA with GraphPad Prism (Version 7.04) to determine the differences between groups.
The p-values ≤ 0.05 were considered statistically significant.

3. Results

Six groups of animals were studied: three different genotypes (WT, NET-KO, SWR/J) were
compared under control conditions and following restraint stress (RS). The forced swim test (FST) and
sucrose preference test (SPT) were conducted in different cohorts of animals.

3.1. Behavioral Studies

Behavioral studies were performed in order to confirm the differences in vulnerability to stress of
the three studied genotypes. Animals (control and subjected to RS) were exposed to the forced swim
test (FST) and sucrose preference test (SPT), and the obtained results indicated that the response to
stress varied between genotypes, and even a delayed effect of single RS was observed.

As indicated by the FST, NET-KO and SWR/J mice displayed shorter immobility time than WT
mice, which is usually interpreted as depression-resistant behavior, since a similar reaction is observed
upon antidepressant drugs administration to WT animals [7]. Single RS induced even longer immobility
time in WT animals, while this effect was not significant in NET-KO as well as SWR/J mice (Figure 1A),
indicating that these two genotypes were somehow resilient to RS, as far as their reaction in the FST
was concerned.
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Figure 1. Results of the behavioral tests: the forced swim test (FST; (A)), the sucrose preference test
(SPT; (B)). The immobility time or preference for sucrose of wild-type (WT), norepinephrine transporter
knock-out (NET-KO) and swiss (SWR/J) mice during FST or SPT was measured under the control
conditions (CON) and 6 days after restraint stress (RS). Each genotype was investigated during separate
experiments. ** p ≤ 0.01; *** p ≤ 0.001; NS—not significant; n = 10.



Cells 2020, 9, 917 6 of 17

The preference for sucrose in all studied genotypes was not different either under the control
conditions or 6 days after single RS (Figure 1B).

3.2. Molecular Studies

The aim of our molecular studies was to find biomarkers for different behavioral responses to
RS among miRNAs expressed in the serum of the three genotypes under study. For this reason,
we first determined the miRNAs that are expressed in the serum of all three genotypes under the
control and stress conditions. Out of 768 miRNAs present on both cards of the TaqMan Array Rodent
MicroRNA, there were 146 miRNAs expressed on the A Card, while 56 miRNAs were expressed
on the B Card. The list of miRNAs has been included in the Supplementary Materials (Table S2).
Then, the Custom TaqMan Array MicroRNA Cards were used, with primers for majority of miRNAs
expressed in the serum.

3.2.1. Control Condition

NET-KO Mice vs. WT Mice

(1) KEGG Pathway Analysis

The eight miRNAs differentiated NET-KO from WT mice. Six of them were present in the TarBase
v7.0 using KEGG pathway analysis with DIANA-miRPath v.3.0. These miRNAs were found to regulate
genes associated with 21 pathways (Table S4). The most interesting of these pathways were the
following: the thyroid hormone signaling pathway, fatty acid metabolism and biosynthesis as well as
Gap junction, endocytosis or lysine degradation (Figure 2A).

(2) Analysis of Clustered miRNAs Expression

The miR-204, miR-155 and miR-1, which were clustered together, are mainly involved in these
pathways’ regulation, and their expression was lower in the serum of NET-KO in comparison to
WT mice (Figure 2B). The effect of genotype on the changes of miRNAs expression was significant
(miR-1 (F (2,32) = 15.68; p < 0.0001); miR-155 (F(2,35) = 8.47; p = 0.001); miR-204 (F (2,36) = 34.20;
p < 0.0001).

(3) Linking miRNAs to Target Genes—miRNet Network

The miRNAs differentiating NET-KO from WT mice were then linked to target genes (in such a
way that they indicated genes regulated by at least two miRNAs), which resulted in the network linking
all six miRNAs with the relevant genes. Among them were: Hdac4, Rheb, Ets1, Mef2a regulated by
miR-1 and miR-155, as well as Gsk3b regulated by miR-155 and miR-195 (Figure 2C).

SWR/J Mice vs. WT Mice

(1) KEGG Pathway Analysis

On the other hand, there were 25 miRNAs which differentiated SWR/J from WT mice. One miRNA
was not found in the TarBase v7.0. The remaining miRNAs were clustered into three groups. One of
them showed a more significant relationship to the KEGG pathways. This group included miR-1,
miR-20, miR-106, miR-155, miR-93 and miR-25. The miR-204 also differentiated SWR/J from WT mice,
but it was positioned in another cluster. The following signaling pathways are regulated by these
miRNAs: fatty acid biosynthesis, neurotrophin, TGF-beta, thyroid hormone, and insulin as well as
lysine degradation, endocytosis and MAPK signaling pathway (Figure 2D; Table S4).
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The heatmaps show the miRNAs and KEGG pathways relationship (A,D). The miRNAs are placed on
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miRNA to KEGG category is color-coded (the scale in the upper, left corner). Panels (B,E) represent the
expression alterations of miRNAs displaying the strongest connection to KEGG pathways. Panels (C,F):
the connection networks of miRNAs and target genes (details in Table S3). ** p ≤ 0.01; *** p ≤ 0.001;
n = 7.
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(2) Analysis of Clustered miRNAs Expression

The expression of miR-1, miR-204 and miR-155 was decreased in the serum of SWR/J
mice as compared to the control group of WT animals. However, the expression of the
remaining miRNAs was higher when SWR/J mice were compared to WT control group (Figure 2E).
The effect of genotype on the changes of miRNAs expression was significant (miR-1 (F (2,32) = 15.68;
p < 0.0001); miR-204 (F (2,36) = 34.20; p < 0.0001); miR-155 (F(2,35) = 8.47; p = 0.001);
miR-20 (F(2,36) = 27.57; p < 0.0001); miR-106 (F(2,35) = 17.52; p < 0.0001); miR-93 (F(2,36) = 40.68;
p < 0.0001); miR-25 (F(2,36) = 48.42; p < 0.0001).

(3) Linking miRNAs to Target Genes—miRNet Network

The linking miRNAs which differentiated SWR/J from WT mice with the target genes (regulated by
at least two of them) resulted in the network (Figure 2F), including 18 miRNAs and 58 genes.
Among them were miR-1, miR-20, miR-106, miR-155, miR-222, miR-204 as well as some interesting
genes, like Il10rb, Timp2, Stat3, Hdac4, Mapk14 and Kcnk6. The list of miRNAs and their target genes
is included in the Supplementary Materials (Table S3).

3.2.2. Stress Condition (Restraint Stress, RS)

The behavioral experiments described above indicated that NET-KO and SWR/J mice were less
sensitive to RS than WT mice. Therefore, this part of the study aimed to find the miRNAs which
changed in similar ways in the serum of NET-KO and SWR/J mice subjected to RS, being at the same
time different from the miRNAs found in the serum of WT mice.

KEGG Pathway Analysis

We were able to identify 21 miRNAs that changed in similar ways in the serum of NET-KO and
SWR/J mice subjected to RS. Three of them were not found in TarBase v7.0. The remaining ones are
described as affecting the regulation of pathways related to biosynthesis, metabolism, elongation and
degradation of fatty acids; steroid biosynthesis; endocytosis and lysine degradation, as well as the
thyroid hormone signaling pathway (Figure 3A; Table S4). The miR-1, miR-324, miR-214, miR-19,
miR-30, miR-200, miR-155 and miR-146 were the most related to these pathways. They were combined
in three clusters: one cluster included miR-1, miR-19 and miR-155, second one—miR-324, miR-146 and
miR-214, and the third one included miR-30 and miR-200.

Analysis of Clustered miRNAs Expression

The alterations in expression of miRNAs mentioned above under RS conditions are shown in
Figure 3B. Some miRNAs (miR-1, miR-155, miR-324, miR-30 and miR-19) were differently expressed
only in the serum of WT mice following RS conditions, but they were stable in the serum of NET-KO
and SWR/J mice after stress. On the other hand, the expression of miR-146, miR-200 and miR-214 was
significantly changed in the serum of NET-KO and SWR/J after RS, but it was not altered in the WT
animals. The effect of RS on the changes of miRNAs expression was significant (miR-1 (F(1,32) = 20.09;
p < 0.0001); miR-155 (F(1,35) = 22.88; p < 0.0001); miR-324 (F (1,36) = 22.63; p < 0.0001);
miR-30 (F(1,36) = 17.93; p = 0.0002); miR-19 (F(1,36) = 23.89; p < 0.0001); miR-146 (F(1,36) = 50.44;
p < 0.0001); miR-200 (F(1,33) = 27.95; p < 0.0001); miR-214 (F(1,36) = 85.43; p < 0.0001).
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Figure 3. The expression of miRNAs in the serum of three genotypes of mice following restraint stress
(RS). The heatmap shows miRNAs differentiating norepinephrine transporter knock-out (NET-KO) and
SWR/J mice from WT animals following RS, in relation to KEGG pathways (A). The miRNAs are placed on
the right side, while the KEGG pathways are placed at the bottom of the map. The significance of linking
miRNA to KEGG category is color-coded (the scale in the upper, left corner). Panel (B) shows expression
alterations of miRNA displaying the strongest connection to KEGG pathways. Panel (C)—the connection
networks of miRNAs and target genes (details in Table S3). * p ≤ 0.05, ** p ≤ 0.01; *** p ≤ 0.001; n = 7.
Statistical differences not marked on the graphs on Panel (B): miR-1 (WT CON vs. NET-KO RS p ≤ 0.001;
WT CON vs. SWR/J RS p ≤ 0.001); miR-155 (WT CON vs. NET-KO RS p ≤ 0.01; WT CON vs. SWR/J
RS p ≤ 0.001; NET-KO CON vs. SWR/J RS p ≤ 0.05); miR-324 (WT CON vs. NET-KO RS p ≤ 0.05;
WT CON vs. SWR/J RS p ≤ 0.001; NET-KO CON vs. SWR/J RS p ≤ 0.01); miR-30 (WT CON vs. SWR/J RS
p ≤ 0.001; NET-KO CON vs. SWR/J RS p ≤ 0.01); miR-19 (WT CON vs. NET-KO RS p ≤ 0.01; WT CON
vs. SWR/J RS p ≤ 0.01); miR-146 (WT CON vs. SWR/J RS p ≤ 0.001; NET-KO CON vs. WT RS p ≤ 0.05;
NET-KO CON vs. SWR/J RS p ≤ 0.001; WT RS vs. SWR/J RS p ≤ 0.01; NET-KO RS vs. SWR/J RS p ≤ 0.01);
miR-200 (NET-KO CON vs. WT RS p ≤ 0.05; NET-KO CON vs. SWR/J RS p ≤ 0.05; SWR/J CON
vs. WT RS p ≤ 0.01; SWR/J CON vs. NET-KO RS p ≤ 0.01); miR-214 (WT CON vs. NET-KO RS p ≤ 0.05;
WT CON vs. SWR/J RS p ≤ 0.001; NET-KO CON vs. WT RS p ≤ 0.01; NET-KO CON vs. SWR/J RS
p ≤ 0.001; SWR/J CON vs. WT RS p ≤ 0.001; SWR/J CON vs. NET-KO RS p ≤ 0.001; WT RS vs. SWR/J
RS p ≤ 0.01; NET-KO RS vs. SWR/J RS p ≤ 0.05).

Linking miRNAs to Target Genes—miRNet Network

The miRNAs differentiating the stress response of NET-KO and SWR/J mice from WT animals were
connected in the network if mRNA was regulated by more than one miRNA. This network included
16 miRNAs and 148 mRNAs (Figure 3C). The list of miRNAs and their target genes has been included in
the Supplementary Materials (Table S3). The mRNA targets for this group of miRNAs were connected
with the maintenance of homeostasis and response to stress, ion binding, biosynthetic processes as
well as chromosome organization. Some of them were nucleic acid binding transcription factors.

3.2.3. Verification of miR-1 Related Gene Expression

Our further analysis focused on miR-1, because it differentiated control groups of NET-KO
as well as SWR/J from WT mice, and also it differentiated the stress response of NET-KO and SWR/J
mice from WT animals. Analyses described above pointed to the following mRNAs regulated by
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miR-1: Igf1, Igf1r, Hdac4, Mef2a, Anxa5, Rheb, Ets1, and Gja1. The miR-1 connected network is shown
in Figure 4.
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The expression of some genes, indicated by miRNet analysis as regulated by miR-1, was checked
in the liver. Additionally, BDNF and Ntrk2 were also selected, based on the available literature.

The expression of mRNA encoding BDNF in all three genotypes did not differ under control
conditions (Figure 5A), however it was reduced after RS in the liver of WT mice, while it did not change
in other genotypes. The effect of stress on mRNA expression was significant (F(1,40) = 24.20; p < 0.0001),
while the effect of genotype was insignificant (F(2,40) = 0.045; p = 0.95). In turn, expression of mRNA
encoding Ntrk2 was significantly higher in the WT mice as compared to the control group of NET-KO
and SWR/J mice, and it was reduced following RS in the WT mice, while it did not change in the liver
of NET-KO and SWR/J mice after stress (Figure 5B). The effect of stress on mRNA expression was
significant (F(1,32) = 64.65; p < 0.0001), and the effect of genotype was also significant (F(2,32) = 30.64;
p < 0.0001). In the SWR/J mice, a significantly higher level of Igf1 mRNA was observed in comparison
with both WT and NET-KO mice, and no differences in this mRNA level were observed following RS in
all genotypes (Figure 5C). The effect of genotype on the changes of mRNA expression was significant
(F(2,42) = 121.3; p < 0.0001), while the effect of stress was insignificant (F(1,42) = 0.39; p = 0.53). As far as
the expression of mRNA encoding for Igf1 receptor (Igf1r)—no differences were observed between the
studied genotypes both under the control and stress conditions (Figure 5D).

3.2.4. Glucose Measurement

Glucose level was not different in the blood of WT, NET-KO and SWR/J mice under the control
condition. Following RS, it was increased, but only in the blood of NET-KO mice (Figure 6).
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Figure 5. The expression of mRNA encoding the genes regulated by miR-1 in the liver of wild-type (WT),
norepinephrine transporter knock-out (NET-KO) and swiss (SWR/J) mice under the control condition
(CON) and after stress (RS). Brain derived neurotrophic factor (BDNF; (A)); neurotrophic tyrosine
kinase, receptor, type 2 (Ntrk2; (B)); insulin-like growth factor 1 (Igf1; (C)); insulin-like growth factor
1 receptor (Igf1r; (D)). *** p ≤ 0.001; n = 4. Statistical differences not marked on the graphs: A) WT CON
vs. NET-KO RS p≤ 0.01; WT CON vs. SWR/J RS p≤ 0.05; NET-KO CON vs. WT RS p ≤ 0.01; B) WT CON
vs. NET-KO RS p ≤ 0.001; WT CON vs. SWR/J RS p ≤ 0.001; NET-KO CON vs. SWR/J CON p ≤ 0.05;
SWR/J CON vs. WT RS p ≤ 0.001; SWR/J CON vs. NET-KO RS p ≤ 0.001; WT RS vs. SWR/J RS p ≤ 0.01;
NET-KO RS vs. SWR/J RS p ≤ 0.001; C) WT CON vs. SWR/J RS p ≤ 0.001; NET-KO CON vs. SWR/J
CON p ≤ 0.001; NET-KO CON vs. SWR/J RS p ≤ 0.001; SWR/J CON vs. WT RS p ≤ 0.001; SWR/J CON
vs. NET-KO RS p ≤ 0.001; WT RS vs. SWR/J RS p ≤ 0.001; NET-KO RS vs. SWR/J RS p ≤ 0.001.
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Cells 2020, 9, 917 12 of 17

4. Discussion

The results obtained in the present study indicate that varied behavioral responses to the stress of
mice depended on the genotype and was accompanied by changes in the expression of some miRNAs
in the serum. Immobility time during the forced swim test (FST) of the control NET-KO mice was
significantly reduced compared with WT control animals. This result correlated with previously
published data [7,8,12,21]. In turn, the immobility time of WT mice increased after RS but did not
change significantly when NET-KO mice subjected to RS were compared with the NET-KO control
group. The same effect has been shown by Haenisch and colleagues following 21 days of RS [9]. On the
other hand, there was no change in the sucrose preference test (SPT) at 6 days after RS. In the previous
study, it has been shown that NET-KO mice displayed greater preference for the sucrose solution,
which did not change after stress in contrast to WT mice [9]. Perhaps the difference in sugar content
in the solution consumed by the mice affected this effect. The NET-KO mice are known to display
a stress-resilient phenotype, and this effect has been linked to an elevated level of norepinephrine,
as shown by Isingrini and co-workers [22]. Likewise, SWR/J mice exhibited a stress-resilient phenotype
as demonstrated in the present study (reduced immobility time of SWR/J compared to WT under
the control condition and no changes after RS). The results are in agreement with the data published
previously [10]. In turn, the lack of any effect in the SPT might result from a different flavor preference
of SWR/J mice [23].

Since it has been postulated that the stress response may be associated with miRNAs present in
the serum, we decided to look for markers of stress-resilience in three genotypes of mice responding
differently to RS. Therefore, our preliminary molecular studies identified miRNAs, which were
expressed in the serum of all three groups of mice. Most of the miRNAs detected in the present study
have been also identified by Mi and co-workers [24]. Further studies of miRNAs expression under
control conditions allowed for determination of the basal level of various miRNAs. During this part of
the study, we also identified those miRNAs that differentiated both the NET-KO and SWR/J control
mice from WT animals. Three miRNAs are interesting—miR-1, miR-155 and miR-204. These miRNAs
are connected with proliferation, apoptosis, and cardiac injury [25] as well as transforming growth
factor-β1 (TGF-β1) and glial cell line-derived neurotrophic factor (GDNF) regulation during glaucoma,
asthma and obesity [26–29]. However, what is even more interesting is that it has been also shown
that these miRNAs regulate brain-derived neurotrophic factor (BDNF) [30–32]. Other miRNAs
differentiating the SWR/J control from the WT control group of mice, such as miR-20 and miR-106,
are associated with the regulation of glucose metabolism [33], whilst miR-93 and miR-106 might affect
liver diseases [34]. Additionally, miR-106 has been linked with regulation of the MAPK signaling
pathway during oxidative stress [35]. The differences in expression of these miRNAs in the serum of
NET-KO, SWR/J and WT mice under control conditions may affect the subsequent genotype dependent
stress response.

Among miRNAs that differentiated the response to stress of NET-KO and SWR/J mice from WT
animals were miR-1 and miR-155, mentioned earlier, but also miR-324, miR-30, miR-19, miR-146,
miR-200 and miR-214. The changes in miR-324 and miR-19 expression occurred only in the serum
of WT mice under stress conditions, while in other genotypes they did not differ. This effect is
particularly interesting, since these miRNAs have been shown as associated with post-traumatic stress
disorder (PTSD): the studies by Balakathiresan and colleagues on the animal model of PTSD identified
miR-324 and miR-19 as differentially expressed when compared with the serum of control animals,
which correlated with the expression of these miRNAs in the amygdala [36]. Another interesting
miRNA identified in the present study is miR-30, which was downregulated following RS in the serum
of WT mice but not in the NET-KO and SWR/J animals. The alterations in miR-30 level were also
described after social defeat stress in the dentate gyrus of the C57BL/6 mice [37]. These results suggest
that the abovementioned changes may be associated with the stress-susceptible phenotype of WT mice,
while no change was found in the stress-resilient phenotypes, i.e., NET-KO and SWR/J mice. Next,
interesting miRNA found in the present study is miR-146, alterations of which are associated with
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immune system response or with prolonged exercise [31,38], but there have been no reports so far
about association of this miRNA with stress. In turn, miR-200 was sensitive to oxidative stress and
modulated endothelial inflammation [39], but also regulated glucose levels in diabetes [40]. It could
be suggested that expression alteration of miR-200 in the serum of NET-KO and SWR/J mice under
stress conditions could be linked with alterations in the blood level of glucose. Our studies also
showed changes in miR-214 expression under stress conditions, but only in NET-KO and SWR/J mice.
This miRNA has been associated with regulation of diabetes [41], but other studies have shown its role
in the regulation of stress (chronic social defeat stress), mediated by β-catenin [42].

All the miRNAs mentioned above are interesting in the context of resilience to RS, however,
the most interesting results obtained in the present study concern miR-1. The level of this miRNA
was lower in the serum of control groups of NET-KO and SWR/J, and it decreased in WT mice
upon RS, while it did not change in other two genotypes. The miR-1 has been associated with
cardiac dysfunction, immunology (allergy), skeletal muscle changes (amyotrophic lateral sclerosis),
but also as a regulator of glucose metabolism in the liver [25,43–45]. It was also detected during stress
studies, such as temperature changes, exercise (longer running), and stress connected with elevated
platforms [38,46–48]. Only longer exercises increased miR-1 expression, while long-term temperature
stress and single stress in the elevated platform apparatus caused a decrease in expression of this
miRNA. Eivani and co-workers have shown a decrease of miR-1 expression in the rat brain, which was
associated with decreased BDNF level [48]. It demonstrates that the decrease in mRNA expression is
not always accompanied by an increase in miRNA expression. This is probably due to the influence of
other factors. In turn, Sun and colleagues demonstrated changes in the liver and linked them with
glucose metabolism [45]. Studies on cerebral palsy also proved miR-1 regulation of mRNA encoding
BDNF [49], and it has been also shown that miR-1 prevented apoptosis via Igf1 regulation [50]. In the
present study, we were able to identify certain genes regulated by miR-1, as shown in the network
connections (Figure 4), and—following the data provided by papers cited above—we additionally
focused on expressions of BDNF and its receptor (Ntrk2). We chose the mouse liver because it was
evidenced that mRNAs encoding both Igf1 and BDNF were found in this organ [51,52]. Although the
expression of most mRNAs was not changed, we have demonstrated alterations in expressions of BDNF
and Ntrk2 in response to RS in WT mice. The result is interesting in the context of the data provided by
Hsu and co-workers [53], who have shown that bipolar disorder patients develop liver disease more
often, while Yang and colleagues found a negative correlation between mature BDNF in the brain and
liver of depressed patients [54]. Additionally, these results are even more interesting if one takes into
account that miR-1 and miR-155, described above as differentiating the response to stress of NET-KO
and SWR/J mice from WT animals, regulate the expression of the gene encoding BDNF [30]. It correlates
with data provided by Camer and co-workers, who have shown that the reduction of BDNF-TrkB
signaling could result from a decrease of the BDNF level in the liver [55]. In turn, Tonra and colleagues
presented evidence that BDNF improved blood glucose control [56]. In the present study, we show
that glucose levels increased significantly in NET-KO mice subjected to RS, and—besides indicating
again that the stress response varied between WT and NET-KO mice—such effect might result from
the alterations in miRNAs involved in glucose regulation (miR-1, miR-155 and miR-200), shown as
important markers of stress-resilience in the present study. This effect was not observed in the SWR/J
mice, which may be associated with higher Igf1 mRNA expression in the liver of these mice compared
with WT and NET-KO mice.

In conclusion, our research indicates that the varied response to stress depended on the genotype,
and the serum level of miR-1 and miR-155, which are involved in regulation of BDNF expression,
can be regarded as biomarkers of stress-resilience.
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Formal Analysis, J.S., M.K. (Maciej Kuśmider); Project administration, M.D.-W., J.S.; Visualization, J.S.;
Writing—Original Draft Preparation, J.S., M.D.-W.; Writing—Review & Editing, M.D.-W., J.S., M.K., A.F.-G.;
Supervision, M.D.-W.; Funding Acquisition, M.D.-W. All authors have read and agreed to the published version
of the manuscript.

Funding: This study was supported by the National Science Centre Poland Grant No. 2016/23/B/NZ4/01086 and
Statutory Activity of Maj Institute of Pharmacology Polish Academy of Sciences.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. McEwen, B.S.; Bowles, N.P.; Gray, J.D.; Hill, M.N.; Hunter, R.G.; Karatsoreos, I.N.; Nasca, C. Mechanisms of
stress in the brain. Nat. Neurosci. 2015, 18, 1353–1363. [CrossRef] [PubMed]

2. Franklin, T.B.; Saab, B.J.; Mansuy, I.M. Neural mechanisms of stress resilience and vulnerability. Neuron 2012,
75, 747–761. [CrossRef] [PubMed]

3. Hollins, S.L.; Cairns, M.J. MicroRNA: Small RNA mediators of the brains genomic response to environmental
stress. Prog. Neurobiol. 2016, 143, 61–81. [CrossRef] [PubMed]

4. Issler, O.; Chen, A. Determining the role of microRNAs in psychiatric disorders. Nat. Rev. Neurosci. 2015, 16,
201–212. [CrossRef]

5. Zurawek, D.; Kusmider, M.; Faron-Gorecka, A.; Gruca, P.; Pabian, P.; Kolasa, M.; Solich, J.; Szafran-Pilch, K.;
Papp, M.; Dziedzicka-Wasylewska, M. Time-dependent miR-16 serum fluctuations together with reciprocal
changes in the expression level of miR-16 in mesocortical circuit contribute to stress resilient phenotype in
chronic mild stress—An animal model of depression. Eur. Neuropsychopharmacol. 2016, 26, 23–36. [CrossRef]

6. Zurawek, D.; Kusmider, M.; Faron-Gorecka, A.; Gruca, P.; Pabian, P.; Solich, J.; Kolasa, M.; Papp, M.;
Dziedzicka-Wasylewska, M. Reciprocal MicroRNA Expression in Mesocortical Circuit and Its Interplay with
Serotonin Transporter Define Resilient Rats in the Chronic Mild Stress. Mol. Neurobiol. 2017, 54, 5741–5751.
[CrossRef]

7. Dziedzicka-Wasylewska, M.; Solich, J.; Palach, P.; Faron-Gorecka, A.; Kusmider, M.; Bonisch, H.
Behavioral effects of citalopram and tianeptine in mice lacking the noradrenaline transporter. Pharmacol. Rep.
2006, 58, 292.

8. Solich, J.; Palach, P.; Budziszewska, B.; Dziedzicka-Wasylewska, M. Effect of two behavioral tests on
corticosterone level in plasma of mice lacking the noradrenaline transporter. Pharmacol. Rep. 2008, 60,
1008–1013. [CrossRef]

9. Haenisch, B.; Bilkei-Gorzo, A.; Caron, M.G.; Bonisch, H. Knockout of the norepinephrine transporter and
pharmacologically diverse antidepressants prevent behavioral and brain neurotrophin alterations in two
chronic stress models of depression. J. Neurochem. 2009, 111, 403–416. [CrossRef]

10. Szklarczyk, K.; Korostynski, M.; Golda, S.; Piechota, M.; Ficek, J.; Przewlocki, R. Endogenous opioids regulate
glucocorticoid-dependent stress-coping strategies in mice. Neuroscience 2016, 330, 121–137. [CrossRef]

11. Borghans, B.; Homberg, J.R. Animal models for posttraumatic stress disorder: An overview of what is used
in research. World J. Psychiatry 2015, 5, 387–396. [CrossRef] [PubMed]

12. Xu, F.; Gainetdinov, R.R.; Wetsel, W.C.; Jones, S.R.; Bohn, L.M.; Miller, G.W.; Wang, Y.M.; Caron, M.G.
Mice lacking the norepinephrine transporter are supersensitive to psychostimulants. Nat. Neurosci. 2000, 3,
465–471. [CrossRef] [PubMed]

13. Porsolt, R.D.; Le Pichon, M.; Jalfre, M. Depression: A new animal model sensitive to antidepressant treatments.
Nature 1977, 266, 730–732. [CrossRef] [PubMed]

http://www.mdpi.com/2073-4409/9/4/917/s1
http://dx.doi.org/10.1038/nn.4086
http://www.ncbi.nlm.nih.gov/pubmed/26404710
http://dx.doi.org/10.1016/j.neuron.2012.08.016
http://www.ncbi.nlm.nih.gov/pubmed/22958817
http://dx.doi.org/10.1016/j.pneurobio.2016.06.005
http://www.ncbi.nlm.nih.gov/pubmed/27317386
http://dx.doi.org/10.1038/nrn3879
http://dx.doi.org/10.1016/j.euroneuro.2015.11.013
http://dx.doi.org/10.1007/s12035-016-0107-9
http://dx.doi.org/10.1016/S0924-977X(08)70045-2
http://dx.doi.org/10.1111/j.1471-4159.2009.06345.x
http://dx.doi.org/10.1016/j.neuroscience.2016.05.034
http://dx.doi.org/10.5498/wjp.v5.i4.387
http://www.ncbi.nlm.nih.gov/pubmed/26740930
http://dx.doi.org/10.1038/74839
http://www.ncbi.nlm.nih.gov/pubmed/10769386
http://dx.doi.org/10.1038/266730a0
http://www.ncbi.nlm.nih.gov/pubmed/559941


Cells 2020, 9, 917 15 of 17

14. Pothion, S.; Bizot, J.C.; Trovero, F.; Belzung, C. Strain differences in sucrose preference and in the consequences
of unpredictable chronic mild stress. Behav. Brain Res. 2004, 155, 135–146. [CrossRef]

15. Shah, J.S.; Soon, P.S.; Marsh, D.J. Comparison of methodologies to detect low levels of hemolysis in serum
for accurate assessment of serum microRNAs. PLoS ONE 2016, 11, e0153200. [CrossRef]

16. Marzi, M.J.; Montani, F.; Carletti, R.M.; Dezi, F.; Dama, E.; Bonizzi, G.; Sandri, M.T.; Rampinelli, C.; Bellomi, M.;
Maisonneuve, P.; et al. Optimization and standardization of circulating microRNA detection for clinical
application: The miR-test case. Clin. Chem. 2016, 62, 743–754. [CrossRef]

17. Marabita, F.; de Candia, P.; Torri, A.; Tegner, J.; Abrignani, S.; Rossi, R.L. Normalization of circulating
microRNA expression data obtained by quantitative real-time RT-PCR. Brief. Bioinform. 2016, 17, 204–212.
[CrossRef]

18. Vandesompele, J.; De Preter, K.; Pattyn, F.; Poppe, B.; Van Roy, N.; De Paepe, A.; Speleman, F.
Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal
control genes. Genome Biol. 2002, 3, research0034. [CrossRef]

19. Vlachos, I.S.; Zagganas, K.; Paraskevopoulou, M.D.; Georgakilas, G.; Karagkouni, D.; Vergoulis, T.;
Dalamagas, T.; Hatzigeorgiou, A.G. DIANA-miRPath v3.0: Deciphering microRNA function with
experimental support. Nucleic Acids Res. 2015, 43, W460–W466. [CrossRef]

20. Fan, Y.; Siklenka, K.; Arora, S.K.; Ribeiro, P.; Kimmins, S.; Xia, J. miRNet—Dissecting miRNA-target
interactions and functional associations through network-based visual analysis. Nucleic Acids Res. 2016, 44,
W135–W141. [CrossRef]

21. Perona, M.T.; Waters, S.; Hall, F.S.; Sora, I.; Lesch, K.P.; Murphy, D.L.; Caron, M.; Uhl, G.R. Animal models of
depression in dopamine, serotonin, and norepinephrine transporter knockout mice: Prominent effects of
dopamine transporter deletions. Behav. Pharmacol. 2008, 19, 566–574. [CrossRef] [PubMed]

22. Isingrini, E.; Perret, L.; Rainer, Q.; Amilhon, B.; Guma, E.; Tanti, A.; Martin, G.; Robinson, J.; Moquin, L.;
Marti, F.; et al. Resilience to chronic stress is mediated by noradrenergic regulation of dopamine neurons.
Nat. Neurosci. 2016, 19, 560–563. [CrossRef]

23. Smith, B.K.; Volaufova, J.; West, D.B. Increased flavor preference and lick activity for sucrose and corn oil
in SWR/J vs. AKR/J mice. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2001, 281, R596–R606. [CrossRef]
[PubMed]

24. Mi, Q.S.; Weiland, M.; Qi, R.Q.; Gao, X.H.; Poisson, L.M.; Zhou, L. Identification of mouse serum miRNA
endogenous references by global gene expression profiles. PLoS ONE 2012, 7, e31278. [CrossRef] [PubMed]

25. Xu, J.; Cao, D.; Zhang, D.; Zhang, Y.; Yue, Y. MicroRNA-1 facilitates hypoxia-induced injury by targeting
NOTCH3. J. Cell. Biochem. 2020. [CrossRef] [PubMed]

26. Sui, H.; Fan, S.; Liu, W.; Li, Y.; Zhang, X.; Du, Y.; Bao, H. LINC00028 regulates the development of
TGFbeta1-treated human tenon capsule fibroblasts by targeting miR-204-5p. Biochem. Biophys. Res. Commun.
2020, 525, 197–203. [CrossRef]

27. Yang, Z.; Qu, Z.; Yi, M.; Lv, Z.; Wang, Y.; Shan, Y.; Ran, N.; Liu, X. MiR-204-5p inhibits transforming growth
factor-beta1-induced proliferation and extracellular matrix production of airway smooth muscle cells by
regulating Six1 in asthma. Int. Arch. Allergy Immunol. 2020. [CrossRef]

28. Brovkina, O.; Nikitin, A.; Khodyrev, D.; Shestakova, E.; Sklyanik, I.; Panevina, A.; Stafeev, I.; Menshikov, M.;
Kobelyatskaya, A.; Yurasov, A.; et al. Role of microRNAs in the regulation of subcutaneous white adipose
tissue in individuals with obesity and without type 2 diabetes. Front. Endocrinol. (Lausanne) 2019, 10, 840.
[CrossRef]

29. Shen, W.S.; Li, C.F.; Zhou, Z.S.; Zhai, N.N.; Pan, L.P. MicroRNA-204 silencing relieves pain of cervical
spondylotic radiculopathy by targeting GDNF. Gene Ther. 2019. [CrossRef]

30. Cattaneo, A.; Cattane, N.; Begni, V.; Pariante, C.M.; Riva, M.A. The human BDNF gene: Peripheral gene
expression and protein levels as biomarkers for psychiatric disorders. Transl. Psychiatry 2016, 6, e958.
[CrossRef]

31. Baskara-Yhuellou, I.; Tost, J. The impact of microRNAs on alterations of gene regulatory networks in allergic
diseases. Adv. Protein Chem. Struct. Biol. 2020, 120, 237–312. [PubMed]

32. Zhang, Y.; Li, C.; Zhang, W.; Zheng, X.; Chen, X. Decreased insulin resistance by myo-inositol is associated with
suppressed interleukin 6/phospho-STAT3 signaling in a rat polycystic ovary syndrome model. J. Med. Food
2020. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.bbr.2004.04.008
http://dx.doi.org/10.1371/journal.pone.0153200
http://dx.doi.org/10.1373/clinchem.2015.251942
http://dx.doi.org/10.1093/bib/bbv056
http://dx.doi.org/10.1186/gb-2002-3-7-research0034
http://dx.doi.org/10.1093/nar/gkv403
http://dx.doi.org/10.1093/nar/gkw288
http://dx.doi.org/10.1097/FBP.0b013e32830cd80f
http://www.ncbi.nlm.nih.gov/pubmed/18690111
http://dx.doi.org/10.1038/nn.4245
http://dx.doi.org/10.1152/ajpregu.2001.281.2.R596
http://www.ncbi.nlm.nih.gov/pubmed/11448865
http://dx.doi.org/10.1371/journal.pone.0031278
http://www.ncbi.nlm.nih.gov/pubmed/22348064
http://dx.doi.org/10.1002/jcb.29663
http://www.ncbi.nlm.nih.gov/pubmed/32030815
http://dx.doi.org/10.1016/j.bbrc.2020.01.096
http://dx.doi.org/10.1159/000505064
http://dx.doi.org/10.3389/fendo.2019.00840
http://dx.doi.org/10.1038/s41434-019-0114-3
http://dx.doi.org/10.1038/tp.2016.214
http://www.ncbi.nlm.nih.gov/pubmed/32085883
http://dx.doi.org/10.1089/jmf.2019.4580
http://www.ncbi.nlm.nih.gov/pubmed/32045334


Cells 2020, 9, 917 16 of 17

33. Rengaraj, D.; Park, T.S.; Lee, S.I.; Lee, B.R.; Han, B.K.; Song, G.; Han, J.Y. Regulation of glucose phosphate
isomerase by the 3′UTR-specific miRNAs miR-302b and miR-17-5p in chicken primordial germ cells.
Biol. Reprod. 2013, 89, 33. [CrossRef] [PubMed]

34. El-Hefny, M.; Fouad, S.; Hussein, T.; Abdel-Hameed, R.; Effat, H.; Mohamed, H.; Abdel Wahab, A.H.
Circulating microRNAs as predictive biomarkers for liver disease progression of chronic hepatitis C
(genotype-4) Egyptian patients. J. Med. Virol. 2019, 91, 93–101. [CrossRef]

35. Wang, Z.; Bao, X.; Song, L.; Tian, Y.; Sun, P. Role of miR-106-mediated mitogen-activated protein kinase
signaling pathway in oxidative stress injury and inflammatory infiltration in the liver of the mouse with
gestational hypertension. J. Cell. Biochem. 2019. [CrossRef]

36. Balakathiresan, N.S.; Chandran, R.; Bhomia, M.; Jia, M.; Li, H.; Maheshwari, R.K. Serum and amygdala
microRNA signatures of posttraumatic stress: Fear correlation and biomarker potential. J. Psychiatr. Res.
2014, 57, 65–73. [CrossRef]

37. Khandelwal, N.; Dey, S.K.; Chakravarty, S.; Kumar, A. miR-30 family miRNAs mediate the effect of chronic
social defeat stress on hippocampal neurogenesis in mouse depression model. Front. Mol. Neurosci. 2019, 12,
188. [CrossRef]

38. Baggish, A.L.; Park, J.; Min, P.K.; Isaacs, S.; Parker, B.A.; Thompson, P.D.; Troyanos, C.; D’Hemecourt, P.;
Dyer, S.; Thiel, M.; et al. Rapid upregulation and clearance of distinct circulating microRNAs after prolonged
aerobic exercise. J. Appl. Physiol. 2014, 116, 522–531. [CrossRef]

39. Lo, W.Y.; Yang, W.K.; Peng, C.T.; Pai, W.Y.; Wang, H.J. MicroRNA-200a/200b modulate high glucose-induced
endothelial inflammation by targeting O-linked N-acetylglucosamine transferase expression. Front. Physiol.
2018, 9, 355. [CrossRef]

40. Belgardt, B.F.; Ahmed, K.; Spranger, M.; Latreille, M.; Denzler, R.; Kondratiuk, N.; von Meyenn, F.; Villena, F.N.;
Herrmanns, K.; Bosco, D.; et al. The microRNA-200 family regulates pancreatic beta cell survival in type 2
diabetes. Nat. Med. 2015, 21, 619–627. [CrossRef]

41. Yang, S.; Fei, X.; Lu, Y.; Xu, B.; Ma, Y.; Wan, H. miRNA-214 suppresses oxidative stress in diabetic nephropathy
via the ROS/Akt/mTOR signaling pathway and uncoupling protein 2. Exp. Ther. Med. 2019, 17, 3530–3538.
[CrossRef] [PubMed]

42. Deng, Z.F.; Zheng, H.L.; Chen, J.G.; Luo, Y.; Xu, J.F.; Zhao, G.; Lu, J.J.; Li, H.H.; Gao, S.Q.; Zhang, D.Z.; et al.
miR-214-3p Targets beta-catenin to regulate depressive-like behaviors induced by chronic social defeat stress
in mice. Cereb. Cortex 2019, 29, 1509–1519. [CrossRef] [PubMed]

43. Korde, A.; Ahangari, F.; Haslip, M.; Zhang, X.; Liu, Q.; Cohn, L.; Gomez, J.L.; Chupp, G.; Pober, J.S.;
Gonzalez, A.; et al. An endothelial microRNA-1-regulated network controls eosinophil trafficking in asthma
and chronic rhinosinusitis. J. Allergy Clin. Immunol. 2020, 145, 550–562. [CrossRef] [PubMed]

44. Pegoraro, V.; Marozzo, R.; Angelini, C. MicroRNAs and HDAC4 protein expression in the skeletal muscle of
ALS patients. Clin. Neuropathol. 2020. [CrossRef] [PubMed]

45. Sun, J.; Liu, Q.; Zhao, L.; Cui, C.; Wu, H.; Liao, L.; Tang, G.; Yang, S.; Yang, S. Potential regulation by miRNAs
on glucose metabolism in liver of common carp (Cyprinus carpio) at different temperatures. Comp. Biochem.
Physiol. Part. D Genom. Proteom. 2019, 32, 100628. [CrossRef]

46. Bao, J.W.; Qiang, J.; Tao, Y.F.; Li, H.X.; He, J.; Xu, P.; Chen, D.J. Responses of blood biochemistry,
fatty acid composition and expression of microRNAs to heat stress in genetically improved farmed tilapia
(Oreochromis niloticus). J. Therm. Biol. 2018, 73, 91–97. [CrossRef]

47. Hosoya, T.; Hashiyada, M.; Funayama, M. Acute physical stress increases serum levels of specific microRNAs.
Microrna 2016, 5, 50–56. [CrossRef]

48. Eivani, M.; Alijanpour, S.; Arefian, E.; Rezayof, A. Corticolimbic analysis of microRNAs and protein
expressions in scopolamine-induced memory loss under stress. Neurobiol. Learn. Mem. 2019, 164, 107065.
[CrossRef]

49. Li, E.Y.; Zhao, P.J.; Jian, J.; Yin, B.Q.; Sun, Z.Y.; Xu, C.X.; Tang, Y.C.; Wu, H. Vitamin B1 and B12 mitigates
neuron apoptosis in cerebral palsy by augmenting BDNF expression through MALAT1/miR-1 axis. Cell Cycle
2019, 18, 2849–2859. [CrossRef]

50. Li, Y.; Shelat, H.; Geng, Y.J. IGF-1 prevents oxidative stress induced-apoptosis in induced pluripotent stem
cells which is mediated by microRNA-1. Biochem. Biophys. Res. Commun. 2012, 426, 615–619. [CrossRef]

51. Li, J.B.; Wang, C.Y.; Chen, J.W.; Feng, Z.Q.; Ma, H.T. Expression of liver insulin-like growth factor 1 gene and
its serum level in patients with diabetes. World J. Gastroenterol. 2004, 10, 255–259. [CrossRef] [PubMed]

http://dx.doi.org/10.1095/biolreprod.112.105692
http://www.ncbi.nlm.nih.gov/pubmed/23825378
http://dx.doi.org/10.1002/jmv.25294
http://dx.doi.org/10.1002/jcb.29552
http://dx.doi.org/10.1016/j.jpsychires.2014.05.020
http://dx.doi.org/10.3389/fnmol.2019.00188
http://dx.doi.org/10.1152/japplphysiol.01141.2013
http://dx.doi.org/10.3389/fphys.2018.00355
http://dx.doi.org/10.1038/nm.3862
http://dx.doi.org/10.3892/etm.2019.7359
http://www.ncbi.nlm.nih.gov/pubmed/30988734
http://dx.doi.org/10.1093/cercor/bhy047
http://www.ncbi.nlm.nih.gov/pubmed/29522177
http://dx.doi.org/10.1016/j.jaci.2019.10.031
http://www.ncbi.nlm.nih.gov/pubmed/32035607
http://dx.doi.org/10.5414/NP301233
http://www.ncbi.nlm.nih.gov/pubmed/32000889
http://dx.doi.org/10.1016/j.cbd.2019.100628
http://dx.doi.org/10.1016/j.jtherbio.2018.02.007
http://dx.doi.org/10.2174/2211536605666160602104659
http://dx.doi.org/10.1016/j.nlm.2019.107065
http://dx.doi.org/10.1080/15384101.2019.1638190
http://dx.doi.org/10.1016/j.bbrc.2012.08.139
http://dx.doi.org/10.3748/wjg.v10.i2.255
http://www.ncbi.nlm.nih.gov/pubmed/14716834


Cells 2020, 9, 917 17 of 17

52. Teillon, S.; Calderon, G.A.; Rios, M. Diminished diet-induced hyperglycemia and dyslipidemia and enhanced
expression of PPARalpha and FGF21 in mice with hepatic ablation of brain-derived neurotropic factor.
J. Endocrinol. 2010, 205, 37–47. [CrossRef] [PubMed]

53. Hsu, J.H.; Chien, I.C.; Lin, C.H. Increased risk of chronic liver disease in patients with bipolar disorder:
A population-based study. Gen. Hosp. Psychiatry 2016, 42, 54–59. [CrossRef] [PubMed]

54. Yang, B.; Ren, Q.; Zhang, J.C.; Chen, Q.X.; Hashimoto, K. Altered expression of BDNF, BDNF pro-peptide
and their precursor proBDNF in brain and liver tissues from psychiatric disorders: Rethinking the brain-liver
axis. Transl. Psychiatry 2017, 7, e1128. [CrossRef] [PubMed]

55. Camer, D.; Yu, Y.; Szabo, A.; Dinh, C.H.; Wang, H.; Cheng, L.; Huang, X.F. Bardoxolone methyl prevents
insulin resistance and the development of hepatic steatosis in mice fed a high-fat diet. Mol. Cell. Endocrinol.
2015, 412, 36–43. [CrossRef]

56. Tonra, J.R.; Ono, M.; Liu, X.; Garcia, K.; Jackson, C.; Yancopoulos, G.D.; Wiegand, S.J.; Wong, V.
Brain-derived neurotrophic factor improves blood glucose control and alleviates fasting hyperglycemia in
C57BLKS-Lepr(db)/lepr(db) mice. Diabetes 1999, 48, 588–594. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1677/JOE-09-0405
http://www.ncbi.nlm.nih.gov/pubmed/20097691
http://dx.doi.org/10.1016/j.genhosppsych.2016.07.006
http://www.ncbi.nlm.nih.gov/pubmed/27638973
http://dx.doi.org/10.1038/tp.2017.95
http://www.ncbi.nlm.nih.gov/pubmed/28509900
http://dx.doi.org/10.1016/j.mce.2015.05.018
http://dx.doi.org/10.2337/diabetes.48.3.588
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals 
	Behavioral Studies 
	Restraint Stress (RS) 
	Forced Swim Test (FST) 
	Sucrose Preference Test (SPT) 
	Statistical Analysis of Behavioral Data 

	Molecular Studies 
	Blood Collection 
	Isolation of miRNAs from Serum 
	miRNA RT-qPCR Array 
	Identification of miRNA Targets In Silico 
	Isolation of mRNAs from the Liver 
	Quantitative RT-qPCR Analyses of Individual mRNAs 
	Glucose Measurement 


	Results 
	Behavioral Studies 
	Molecular Studies 
	Control Condition 
	Stress Condition (Restraint Stress, RS) 
	Verification of miR-1 Related Gene Expression 
	Glucose Measurement 


	Discussion 
	References

