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Abstract
Chemotherapy-induced cognitive impairment (CICI) is widely recognized as a frequent adverse side effect following the 
administration of chemotherapeutic agents. This study aimed to explore the neuroprotective functions and mechanisms of 
microRNAs (miRNAs) mediated by dexmedetomidine (Dex) on cisplatin-induced CICI. The model rats received 5 mg/kg 
cisplatin injections once per week for 4 weeks. Dex (30 μg/kg) was administered before cisplatin treatment. The protective 
effects of Dex were evaluated using Morris water maze, Nissl staining, and transmission electron microscopy. Dex-mediated 
miRNAs were screened via miRNA sequencing. The effects of Dex and key miRNAs on mitochondrial DNA gene mt-ND1 
and caspase-9 expression were tested. Dex exhibited a protective effect against decreased learning memory ability, hip-
pocampal neuronal damage, and mitochondrial damage in CICI rats. Thirty-nine differentially expressed (DE) miRNAs 
were screened, 13 of which responded positively to Dex treatment. Gene Ontology annotation identified that DE miRNAs 
were mainly involved in transcription, DNA-templated. Kyoto Encyclopedia of Genes and Genomes pathway analysis 
showed that DE miRNAs were mainly involved in neuronal function and brain development-related pathways, such as axon 
guidance and calcium signaling pathways. Compared to cisplatin treatment, the expression of miR-429-3p responded more 
strongly to Dex treatment. In cisplatin-treated cultured hippocampal neurons, Dex treatment and miR-429-3p overexpres-
sion significantly increased mitochondrial DNA gene mt-ND1expression and decreased caspase-9 expression. Our study 
suggests that Dex alleviates CICI by modulating miR-429-3p expression in rats. Thus, Dex may be effective in preventing 
the side effects of cisplatin.
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Introduction

Chemotherapy-induced cognitive impairment (CICI) refers 
to impairment in cognitive function that often occurs in 
patients with tumors outside the central nervous system 
during diagnosis, treatment, or after treatment (Zhou et al. 
2016). CICI is an ever-increasing problem of great clinical 
concern. Longitudinal studies have identified that nearly 40% 
of cancer patients develop CICI before treatment, nearly 75% 

during treatment, and 60% after treatment. Most recent stud-
ies regarding CICI have focused on breast cancer patients 
(Wefel et al. 2015). However, the underlying mechanisms 
involved in CICI are not well understood, and few drugs 
have been proven effective in reducing or preventing CICI.

There is emerging evidence that CICI also frequently 
develops in cancer patients treated with platinum-based 
compounds, such as cisplatin. Cis-diamineplatinum (II) 
dichloride (cisplatin), which is widely used in the treatment 
of ovarian, lung, and esophageal cancer, and other malig-
nancies (Dasari and Tchounwou 2014; Ho et  al. 2016), 
and recent studies have shown that cisplatin can cross the 
blood–brain barrier, elevate mitochondrial DNA (mtDNA) 
content, and decrease SOD activity in the hippocampus 
(Lomeli et al. 2017).

Dexmedetomidine (Dex) is a commonly used sedative 
and is notable for its ability to provide sedation without 
risk of respiratory depression. In recent years, Dex has 
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attracted wide attention due to its potential neuroprotective 
effects. Dex has been shown to prevent brain injury caused 
by subarachnoid hemorrhage (Cosar et al. 2009). In addi-
tion, several studies have shown that Dex can significantly 
reduce hypoxia/re-oxygenation injury to hippocampal neu-
rons in rats, which may be related to inhibition of excessive 
mitochondrial fission and mitochondrial apoptosis (Li et al. 
2016).

MicroRNAs (miRNAs), as a family of small non-coding 
RNAs, play important roles in cell proliferation and apop-
tosis, tumorigenesis, and active immunity. There are many 
studies concerning miRNAs in cognitive impairment; for 
example, the up-regulation of miR-192-5p expression can 
restore neural function and attenuate cognitive impair-
ment in depressed mice via the TGF-β1 signaling pathway 
(Tang et al. 2019). Studies have shown that miRNAs may 
be involved in the functional regulation of mitochondria, 
and thus in the regulation of cognitive damage (Ling et al. 
2013; Reddy et al. 2017). Therefore, in this study, differen-
tial expression of miRNAs was identified in rats with cog-
nitive damage to clarify the roles of miRNAs in cisplatin-
induced CICI.

This study aimed to explore neuroprotective functions 
and mechanisms involving Dex and to provide new con-
cepts for the therapeutic treatment of CICI. To characterize 
CICI in rats, we examined learning and memory capacity, 
hippocampal neuron survival, and mitochondrial functions. 
We further screened differentially expressed (DE) miRNAs 
by miRNA sequencing, and evaluated the effects of Dex in 
mediating key DE miRNAs on mitochondrial DNA gene and 
apoptosis of hippocampal neurons.

Materials and methods

Ethics statement

The animal experiments reported in this study, and all pro-
cedures involving the handling and treatment of rats dur-
ing this study, were approved by the Institutional Animal 
Care and Use Committee of the Second Affiliated Hospital 
of Nanchang University. All experiments were performed 
according to the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals. At the planned or 
humane endpoint, rats were euthanized by intraperitoneally 
injection of pentobarbital sodium (150 mg/kg). All efforts 
were made as much as possible to reduce animal suffering.

Animals and Dex treatments

Thirty male Sprague–Dawley rats (200–250 g) were housed 
in inlet valve-closed cages on a 12 h light/dark cycle (lights 
on 6:00 am). Water and food were available ad libitum. 

Cisplatin and Dex dosage and injection times followed previ-
ous reports (Zhou et al. 2016). Thirty rats were randomized 
into three groups and treated as follows: (1) intraperitoneally 
injected with physiologic (0.9%) saline per week for 4 weeks 
(control group); (2) injected with cisplatin (Sigma-Aldrich, 
Saint Louis, MO, USA) at 5 mg/kg per week for 4 weeks 
(model group); c) pretreated with Dex (BD123881, Bidep-
harm, Shanghai, China) at 30 μg/kg for 30 min prior to 
injection of cisplatin at 5 mg/kg per week for 4 weeks (Dex 
group). Each group contained ten rats.

Morris water maze (MWM)

Morris water maze equipment (Cat: XR-XM101) pur-
chased from Shanghai Xinruan Information Technology 
Co., Ltd. MWM testing was performed in a black circular 
pool 160 cm in diameter and 50 cm in depth, and filled to a 
depth of 30 cm with warm water. The pool temperature was 
maintained at 25 ± 1 °C. An escape platform with 10 cm in 
diameter is placed 2 cm below the water surface. A camera 
connected to a computer was placed 2 m above the tank 
to record the rats’ routes, which were captured by digital 
tracking system and analyzed by SuperMaze Version 3.3.0.0 
software.

The water tank was divided into nominal southeast, north-
east, northwest, and southwest quadrants. A place navigation 
test was first performed. Rats were permitted to swim freely 
for 1 min to adapt to the water environment before training. 
A place navigation test was repeated for 4 days, four times 
each day. Rats were then allowed to stay on the platform for 
20 s. If the underwater platform was not found by rats within 
120 s, the experimenter guided them to find the platform and 
allowed them to stay on the platform for 20 s, recording the 
escape latency as 120 s. The interval of the four consecutive 
experiments was 20 s, and the escape latencies of each rat on 
the test day were calculated as the average escape latency of 
these four repeated escape experiments. After experiments, 
rats were thoroughly dried with towels and a hair drier, and 
then returned to their home cages.

Spatial probe testing was conducted on the sixth day. The 
escape platform was removed from the pool during spatial 
probe testing, which was performed to assess the rats’ abil-
ity to remember the location of the platform. During the 
probe test, rats were allowed to swim freely for 120 s with 
the platform removed from the pool. The swimming speed, 
swimming path and the numbers of the rats crossing the 
platform were recorded.

Nissl staining

A minimum of three slices of hippocampal tissues from each 
group of rats was dewaxed. The slices were stained with 
preheated 1% toluidine blue (60 °C) for 40 min, rinsed with 
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distilled water three times, and then decolorized with an 
alcohol gradient (95%, 80%, 70%) for 3 min each to identify 
whether the Nissl granules were clear under the microscope. 
A light blue to colorless background was considered to be 
appropriate. Then, the slices were dehydrated with an etha-
nol gradient, cleared with xylene, and sealed with neutral 
balsam after drying. Nissl bodies in nerve cells were stained 
bluish violet as viewed under light microscopy. Image-J soft-
ware was used to analyze images and to calculate nerve cell 
numbers in the hippocampal CA1 area (Zheng et al. 2019).

Transmission electron microscope (TEM) 
observations

Rat hippocampal tissues were fixed with 2.5% glutaralde-
hyde and 1% osmium acid. Hippocampal tissues were then 
dehydrated with an acetone gradient, embedded in Epon 812 
epoxy resin, cut into ultra-thin sections using a microtome, 
and stained with lead citrate. Hippocampal neurons were 
observed under a JEM-1230 electron microscope (JEOL, 
Japan).

miRNA extraction and expression profiling

After behavioral analysis, hippocampal tissues were dis-
sected from rats, and total RNA was extracted using a high-
purity miRNA isolation kit (Takara Bio USA, Inc., USA) 
following the manufacturer’s instructions. The yield of 
RNA was quantified using a NanoDrop instrument (Invit-
rogen, Carlsbad, CA, USA). Complementary DNA (cDNA) 
libraries of miRNAs from rats hippocampal tissue were con-
structed according to published miRNA cloning protocols 
(Pandey et al. 2015; Boese et al. 2016). Approximately 20 μg 
of the extracted, purified RNA was sequenced on a NextSeq 
500 (Illumina) platform. The remaining RNA was subjected 
to reverse transcription for subsequent miQPCR analysis. 
Fast-QC (https ://www.bioin forma tics.babra ham.ac.uk/proje 
cts/fastq c/) software was used to evaluate the overall quality 
of sequencing data, including the distribution of the mass 
value of the bases, distribution of the position of the mass 
values, and GC content.

DE miRNAs analysis

Clean NextSeq reads were mapped to the human genome 
using the miRBase 21.0 database and RfamBase, and 
sequences matching the above database were considered 
as known miRNA sequences. Reads per million miRNAs 
mapped (RPM) values were used to represent miRNA 
expression levels. DE miRNAs were analyzed using DESeq 
2.0 (v1.8.3). P < 0.05 and |Log2Fold Change  (Log2FC) |≥ 1 
were used to screen DE miRNAs. The miRNA target pre-
diction software Miranda (Score ≥ 150 and Energy < − 20) 

and RNAhybrid (Energy < − 25) was used to predict bind-
ing sites of the different miRNAs. The intersection of the 
two algorithms was taken as the final result of target gene 
prediction. Functional annotation and ontology analysis of 
candidate target genes predicted to be regulated by differ-
ent miRNAs were performed using Gene Ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
functional classifications.

Validation of miRNA expression by miQPCR

To validate the reliability of Illumina sequence analysis, the 
expression of five miRNAs expressed in mouse hippocampal 
tissue was detected by miQPCR (a quantitative real-time 
polymerase chain reaction (qPCR) method for miRNA 
quantification). miQPCR was performed in 96-well plates 
using a Bio-Rad Real-time PCR Detection System (Bio-
Rad, Hercules, CA, USA), according to the manufacturer’s 
protocols. All reactions were performed as three technical 
replicates, including a template-free (water) negative con-
trol. U6 served as an internal reference gene, and relative 
gene expression was standardized by the  2−ΔΔCt method. 
All primer sequences used in this study are listed in Sup-
plementary Table 1.

Cell culture and treatments

Neonatal hippocampal neurons were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10% 
fetal bovine serum in an incubator containing 5%  CO2 at 
37 °C. Experiments using hippocampal neurons were car-
ried out at passages 3–8. When cells were approximately 
80–90% confluent, new medium was added before cisplatin 
or Dex treatment. Addtionally, cisplatin and Dex dosage fol-
lowed the reports (Lomeli et al. 2017; Hwang et al. 2013). 
In cisplatin experiments, cells were treated with 12.5 mg/L 
cisplatin for 24 h. In Dex experiments, cells were treated 
with 12.5 mg/L cisplatin and Dex (1 μM) for 24 h.

MiRNAs transient transfection

60 nM miR-429-3p mimic (Genepharma, Shanghai, China) 
was transfected into neonatal hippocampal neurons using 
Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA) com-
pared to a scrambled control miRNA. Similarly, 60 nM anti-
sense inhibitor miR-429-3p, or scrambled control antisense 
inhibitor, was transfected into neonatal hippocampal neuron 
cells using Lipofectamine RNAiMAX. Cells were incubated 
for 48 h and harvested with Trizol reagent (LifesTechnolo-
gies, Tokyo, Japan).

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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Immunofluorescence staining

Cultured neonatal hippocampal neurons were collected and 
fixed in 4% paraformaldehyde at 4 °C for 24 h. Cells were 
washed with PBS and sealed with 0.2% Triton X-100 PBS 
at room temperature for 1 h. Rabbit anti-caspase-9 poly-
clonal antibody (1:200, Abcam, Cambridge, MA, USA) was 
added and incubated overnight at 4 °C. Next, the cells were 
washed three times with PBS and incubated with DyLight 
488 conjugated donkey anti-rabbit IgG mixture for 1 h at 
room temperature. Then, DAPI (1:500, Beyotime, Shanghai, 
China) was used to stain cells for 10 min at room tempera-
ture. After dyeing, the greenish Dylight 488 or the reddish 
Cy3 was observed using an Olympus confocal laser scanning 
microscope (Olympus Corporation, Tokyo, Japan). Japanese 
Olympus FV10 asw-3.1 software was used for imaging.

Statistical analysis

All data were analyzed using Graphpad Prism 6.0 software. 
Results are expressed as means ± SEM. Student’s t test was 
used for comparisons of two groups, and one-way ANOVA 

was used for comparisons involving multiple groups. P val-
ues ≤ 0.05 were considered statistically significant.

Results

Dex protects learning and memory ability of rats

The MWM experiments were conducted to determine the 
effects of cisplatin on the learning and memory abilities of 
rats, and to explore whether Dex exerted protective effect 
on such abilities. The results showed that swimming paths 
of Dex group animals were significantly shorter than that 
of the control and model groups (Fig. 1a). The swimming 
speed of the model group was significantly less than that of 
the control and model groups by the third and fourth days 
(P < 0.05; Fig. 1b). In addition, the escape latency time of 
the model group rats was always the longest over the three 
stages (days 1, 3, and 4), and showed significant differences 
on days 3 and 4. However, the escape latency time was sig-
nificantly reduced to that of the control group level after Dex 
treatment (P < 0.05; Fig. 1c). These results indicated that 

Fig. 1  Results of Morris Water Maze (MWM) test in rats from con-
trol, chemotherapy-induced cognitive impairment (CICI) model, and 
dexmedetomidine (Dex) groups. a Swimming paths of rats in each 
group in the MWM assay. b Average swimming speed of rats in each 
group. The swimming speed of rats treated with Dex was increased 
compared to those of the model group. ANOVA results of repeated 
measurements showed that there was a significant difference in the 

average swimming speed with increasing duration of treatment in 
each group (*indicates P < 0.05). c Post pairwise comparisons using 
Bonferroni method showed escape latency time (the time from launch 
to the first landing on the platform) of rats in each group. The escape 
latency of rats in the Dex group was significantly lower than those of 
model group animals on Days 3 and 4. (n = 5 per group, *indicates 
P < 0.05; **indicates P < 0.01)
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Dex had a protective effect on cisplatin-induced impairment 
of learning and memory in rats.

Dex promotes survival of hippocampal neurons 
and maintains normal hippocampus morphology 
in rats

The survival of hippocampal neurons in each group was 
detected by Nissl staining. Results showed that compared 
with the control group, the survival of neurons in hippocam-
pus tissues in the model group was significantly diminished 
(P < 0.05); However, Dex treatment increased the survival 
of neurons in hippocampus tissues compared with the model 
group (P < 0.05; Fig. 2a–c). TEM was utilized to observe 
the ultrastructure of hippocampal tissues, and indicated as 
the clear and complete nuclear membrane and the complete 
mitochondrial in the control group (Fig. 2d). Hippocampal 
neurons in the model group exhibited swollen neuronal cells, 
partial organelle damage, and destruction to the structural 
continuity of the cristae (Fig. 2e). Hippocampus neuronal 
morphology in the Dex group was intermediate between the 
two groups (Fig. 2f). Altogether, compared with the control 
group, cisplatin induced mitochondrial damage in hippocam-
pal neurons, while Dex significantly reduced such damage.

miRNA expression profiling of hippocampal tissue

We carried out miRNA sequencing to reveal miRNA expres-
sion profiles of rats in control, model, and Dex groups. The 
filtered results of sequence quality control data for all sam-
ples are shown in Supplementary Table 2. The quality of 
the reads was assessed using quality scores, which showed 
that 99.9% of reads were < 30, indicating very high-quality 
sequencing data (Supplement Figure 1).

DE miRNAs in model and Dex group hippocampus

We employed DESeq2.0 (P < 0.05 and |Log2Fold Change 
(Log2FC) |≥ 1) DE analyses to identify miRNAs with 
altered expression in the model and Dex groups. After probe 
screening and data normalization, DE fold-changes of 1.5 
or higher were observed. We identified 39 significantly DE 
miRNAs between the Dex and model groups. These DE 
miRNAs included 24 upregulated miRNAs and 15 down-
regulated miRNAs (Fig. 3a). Meanwhile, we found 166 
significantly DE miRNAs between the model and control 
groups. These 166 involved 17 upregulated miRNAs and 
149 downregulated miRNAs (Fig. 3b). Interestingly, after 
further analysis, we found that compared with those in the 
healthy control group, 13 miRNAs were downregulated in 

Fig. 2  Dex protected the survival of rat hippocampal neurons and 
hippocampal morphology. Representative Nissl-stained images of 
surviving hippocampal neurons of a control group, b model group, 
and c Dex group (×200 magnification); Representative transmission 

electron microscope (TEM) ultrastructural images of hippocampus 
tissues of d control group, e model group, and f Dex group (×20,000 
magnification)
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the model group, whereas these levels were restored after 
Dex treatment (Fig. 3c, d). Thus, we selected these 13 can-
didate genes for further miQPCR validation.

Prediction of DE miRNA targets and pathway 
analysis

The target genes of DE miRNAs though taking intersection 
of Miranda (Score ≥ 150 and Energy < − 20) and RNAhybrid 
(Energy < − 25) were 80,070 (Supplement Figure 2A), and 
the target genes of DE miRNAs were 17,482 between the 
model and Dex groups (Supplement Figure 2B).

To better understand the functions of Dex-mediated 
miRNAs, we mapped all DE miRNAs between the model 

and Dex groups to the GO and KEGG databases. The GO 
results indicated that these highly correlated target genes 
are involved in “transcription, DNA-templated”, “regula-
tion of transcription, DNA-templated” and “positive regu-
lation of transcription from RNA polymerase II promoter” 
(Fig. 4a). KEGG pathway analysis revealed crucial target 
gene functions, and the results indicated that these DE 
miRNAs mainly participate in axon guidance and calcium 
signaling pathways. In addition, several pathways (WNT 
and Hippo signaling pathways in cancer, the neurotrophin 
signaling pathway, and mitogen-activated protein kinase 
(MAPK) signaling pathway) are also involved, and these 
signaling pathways are all associated with neuronal func-
tion or brain development (Fig. 4b).

Fig. 3  Differentially expressed 
(DE) miRNAs in hippocampus 
tissues from rats administered 
CICI and Dex treatment. a 
Cluster map of miRNAs with 
significant differences between 
the control and model groups. 
b Cluster map of miRNAs with 
significant differences between 
the model and Dex groups. c, d 
revealed 13 DE miRNAs which 
were downregulated in the 
model group but upregulated in 
the Dex group
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Validation of candidate DE miRNAs

To verify the concordance of DE miRNA expression 
with our miRNA sequencing data, we next confirmed the 
expression of 13 candidate miRNAs in these nine samples 
by miQPCR. Surprisingly, eight candidate miRNAs did 
not exhibit the same expression trend in samples from the 
same group, and thus the remaining five candidate miRNAs 
(mmu-miR-429-3p, mmu-miR-200a-5p, mmu-miR-6537-3p, 
mmu-miR-3100-3p, and mmu-miR-6965-5p) were con-
firmed at the next validation stage. To determine the expres-
sion pattern of all miRNAs used for technical validation, 

we then expanded the samples size to ten (control group, 
n = 10; model group, n = 10; Dex group, n = 10), and con-
ducted miQPCR to further confirm expression of the five 
candidate miRNAs in the three groups.

As a result (shown in Fig. 5) only mmu-miR-429-3p 
and mmu-miR-6965-5p of the five genes had the expected 
expression patterns. Compared with the control group, 
the expression levels of mmu-miR-429-3p and mmu-miR-
6965-5p were significantly decreased in the model group, 
and were significantly increased after Dex treatment. Moreo-
ver, the expression of mmu-miR-429-3p in the Dex group 
was higher than that of the control group, while the response 

Fig. 4  Functional enrichment analyses of DE miRNA-targeted genes. 
a GO-enrichment bubble map of predicted DE miRNA-targeted 
genes involving the Dex and model groups. b Pathway-enrichment 

bubble map of predicted DE miRNA-targeted genes involving Dex 
and model groups
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of mmu-miR-6965-5p to Dex was not as profound as that 
of mmu-miR-429-3p. Therefore, we will conduct further 
exploratory experiments involving miR-429-3p.

Effects of Dex on expression of mtDNA 
and caspase‑9 in hippocampal neurons

Immunofluorescence results showed that in hippocampal 
neurons, Dex treatment significantly decreased the expres-
sion of caspase-9, compared to the cisplatin-induced model 
group (Fig. 6a). In addition, the relative expression of mt-
ND1, one of the major mtDNA genes, also increased after 
Dex treatment in cultured hippocampal neurons, suggesting 
Dex improved mtDNA damage derived from cisplatin induc-
tion (Fig. 6b; P < 0.05).

Effects of miR‑429‑3p on expression of caspase‑9 
and mtDNA in hippocampal neurons

Previous studies have shown that cisplatin induces mito-
chondrially-mediated apoptosis in cultured hippocampal 

neurons and miRNA sequencing through caspase-9 acti-
vation (Lomeli et al. 2017). However, whether Dex-medi-
ated miR-429-3p can protect against caspase-9 activation 
is unclear. Caspase-9 is a member of the cysteine aspartic 
acid protease (caspase) family. Under apoptotic stimulation, 
cytochrome c is released from mitochondria and binds with 
procaspase/Apaf-1, which activates caspase-9 by cleaving 
it at Asp315. Cleaved caspase-9 further activates other cas-
pase proteins to initiate a caspase cascade that culminates 
in apoptosis (Kuwahara et al. 2000; Jiang et al. 2000). We 
used miR-429-3p mimics for transient transfection, and anti-
sense RNAs for miR-429-3p inhibition, so as to alter the 
abundance of miR-429-3p. The effectiveness of the mimic 
and inhibitor manipulations was very high, as assessed by 
qPCR (Fig. 7a, b; P < 0.05). Immunofluorescence results 
showed that transfection of miR-429-3p mimics signifi-
cantly decreased the expression of caspase-9 and increased 
the relative expression of mt-ND1 in hippocampal neurons 
(Fig. 7c, d; P < 0.05). However, miR-429-3p inhibitor trans-
fection activated the expression of caspase-9 and reduced 
the expression of mt-ND1 in cultured hippocampal neurons 
(Fig. 7c, e; P < 0.05), suggesting that miR-429-3p might play 
important roles in regulating mtDNA damage and apoptosis 
in hippocampal neurons.

Discussion

Growing evidence shows that CICI frequently occurs in 
cancer patients treated with platinum-based compounds, 
such as cisplatin. However, therapeutic drugs and their 
underlying mechanisms remain elusive. Recently, Dex has 
attracted wide attention due to its potential neuroprotective 
effects. In this study, we first demonstrated that Dex treat-
ment improved cognitive function in cisplatin-induced CICI 
rats. Then, we employed miRNA sequencing to investigate 
the miRNAs involved in the process of Dex-attenuated, 

Fig. 5  Verification of DE miRNAs using qPCR. Significance analysis 
was compared with model group data, using Student’s t test. All data 
are represented as means ± SEM. *indicates P < 0.05

Fig. 6  Cisplatin-induced caspase-9 expression and mitochondrial 
DNA loss in hippocampal neurons can be mitigated by Dex treat-
ment. a Representative immunofluorescence images of caspase-9 
expression in hippocampal neurons treated with cisplatin and Dex. 

b Expression of mitochondrial DNA gene mt-ND1 in hippocampal 
neurons exposed to Dex or cisplatin. Data are representative of three 
independent experiments, and expressed as means ± SD. # indicates 
P < 0.05 vs. the model group
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cisplatin-induced CICI. We identified 13 DE miRNAs that 
were downregulated in the model group. Such downregula-
tion was restored after Dex treatment, and KEGG pathway 
analysis revealed that DE miRNAs were mainly enriched 
in axon guidance and calcium signaling pathways. Subse-
quently, miQPCR validation indicated that the expression 
of miR-429-3p was significantly increased after treatment 
with Dex compared to that in the model group, which was 
consistent with miRNA sequencing data. Thus, we suspected 
that miR-429-3p might play a key role in improving cogni-
tive function deficits in CICI rats by administration of Dex. 
Lastly, we validated our observation that Dex might attenu-
ate CICI through regulation of mtDNA damage (mt-ND1) 
and apoptosis (caspase-9) via miR-429-3p.

The phenomenon of host neurological dysfunction caused 
by chemotherapy has been observed in several studies. A 
multilevel meta-analysis of cognitive function in survivors 
receiving chemotherapy (Ch+) showed that compared with 
healthy and chemotherapy-negative (Ch−) control groups, 
cognitive impairment was greater in patients receiving 
chemotherapy (Ch+) (Bernstein et al. 2017). Magnetic reso-
nance imaging (MRI) and diffusion tensor imaging (DTI) in 
breast cancer patients showed decreased hippocampal vol-
ume, abnormal structure involving gray and white matter, 

and decreased ability of episodic memory (Filippi and 
Agosta 2016; Chanraud et al. 2010). Compared with the 
control group, the ability to engage in learning and memory 
was impaired in rats undergoing chemotherapy (Christie 
et al. 2012). Moreover, cisplatin, a chemotherapy drug, is 
widely used in the treatment of several malignancies, includ-
ing ovarian, lung, and esophageal cancers, as well as other 
tumors. Recent studies have shown that cisplatin can accu-
mulate in the hippocampus after crossing the blood–brain 
barrier and result in cognitive impairment. Mechanisti-
cally, cisplatin could interact with mtDNA causing DNA-Pt 
adducts which would result in the inhibition of mtDNA rep-
lication and transcription, mitochondrial function, and even 
apoptosis of neurocytes (Lomeli et al. 2017; Podratz et al. 
2017). Similarly, in our research, we found that a 4-week 
duration of cisplatin injections could significantly impair the 
spatial learning and memory ability of rats, and significantly 
reduced the survival of neurons in hippocampus tissues, and 
that altered hippocampal neurons were abnormally shaped 
in cisplatin-treated rats.

Currently, however, few drugs have proven effective in 
attenuating or preventing CICI. In recent years, Dex has been 
shown to exert a neuroprotective effect by alleviating neu-
ronal damage in the hippocampal CA1 region (Hwang et al. 

Fig. 7  mir-429-3p mediated 
by Dex attenuated cisplatin-
induced caspase-9 expression 
and mitochondrial DNA loss 
in hippocampal neurons. a, 
b Transfection efficiency of 
miR-429-3p mimics or inhibitor 
in hippocampal neurons. c–e 
miR-429-3p gain- and loss-of-
expression regulated caspase-9 
expression and mitochondrial 
DNA mt-ND1 levels in hip-
pocampal neurons. Data are 
presented as means ± SD. *indi-
cates P < 0.05 vs. scrambled 
miRNA
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2013). Dex is reported to prevent brain injury caused by 
subarachnoid hemorrhage through inducing neuroprotection 
by activating the MAPK pathway (Cosar et al. 2009). In rats 
with cerebral hemorrhage, Dex has been reported to enhance 
the expression of brain-derived neurotrophic factor to inhibit 
cell apoptosis, attenuate short-term and spatial learning, and 
memory damage (Hwang et al. 2013). Additionally, Dex 
contributes to cognitive improvement of rats with cognitive 
dysfunction. For example, Dex attenuates isoflurane-induced 
injury in the developing brain, providing neurocognitive pro-
tection in neonatal rats (Hwang et al. 2013). Dex may exert 
preventive and protective effects against anxiety-like behav-
iors and cognitive impairments in rats with post-traumatic 
stress disorder after repeated administration (Hwang et al. 
2013). In our study, Dex administration improved memory 
ability in rats and effectively protected them from cognitive 
impairment induced by cisplatin. Furthermore, Dex pro-
moted the survival of hippocampal neurons and maintained 
the normal morphology of hippocampus in rat, suggesting 
that Dex may be a potential drug in treatment and preven-
tion of CICI.

Recently, miRNAs have been reported to play important 
roles in disease therapy. miRNA-based RNA interference 
(RNAi) therapy has the advantage of lower toxicity than 
other gene silencing methods (Lam et al. 2015; Anthiya et al. 
2018). It has been reported that in the absence of induced 
toxicity, the delivery of miRNAs in vivo successfully inhib-
its tumor activity (Chen et al. 2015). Intravenous injection of 
anti-miRNAs could reduce cell proliferation and tumor size 
of glioblastomas in the brain and surrounding organs (Chen 
et al. 2015). However, so far, most studies have focused on 
the roles of miRNAs in tumor inhibition, with poor develop-
ment of miRNA therapy for CICI. Therefore, we performed 
NGS and obtained miRNA profiles after CICI treatment 
with Dex. We identified 166 DE miRNAs (17 upregu-
lated and 149 downregulated) involving control and model 
group animals, and 39 DE miRNAs (24 upregulated and 
15 downregulated) in the model and Dex groups. Further 
analysis revealed that 13 DE miRNAs were downregulated 
in the model group compared with the control group, but 
were upregulated after Dex treatment. Further validation by 
miQPCR analysis revealed that mmu-miR-429-3p, mmu-
miR-6537-3p, and mmu-miR-6965-5p exhibited the same 
expression patterns as revealed by miRNA sequencing.

miR-429 belongs to the miRNA-200 family and is derived 
from chromosome 1p33.36 (Feng et al. 2014; Peng et al. 
2018). Numerous studies have shown that miR-200 family 
members, as epigenetic regulatory molecules, can control 
the proliferation and invasion of glioma cells, and modu-
late therapeutic responses and prognosis in glioma patients 
by targeting multiple downstream genes to regulate physi-
ological and pathological processes (Qin et al. 2017; Zhang 
et al. 2012). Additionally, increased expression of miR-200 

family members promotes neuronal differentiation (Zhao 
et al. 2017), while decreased expression of the miRNA-200 
family promotes neuronal proliferation by targeting SOX2 
and KLF4 expression (Dong et  al. 2017; Pandey et  al. 
2015). Expression of miR-200 family members is strongly 
decreased in West Nile virus infection, ischemic and psy-
chiatric states, and is usually accompanied by a reduction in 
dendritic spine density (Kumar and Nerurkar 2014). Because 
the miR-200 family includes host factors that can influence 
dendritic spine density, synaptic morphology, and function, 
their expression is particularly sensitive to environmental 
stress, injury or disease (Boese et al. 2016). Moreover, stud-
ies have shown that miR-429 plays a neuroprotective role 
in brain ischemia. It has been demonstrated that downregu-
lated of miR-429 expression by lncRNA MALAT1 sponge 
action, can promote apoptosis of hippocampal neurons in 
hypoxic-ischemic brain damage (HIBD) mice via activation 
of WNT1 signaling. In addition, silencing of WNT1 signal-
ing by miR-429 enhances the cerebral protective effects of 
Dex against HIBD mice (Fang et al. 2019). In our study, 
we also identified miR-200 family members, including the 
DE miRNA, miR-429-3p, which might contribute to the 
protective effects against CICI in rat. Further analyses are 
evidently required.

Functional analysis revealed that DE miRNAs are mainly 
involved in “transcription, DNA-templated” and “positive 
regulation of transcription from RNA polymerase II pro-
moter”. Pathway analysis revealed that DE miRNAs are 
mainly involved in axon guidance, calcium, WNT, and 
MAPK signaling pathways. To date, these pathways have 
been demonstrated to be closely associated with neuronal 
function or brain development. For instance, activation of 
axon guidance factors and calcium signaling pathways could 
improve memory ability and attenuate cognitive impairment 
(Rosso and Inestrosa 2013; Yuan et al. 2016), and the Hippo 
signaling pathway is associated with memory performance 
and cognitive ability in mammals (Zhang et al. 2014; Xiao 
et al. 2011). Moreover, most of the above-mentioned signal-
ing pathways are involved in the regulation of transcription 
by RNA polymerase II, suggesting that Dex might improve 
cognitive function via regulation of epigenetic blockade; this 
proposal needs further study.

Conclusions

This study is the first to show that Dex treatment can attenu-
ate memory deficits and cognitive impairment caused by 
chronic cisplatin injection in rats, indicating that Dex might 
be a candidate drug to treat and prevent CICI. Additionally, 
we identified miRNA expression profiles and revealed that 
miR-429-3p might play key roles in protection against CICI 
by Dex in rats.
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