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Abstract 

Although Buyang-Huanwu-Decoction (BYHWD), a famous traditional Chinese medicine, has been 
utilized to promote the recovery of neurological function in intracerebral hemorrhage (ICH) for 
centuries, its therapeutic mechanisms remain unclear. tRNA-derived small RNA (tsRNA) is a novel 
class of short non-coding RNA, possessing potential regulating functions. In the current study, we 
explored the novel therapeutic targets of BYHWD by tsRNA-sequencing. Rats were randomly 
divided into three groups: sham, ICH, and BYHWD-treated groups. The modified neurological 
severity score, corner turn test, foot-fault test, and weight change were used to assess neurological 
injury. After BYHWD treatment, these behavioral tests were obviously meliorated compared with 
ICH group in the recovery phase. In the rat brain tissues surrounding the hemorrhagic region, a total 
of 350 tsRNAs for exact match were identified. 12 of tRNAs (fold change >1.3 and P-value <0.05) 
were significantly changed in ICH group compared to sham group. Among them, 3 of tRNAs 
(rno-tRFi-Ser-25a, rno-tRF5-Ala-16a and rno-tRF5-Glu-29a) were markedly regulated by BYHWD 
treatment and validated with quantitative real-time PCR. Additionally, target prediction and 
bioinformatics analyses revealed that these tsRNAs could play therapeutic roles through FoxO 
signaling pathway, positive regulation of long term synaptic depression, autophagy - animal, IL-17 
signaling pathway and regulation of cytoskeleton and transforming growth factor beta. In conclusion, 
tsRNAs are the potential therapeutic targets of BYHWD on ICH treatment. The present study 
provides novel insights for future investigations to explore the mechanisms, by which BYHWD 
promotes neurological function recovery after ICH. 

Key words: traditional Chinese medicine, Buyang-Huanwu-Decoction, intracerebral hemorrhage, 
transcriptomics, non-coding RNA, tsRNA  

Introduction 
Stroke is the second leading cause of death and 

disability worldwide [1]. Intracerebral hemorrhage 
(ICH), occurring in over 2 million people each year 
globally, is a devastating subtype of stroke with a 
high mortality rate of 32–50% [2, 3]. Moreover, fewer 

than 20% of survivors have good functional outcomes 
in the chronic stage of ICH [4]. Although the 
understanding of ICH-induced primary and 
secondary brain damage has improved [5, 6], no 
proven treatments are available for functional 
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recovery after ICH [7]. The development of new 
effective therapies for ICH is urgently required. 
Fortunately, traditional Chinese medicine (TCM), 
with more than 2,000-year history, represents one of 
the oldest herbal medicine in the world [8]. Based on a 
multi-component and multi-target approach, TCM 
has become an important strategy for new drug 
development to treat stroke [9, 10]. World Health 
Organization encourages that herbal remedies should 
be advocated to incorporate into main stream medical 
systems [11]. 

Buyang-Huanwu-Decoction (BYHWD), a fam-
ous TCM formula, is by far the most frequently used 
for the treatment of stroke (40.32%) [12]. Accumul-
ating evidence suggests that BYHWD improves the 
outcome of ischemic stroke through neuroprotection 
and neurogenesis effects, an improvement in synaptic 
plasticity, etc. [13-15]. Moreover, our previous study 
confirms that BYHWD tends to improve the recovery 
of kinetic function and promote angiogenesis after 
ICH by enhancing VEGFR2 phosphorylation through 
the PI3K/Akt signaling pathway [16, 17]. However, 
the multi-faceted regulatory mechanisms of BYHWD 
acting on ICH have not been fully elucidated due to 
the lack of appropriate methods. 

Recent studies have investigated the pharmaco-
logical mechanisms and potential therapeutic targets 
of TCM through transcriptomics technologies [18-20]. 
Novel high-throughput technologies such as deep- 
transcriptome sequencing, demonstrate that most of 
the genome is transcribed into RNAs. Non-coding 
RNAs (ncRNAs) accounting for 98% of total RNAs are 
particularly abundant in the central nervous system 
[21]. As the important regulators of various molecular 
processes, ncRNAs are divided into two subclasses: 
small ncRNAs (<200 nucleotides, nt) such as 
microRNAs (miRNAs) and long non-coding RNAs 
(lncRNAs) with >200 nt in length [22]. Within the past 
decade, ncRNAs have emerged as key mediators of 
posttranscriptional gene expression in pathological 
aspects of stroke [23]. It has recently been shown that 
BYHWD could exposure augmented angiogenetic 
miRNAs in ischemic stroke [24]. Additionally, we first 
found that lncRNAs were possible therapeutic targets 
of BYHWD in ICH treatment [25, 26]. Nevertheless, 
considering a huge amount of ncRNAs, more 
functional ncRNAs are needed to reveal the 
therapeutic mechanisms of BYHWD in ICH. 

The tRNA-derived small RNA (tsRNA) is a 
novel class of small ncRNA (<50nt) [27]. There are at 
least six types of tsRNAs: tRNA-derived fragments 1 
(tRF-1), tRF-3, tRF-5, internal tRF (i-tRF), stress- 
induced tRNA fragments 3 (tiRNA-3) and tiRNA-5, 
which differ in the cleavage position of the precursor 
or mature tRNA transcripts [27, 28]. tsRNAs are not 

simply the random products of tRNA degradation, 
but play important roles in biological processes [29]. 
Increasing studies have demonstrated that tsRNAs 
can silence their target mRNAs in an RNA 
interference manner [30-32]. In addition, tsRNAs are 
abundant in most organisms and have been 
implicated in stress responses, cancer, viral infection 
responses, and neurological disorders [33-37]. 
However, the biological roles are still not well 
understood. Particularly, a recent study showed that 
tRNAVal- and tRNAGly-derived fragments could 
modulate angiogenesis in stroke brain tissues [38]. 
Consequently, in view of the angiogenic function of 
BYHWD [17, 24], we hypothesize that BYHWD 
probably performs therapeutic actions by tsRNAs. 

For that purpose, we aimed to utilize RNA- 
sequencing technologies to evaluate the tsRNA 
expression levels in sham, ICH model, and BYHWD- 
treated groups. Then ICH-induced changed tsRNAs 
(ICH vs sham) and BYHWD-regulated altered 
tsRNAs (BYHWD vs ICH) were first identified. 
Finally, using bioinformatics, we evaluated their 
biological functions to reveal the therapeutic 
mechanisms of BYHWD (Figure 1). These new 
findings may provide a novel perspective to illustrate 
the molecular mechanisms of BYHWD treatment for 
long-term neurological function recovery after ICH. 

 
 

 
Figure 1. Study design illustration. ICH, intracerebral hemorrhage; BYHWD, 
Buyang-Huanwu-Decoction; FC, fold change; qPCR, quantitative real-time PCR. 
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Materials and Methods 
Preparation of BYHWD 

The ingredients of BYHWD including seven 
medicinal herbs: Huang Qi (Radix astragali), Chi Shao 
(Radix paeoniae Rubra), Dang Gui (Radix angelicae 
Sinensis), Chuan Xiong (Rhizoma Ligustici Chuan 
xiong), Hong Hua (Flos Carthami), Tao Ren (Semen 
persicae), and Di Long (Pheretima Aspergillum) at a ratio 
of 60:6:4.5:3:3:3 (dry weight). All herbs were obtained 
from Xiangya Hospital, Central South University 
(CSU) (Changsha, China). Furthermore, each herb 
was authenticated by the herbal medicinal botanist, 
Professor Suiyu Hu, at the Institute of Integrative 
Medicine of Xiangya Hospital, CSU. The decoction 
was prepared and subjected to quality control as 
previously described [26]. Finally, the powder was 
dissolved in distilled water at a concentration of 0.13 
g/ml for intragastric administration [26]. 

Animals and Experimental Groups 
Adult male Sprague–Dawley rats weighing 

180-220g were obtained from the Laboratory Animal 
Centre of CSU. All the animals were reared under 
identical conditions (room temperature at 25 °C and 
12-hour light-dark cycle) and had free access to 
standard rodent water and food. All animal protocols 
were approved by the Committee on the Use and Care 
of Animals of CSU and conformed to the Guidelines 
for the Care and Use of Laboratory Animals. 

Rats were randomly divided into three groups: 
the sham-operated group, ICH group, and BYHWD- 
treated group [39]. Collagenase-induced ICH rat 
models were important tools for studying ICH and 
had been used by many researchers [40, 41]. ICH was 
conducted as described in detail previously and sham 
rats were injected with the same volume of saline [26, 
42]. For the BYHWD-treated group, ICH rats were 
administered once daily from 1 to 21 days by 
intragastric administration. According to our previ-
ous study [17], we chose 2.05 g/kg as the dosage of 
BYHWD in the present study. The distilled water with 
equal volumes was administered to the sham and ICH 
groups for 21 days. 

Assessment of Neurological Function 
The modified neurological severity score 

(mNSS), corner turn test, foot-fault test, and weight 
change were used to assess the neurological injury. 
These tests were detailly performed in our previous 
studies [17, 43]. Firstly, the mNSS was an integrative 
test to evaluate the motor (muscle status, abnormal 
movement), sensory (visual, tactile, and propriocep-
tive), and reflex abilities (Supplementary Table S1). 
And a higher score meant a more severe injury 

(normal score: 0; maximal deficit score: 18). Secondly, 
the corner turn test could assess the motor function. 
Rats were made to proceed into a corner with the 
angle of 30 degrees. The individual rats could turn 
either left or right when exiting the corner, and then 
the direction was recorded. The test was repeated 10 
times for each animal and the percentage of right 
turns was calculated. The percentage of right turn in 
normal rats was about 50%, while the injured ones 
would have a higher percentage. Thirdly, the 
placement dysfunction of forelimbs was tested by the 
foot-fault test. Rats were put on an elevated grid 
surface and placed their paws on the wire while 
moving along the grid. The total number of steps 
(movement of each forelimb) which the rat used to 
cross the grid was counted, and the total number of 
foot-faults for left forelimb was recorded. Data were 
presented as the percentage of foot faults per the total 
number of steps (normal score: 0%; maximal deficit 
score: 100%). Lastly, weight change was used for 
general condition evaluation. All of the tests were 
carried out on the day of surgery but before 
anesthesia (0 day), and 1st and 21st days after ICH 
(n=6, each group). 

tsRNA Sequencing (tsRNA-Seq) 
On the 21st day, rats were deeply anesthetized 

by intraperitoneal injection of pentobarbital and 
perfused with ice-cold saline. Then, brain tissues 
surrounding the hemorrhagic region were harvested 
for following detections. Total RNAs were extracted 
from sham, ICH and BYHWD groups (n=3 each 
group) according to the manufacturer’s instruction 
(Qiagen, USA). Subsequently, using rtStar tRF& 
tiRNA Pretreatment Kit protocols (Arraystar, USA), 
some RNA modifications which might interfere with 
small RNA-sequencing library construction were 
removed. cDNA was then synthesized and amplified 
using Illumina’s proprietary reverse transcription 
primers and amplification primers. Afterwards, 
135-170 nt PCR amplified fragments (corresponding 
to 15-50 nt small RNA) were extracted and purified 
from the PAGE gel using an automated gel cutter. The 
libraries are qualified and absolutely quantified using 
Agilent BioAnalyzer 2100. Finally, the sequencing run 
was performed on Illumina NextSeq 500 system using 
NextSeq 500/550 V2 kit (Illumina, USA). Sequencing 
was carried out by running 50 cycles. 

Data Analysis 
The raw sequencing data that passed the 

Illumina chastity filter were used for the following 
analysis. After Illumina quality control, the 
sequencing reads were 5’, 3’-adaptor trimmed, filtered 
for over 15nt by Cutadapt software. And then using 
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NovoAlign software (v2.07.11), trimmed reads were 
aligned to mature-tRNA and pre-tRNA sequences 
from GtRNAdb (http://gtrnadb.ucsc.edu/). The 
exactly matched reads were thought as tsRNAs. 
Moreover, tsRNA expression levels could be 
measured and normalized as tag counts per million of 
total aligned tRNA reads (TPM). tsRNA expression 
profiling and differential expression analysis were 
calculated by the average TPM. Fold changes (FC; 
ICH versus sham or BYHWD versus ICH) were used 
for comparing two groups of profile differences. In a 
ddition, FC>1.3 and P-value <0.05 were considered 
significantly different expression and these tsRNAs 
were chosen for further analysis. 

In the standard of FC>1.3 and P<0.05, we could 
identify ICH-induced tsRNAs (ICH vs sham) and 
BYHWD-induced tsRNAs (BYHWD vs ICH). 
Furthermore, tsRNAs that were both ICH-induced 
upregulated and BYHWD-induced downregulated, 
were considered as treatment-related ones. Similarly, 
the genes downregulated after ICH and meanwhile 
upregulated after BYHWD treatment were also 
treatment-related tsRNAs. 

Target Prediction of treatment-related 
tsRNAs 

tsRNAs contained some seed sequences which 
might match the crosslink-centered regions of target 
mRNAs [44, 45]. Besides increasing studies strongly 
suggested that tsRNAs have a miRNA-like function, 
leading to mRNA silence [31, 46, 47]. In this study, we 
used four common algorithms to predict tsRNA 
targets, namely, TargetScan (http://www.targetscan. 
org), miRanda (http://www.microrna.org), miRDB 
(http://www.mirdb.org) and RNAhybrid (http:// 
bibiserv2.cebitec.uni-bielefeld.de/rnahybrid). Additi-
onally, to reduce false-positive results, only genes 
predicted by all four software were considered as 
targets of tsRNAs. The network illustration was 
visualized with Cytoscape software (version 3.5.1, the 
Cytoscape Consortium, San Diego, CA, USA). 

Validation by Quantitative Real-Time PCR 
(qPCR) 

To validate the changes of treatment-related 
tsRNAs detected by RNA-seq, all tsRNAs were 
selected and their expression was examined by qPCR. 
Firstly, total RNA was reverse-transcribed into cDNA 
using rtStar™ First-Strand cDNA Synthesis Kit (3’ 
and 5’ adaptor; Arraystar) according to the manufact-
urer’s protocol. Then, qPCR amplification was 
performed using ViiA 7 Real-time PCR System 
(Applied Biosystems) and 2×PCR master mix 
(Arraystar). The cycling conditions were as follows: 
incubation at 95 °C for 10 min, followed by 40 cycles 

of 95 °C for 10 s, 60 °C for 60 s and 95 °C for 15 s. The 
relative tsRNA expression levels were calculated 
using the 2−ΔΔCt method and were normalized to U6, 
as an endogenous. The specific primers for each gene 
were listed in Table 1. All reactions were performed 
in triplicate. 

Furthermore, the target mRNAs of treatment- 
related tsRNAs were validated by qPCR as well. One 
target of each tsRNA was randomly selected. The 
qPCR protocols were described as above and β-Actin 
was used as internal controls to normalize the data. 

 

Table 1. Sequences of primers for qPCR validation of candidate 
genes and internal control. 

Gene name Primer sequence Product 
length 

U6 F: 5’ GCTTCGGCAGCACATATACTAAAAT 3’ 
R: 5’ CGCTTCACGAATTTGCGTGTCAT 3’ 

89 

rno-tRF5-Ala-16a F: 5’ GTTCAGAGTTCTACAGTCCGACG 3’ 
R: 5’ CCGATCTACTGAGCTACATCCC 3’ 

49 

rno-tRF5-Glu-29a F: 5’ ACAGTCCGACGATCTCCCATA 3’ 
R: 5’ TGCTCTTCCGATCTAGGAATCC 3’ 

57 

rno-tRFi-Ser-25a F: 5’ CCGACGATCATGGACTGCTA 3’ 
R: 5’ CTTCCGATCTAGAGCACAATGG 3’ 

44 

rno-tRFi-Gln-16a F: 5’ GCGCGCGTCTGGACTCT 3’ 
R: 5’ AGTGCAGGGTCCGAGGTATT 3’ 

60 

β-Actin F: 5’ ACATCCGTAAAGACCTCTATGCC 3’ 
R: 5’ TACTCCTGCTTGCTGATCCAC 3’ 

223 

Clec11a F: 5’ CGGTACTTACGAGCTGCTCTTGC 3’ 
R: 5’ CGGTGCCAGGCGAAGAATGAC 3’ 

125 

Itga8 F: 5’ TCGGCTACTCGCTGGACTTCTAC 3’ 
R: 5’ TCTACGATATCCGGCTGGCTAGTG 3’ 

97 

Map3k7 F: 5’ CTCGTCCTCCTCCTCGTCTTCTG 3’ 
R: 5’ ACCTCTTCCACCTCGATCTCCTTG 3’ 

102 

Foxo1 F: 5’ GTACGCCGACCTCATCACCAAG 3’ 
R: 5’ GGCACACTCTTCACCATCCACTC 3’ 

93 

Mapk1 F: 5’ TGAAGACACAGCACCTCAGCAATG 3’ 
R: 5’ GGTGTTCAGCAGGAGGTTGGAAG 3’ 

131 

Smad3 F: 5’ CTTCACAGCCGTCCATGACAGTAG 3’ 
R: 5’ CCAATGTAGTAGAGCCGCACACC 3’ 

151 

Sos1 F: 5’ GCTCGCCATTACATCTCCAACCTC 3’ 
R: 5’ CTTCCTGTGTCAGTGGTGGTGATG 3’ 

162 

Cdkn2b F: 5’ CCAACGCCGTCAACCGCTTC 3’ 
R: 5’ TGCCTTGTGCAGCACCATTAGC 3’ 

188 

Crebbp F: 5’ GAGAGCAAGCGAATGGAGAGGTTC 3’ 
R: 5’ AGTCATGTCGTGTGCAGTTCTTCC 3’ 

171 

Ikbkb F: 5’ CTGGTAGAACGGATGATGGCACTG 3’ 
R: 5’ TCCTGGCTGTCACCTTCTGTCC 3’ 

170 

Pik3ca F: 5’ AACTCGCCTCATAGCAGAGCAATG 3’ 
R: 5’ TGGCACGCAGTCATGGTTGATC 3’ 

183 

Prkaa1 F: 5’ TTGCGTGTGCGAAGGAAGAACC 3’ 
R: 5’ CCGATCTCTGTGGAGTAGCAGTCC 3’ 

157 

Slc2a4 F: 5’ AGCCAGCCTACGCCACCATAG 3’ 
R: 5’ CAGCAGAGCCACCGTCATCAAG 3’ 

155 

F: forward primer. R: reverse primer.  
 

Bioinformatics Analysisue 
To assign the biological annotation of the targets, 

pathway and process enrichment analysis were 
applied by c. The analysis result was carried out with 
the following ontology sources: Kyoto Encyclopedia 
of Genes and Genomes (KEGG) Pathway, Gene 
Ontology (GO) Biological Processes, and Reactome 
Gene Sets. Enriched terms with P<0.01, minimum 
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count 3, and enrichment factor >1.5 were collected 
and grouped into clusters based on their membership 
similarities. More specifically, P-values were calculat-
ed based on accumulative hypergeometric distribu-
tion and enrichment factor was the ratio between 
observed count and the count expected by chance. 

Cell Culture and Transfection 
PC12 cells, which were generally used as neuron 

cell line were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM; Gibco, USA) containing 5% 
heat-inactivated horse serum (Beyotime, China) and 
10% of fetal bovine serum (PAN, Germany). Cells 
were incubated in 5 % carbon dioxide incubators at 37 
°C. During the exponential phase of growth, PC12 
cells were cultured in 12-well plates for transfection. 
The rno-tRF5-Glu-29a mimic (UCCCAUAUGGUCUA 
GCGGUUAGGAUUCCU), rno-tRFi-Ser-25a mimic (A 
UGGACUGCUAAUCCAUUGUGCUCU), rno-tRF5- 
Ala-16a mimic (GGGGAUGUAGCUCAGU) and the 
negative control (NC; UUUGUACUACACAAAAGU 
ACUG) were obtained from RiboBio (Guangzhou, 
China) and Sangon Biotech (Shanghai, China). The 
transfection of mimics and NC was performed using 
Lipofectamine 3000 (Invitrogen, USA) at a final 
concentration of 100 nmol, according to the 
manufacturer’s instructions. All groups were 
performed in triplicate. After 48 hours of transfection, 
the transfected cells were harvested for total RNA 
isolation. The tsRNA-targeted genes were then 

measured by qPCR. The specific primers were listed 
in Table 1 and the protocols were described as above. 

Statistical Analysis 
Results were presented as the mean ± SEM. 

Statistical analysis was conducted by GraphPad Prism 
(version 7.00; GraphPad Software, Inc., La Jolla, CA, 
USA). Differences between two groups were carried 
out using Student’s t-test. One-way analysis of 
variance (ANOVA) was employed for three groups. 
P<0.05 was defined as statistically significant. 

Results 
Effects of BYHWD on Neurological Recovery 
after ICH 

Behavioral tests and changes of body weight 
were carried out to generally evaluate whether 
BYWHD treatment could improve neural functional 
recovery after ICH (Figure 2). On 0 day, these tests 
were performed to show the base line levels of normal 
rats and there was no statistically significance 
between the three groups (all P>0.05) (Figure 2A-C).  

The scores of the 1st day were used to prove the 
successful models. On the first day after surgery, the 
collagenase-induced rats (ICH and BYHWD groups) 
showed significantly higher scores of mNSS, 
respectively (P<0.001, P<0.001) (Figure 2A). Similarly, 
the percentages of ICH and BYHWD groups were 
notably higher than sham in the corner turn test 

(P<0.01, P<0.01) and the foot-fault test 
(P<0.001, P<0.001) (Figure 2B,C). Further-
more, the body weight of ICH and BYHWD 
rats decreased, while the sham ones increased. 
The weight change of ICH and BYHWD were 
significantly lower than sham (P<0.001, 
P<0.001) (Figure 2D). In addition, the results 
between have no significance between ICH 
and BYHWD (all P>0.05). 

On the 21st day, the scores of ICH rats 
were still higher than sham in mNSS 
(P<0.001), the corner turn test (P<0.01) and the 
foot-fault test (P<0.001) (Figure 2A-C). 
However, after long-term treatment of 
BYHWD, the scores of BYHWD rats 
significantly declined in mNSS (about 60%, 
P<0.001) and the corner turn test (about 30%, 
P<0.05). Moreover, the results of BYHW in 
mNSS and the corner turn test were very close 
to sham (without statistically significance) 
(Figure 2A,B). Although the percentage of 
BYHWD was higher than sham (P<0.001), it 
decreased about 30% than ICH (P<0.05) 
(Figure 2C). Additionally, for weight change, 
ICH worsened the weight growth than sham 

 

 
Figure 2. Effects of BYHWD on neurological recovery after ICH. On 1 day, the mNSS (A), 
corner turn test (B), foot-fault test (C) and weight change (D) of ICH and BYHWD group 
were significantly different with sham group, which indicated the successful ICH models. On 
21 day, the mNSS (A), corner turn test (B), foot-fault test (C) and weight change (D) of 
sham group and BYHWD group showed significantly different values than ICH group, which 
suggested the therapeutic effects of BYHWD for functional recovery after ICH. Data were 
presented as mean ± SEM (n=6 each group), *𝑃𝑃<0.05, **𝑃𝑃<0.01, ***𝑃𝑃<0.001. mNSS, 
modified neurological severity score; 0d, the day of surgery but before anesthesia; 1d and 
21d, the 1st and 21st day after ICH; weight change, the difference between weight values of 
1&21 day and 0 day. 
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(P<0.001). And BYHWD treatment could improve 
about 20% rise over ICH (P<0.05), even though it 
could not reach sham level (P<0.05) (Figure 2D). 

Altered Expression Profiles of tsRNAs with 
BYHWD Treatment 

The tsRNA-Seq analysis was used to assess the 
expression levels of tsRNAs in sham, ICH and 
BYHWD rats. The raw data of tsRNA-Seq had been 
submitted to Gene Expression Omnibus (GEO 
accession: GSE109697). A total of 350 tsRNAs for exact 
match were identified in the right globus pallidus 
region of rats (308 in sham, 309 in ICH and 325 in 
BYHWD) (Figure 3A,B and Supplementary Table 
S2). More than 99% of tsRNAs were generated from 
mature tRNAs (tRF-5, tRF-3, i-tRF, tiRNA-5 and 

tiRNA-3). In those tsRNAs, expression levels of each 
subtype tsRNA was quite different. Moreover, in 
general view, tRF-5s and i-tRFs were increased while 
tRF-3s and tiRNA-5s were decreased after ICH over 
sham. Interestingly, BYHWD treatment could reverse 
these changes of ICH and made expression profiles 
close to sham levels (Figure 3C). Additionally, we 
identified 12 significantly dysregulated tsRNAs in 
ICH rats: 5 were upregulated, while 7 were 
downregulated (ICH vs sham; FC>1.3 and P<0.05) 
(Figure 3D and Supplementary Table S3). And after 
BYHWD treatment, 11 tsRNAs were obviously 
changed: 10 were upregulated, while 1 was down- 
regulated (BYHWD vs ICH; FC>1.3 and P<0.05) 
(Figure 3E). 

 

 
Figure 3. Altered expression profiles of tsRNAs with BYHWD treatment. (A) Venn plot to show the total number of identified tsRNAs in the brain tissues of sham, 
ICH and BYHWD groups. (B) PCA plot to illustrate the clustering of the 3 replicates of each group and assess the variation and reproducibility (FC>1.3 and P<0.05). 
The red points represent the sham group; green, the ICH group; blue, the BYHWD group. (C) Histogram to show the expression levels of each subtype tsRNA in 
3 groups. BYHWD treatment could reverse these changes of ICH group and made expression profiles close to sham levels. Volcano plot to exhibit 12 significantly 
changed tsRNAs between ICH and sham gropus (FC>1.3 and P<0.05) (D), and 11 significantly changed tsRNAs between BYHWD and ICH groups (FC>1.3 and 
P<0.05) (E). Yellow denotes downregulated tsRNAs and blue denotes upregulated ones. The names of the dots with significant P-value were annotated. TPM, tag 
counts per million of total aligned tRNA reads, representing tsRNA expression levels. 
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Identification of BYHWD Treatment-Related 
tsRNAs and qPCR Confirmation 

Of those significantly altered tsRNAs, 4 BYHWD 
treatment-related tsRNAs were identified (rno-tRFi- 
Ser-25a, rno-tRF5-Ala-16a, rno-tRFi-Gln-16a and rno- 
tRF5-Glu-29a) (Figure 4A). All of the 4 tsRNAs were 
significantly downregulated after ICH and mean-
while were significantly upregulated after BYHWD 
treatment (Supplementary Figure S2). While none of 
tsRNAs was both ICH-induced upregulated and 
BYHWD-induced downregulated (Supplementary 
Figure S2). Although some tsRNAs such as 
rno-tRFi-Ser-21c increased significantly in ICH, and 
the decrease after BYHWD treatment showed no 
statistical significance (Figure 4A and Supplementary 

Table S3). 
To validate the tsRNA-Seq results, we used 

qPCR to confirm the expression changes for the 4 
tsRNAs. As shown in Figure 4B, all the tsRNA 
transcripts were detected and exhibited significantly 
decreased after ICH (all P<0.05). Furthermore, 
rno-tRFi-Ser-25a, rno-tRF5-Ala-16a and rno-tRF5-Glu- 
29a were significantly upregulated after BYHWD 
treatment (P<0.01, P<0.05, P<0.05) except for 
rno-tRF5-Gln-16a. The qPCR results of rno-tRFi-Ser- 
25a, rno-tRF5-Ala-16a and rno-tRF5-Glu-29a were 
consistent with tsRNA-Seq data. Thus, the 3 tsRNAs 
were confirmed as BYHWD treatment-related tsRNAs 
and used for further analysis. 

 

 
Figure 4. BYHWD treatment-related tsRNAs and qPCR confirmation. The significantly changed tsRNAs were shown in the heat map (A). Among those, 
rno-tRFi-Ser-25a, rno-tRF5-Ala-16a, rno-tRFi-Gln-16a and rno-tRF5-Glu-29a (in red fonts) were significantly changed both after ICH and after BYHWD treatment. 
(B) The qPCR results showed that rno-tRFi-Ser-25a, rno-tRF5-Ala-16a and rno-tRF5-Glu-29a were consistent with tsRNA-Seq data. Thus, the 3 tsRNAs were 
confirmed as BYHWD treatment-related tsRNAs and used for further analysis. Data were presented as mean ± SEM (n=3 each group), *𝑃𝑃<0.05, **𝑃𝑃<0.01, 
***𝑃𝑃<0.001 indicate significant difference compared with ICH group. 
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Figure 5. Targets of BYHWD treatment-related tsRNAs and validation. (A) Venn plot to indicate that 383 mRNA targets of 3 treatment-related tsRNAs were 
predicted by 4 prediction software simultaneously. The targets of each tsRNA were shown respectively (B). Three mRNA transcripts (Clec11a, Map3k7, Itga8; each 
one corresponding to one tsRNA) were randomly selected to validate the accuracy of target prediction through qPCR. (C) The binding region of and seed sequence 
were exhibited. Consistent with the supposition that tsRNAs could silence the mRNAs, all the selected mRNA targets were observed to be upregulated in ICH and 
downregulated in BYHWD significantly (D-F). Data were presented as mean ± SEM (n=3 each group), *𝑃𝑃<0.05, **𝑃𝑃<0.01, indicate significant difference compared 
with ICH group. 

 
Targets of BYHWD Treatment-Related 
tsRNAs and Validation 

Although the mechanism of tsRNA action is yet 
to be elucidated, there is recent evidence suggesting a 
miRNA-like mode of action [34]. miRNAs could 
recognize their mRNA targets using their seed 
sequence (positions 2-7nt at their 5’ ends) and 
suppress the global mRNA translational activities 
[47]. Based on the rule, we used four kinds of 
algorithms named TargetScan, miRanda, miRDB, and 
RNAhybrid to predict tsRNA targets. In total, 383 
mRNA targets were predicted simultaneously for the 

3 BYHWD treatment-related tsRNAs (Figure 5A). 
rno-tRFi-Ser-25a, rno-tRF5-Glu-29a, and rno-tRF5- 
Ala-16a could target 59, 87, and 241 transcripts 
respectively (Figure 5B and Supplementary Table 
S4). In the present study, the BYHWD treatment- 
related tsRNAs were decreased after ICH and 
increased after BYHWD. Therefore, their target 
transcripts would be increased after ICH and 
decreased after BYHWD. 

To enhance data quality, three mRNA transcripts 
(Clec11a, Map3k7, Itga8; each one corresponding to one 
tsRNA) were randomly selected to validate the 
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accuracy of target prediction through qPCR. The 
binding region of and seed sequence were shown in 
Figure 5C. Consistent with the supposition above, all 
the selected mRNA targets were observed to be 
upregulated in ICH and downregulated in BYHWD 
significantly (Figure 5D-F). Additionally, to further 
validate the targets of tsRNAs, we overexpressed the 
tsRNA in PC12 cell lines to investigate the changes of 
targets of the corresponding tsRNA. Clec11a was 
significantly downregulated when transfected with 
rno-tRF5-Ala-16a. So were Itga8 and Map3k7 when 
transfected with corresponding tsRNA (Figure 6). 
These results in vitro were consistent with the qPCR 
results in rats, indicating that the target prediction 
results were credible for further analysis. 

Biological Function Analysis Revealing 
Potential Therapeutic Effects of tsRNAs 

The tsRNAs could regulate mRNA translational 
activities, and hence, to understand their biological 
functions, we conducted a bioinformatics analysis of 
the functions of the target mRNAs. KEGG pathway, 
GO biological processes, and Reactome Gene Sets 
were executed to explore the functions of 383 target 
mRNAs. According to KEGG enrichment analysis, 
FoxO signaling pathway (rno04068; 10 genes 
enriched), autophagy - animal (rno04140; 9 genes 
enriched), IL-17 signaling pathway (rno04657; 7 genes 
enriched), and regulation of actin cytoskeleton 
(rno04810; 11 genes enriched) were significantly 
detected. The major biological processes surveyed by 
GO were positive regulation of long term synaptic 
depression (GO:1900454; 3 genes enriched), actin 
cytoskeleton organization (GO: 0030036; 24 genes 
enriched), regulation of transforming growth factor 
beta production (GO: 0071634; 4 genes enriched), etc. 
Moreover, cleavage of growing transcript in the 
termination region (conducted; 6 genes enriched) was 
the main term conducted by Reactome Gene Sets. 
Ranked by P-values, top 10 enriched terms were 

shown in Figure 7A and Supplementary Table S5. 
Among those, FoxO signaling was the most 
significant pathway. 

Alteration of tsRNA-Targeted Genes Enriched 
in FoxO Signaling Pathway after Transfection 

There were 10 genes enriched in FoxO signaling 
pathway (Cdkn2b, Crebbp, Ikbkb, Pik3ca, Prkaa1, Slc2a4, 
Foxo1, Mapk1, Smad3, and Sos1). These genes were 
regulated by 2 tsRNAs (Figure 7B). Foxo1, Mapk1, 
Smad3, and Sos1 were regulated by rno-tRFi-Ser-25a, 
and rno-tRF5-Ala-16a targeted Cdkn2b, Crebbp, Ikbkb, 
Pik3ca, Prkaa1, and Slc2a4. After overexpressing 
rno-tRFi-Ser-25a in PC12 cells, Foxo1, Mapk1, Smad3, 
and Sos1 were significantly downregulated (P<0.05, 
P<0.01, P<0.001, P<0.001) (Figure 8A). When 
transfected with rno-tRF5-Ala-16a mimics, Crebbp, 
Ikbkb and Slc2a4 were significantly downregulated 
(P<0.05, P<0.05, P<0.01), and Cdkn2b, Pik3ca and 
Prkaa1 had no change (all P>0.05) (Figure 8B). All the 
tsRNA-targeted genes were shown in Figure 8C. 

Discussion 
This is the first study to investigate the 

expression profiles of tsRNAs, as potential molecules 
regulating mRNA translational activities, in experim-
ental ICH treated with TCM formula. After BYHWD 
treatment, 3 tsRNAs were significantly reversed 
compared with ICH. And bioinformatics analysis 
prompted that the 3 treatment-related tsRNAs could 
play therapeutic roles through regulating FoxO 
signaling pathway, long term synaptic depression, 
actin cytoskeleton organization transforming growth 
factor beta production, etc. These findings provide 
new insights into the better understanding of 
therapeutic targets and pharmacological mechanisms 
on ICH treatment by BYHWD. 

BYHWD has been utilized for centuries to 
promote the recovery of neurological function in 
stroke-induced disabilities in China [14]. Evidence- 

based investigations have indicated 
that BYHWD improves neurological 
deficiencies in both experimental 
studies and clinical trials [15, 49]. And 
the present study has yet again 
indicated the therapeutic effects by the 
behavioral tests. Moreover, increasing 
studies have tried to reveal the 
therapeutic mechanisms, for instance, 
promoting angiogenesis through 
VEGF and angiopoietin and the 
regeneration of peripheral nerves [12]. 
Furthermore, the pharmacological 
networks of BYHWD were built for 
drug target prediction according to a 

 

 
Figure 6. The relative mRNA levels determined by qPCR in PC12 cells transfected with 
rno-tRF5-Ala-16a (A), rno-tRF5-Glu-29a (B), rno-tRFi-Ser-25a (C) mimics. Clec11a was 
downregulated when transfected with rno-tRF5-Ala-16a. So were Itga8 and Map3k7 when transfected 
with corresponding tsRNA. Data were presented as mean ± SEM (n=3 each group), *𝑃𝑃<0.05, **𝑃𝑃<0.01, 
***𝑃𝑃<0.001 indicate significant difference compared to NC group. 
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structure-based method [15]. However, these studies 
cannot interpret why the molecular protein targets are 
modulated. In our previous study, we attempted to 
answer the question in the respect of mRNA 
translational regulation, and found that BYHWD 
could target lncRNAs to affect the mRNA levels and 
exhibit therapeutic biological functions in ICH rats. 
Nevertheless, it is still limited to reveal the 
therapeutic mechanisms of BYHWD in ICH 
treatment. More functional ncRNAs are required to 
elucidate the problem. And one study indicated 
tsRNAs were involved in ischemia stroke, and 
tRNAVal- and tRNAGly-derived tsRNAs could 
modulate angiogenesis in stroke brain tissues [38]. All 
these evidences suggest that tsRNAs may be potential 
therapeutic targets of stroke.  

The tsRNA-Seq results of 3 groups indicated that 
tsRNAs were correlative with BYHWD treatment. 
Moreover, based on tsRNA-Seq data, 4 tsRNAs were 

identified as the targets of BYHWD, which were 
significantly downregulated after ICH and mean-
while were significantly upregulated after BYHWD 
treatment. Additionally, there were several tsRNAs 
(e.g. Cys-20a and Gly-39a; Figure 4A) which were 
significantly upregulated after ICH compared to 
Sham, but there was no statistical significance 
between ICH and BYHWD groups (P>0.05). 
Therefore, all the BYHWD treatment-related tsRNAs 
were downregulated on the ICH when compared to 
BYHWD and Sham groups. Furthermore, in 
consideration of reliability of sequencing data, we 
validated the 4 tsRNAs by qPCR. One tsRNA was not 
consistent with the sequencing result, and then the 
remaining 3 tsRNAs were confirmed for further 
analysis. Subsequently, we use bioinformatics 
methods to show the biological functions of the 3 
BYHWD treatment-related tsRNAs and further reveal 
their pharmacological mechanisms.  

 

 
Figure 7. Biological function analysis. (A) Top 10 enriched terms were shown ranked by P-value and colored by the number of enriched genes. (B) 
tsRNA-mRNA-pathway interaction networks. tsRNAs can mediate the global translational regulation of gene expression in a miRNA-like silencing manner. Then, the 
altered mRNAs affect the corresponding pathways to exhibit biological functions. 
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Figure 8. The relative mRNA levels determined by qPCR in PC12 cells transfected with rno-tRFi-Ser-25a (A) and rno-tRF5-Ala-16a (B) mimics. Foxo1, Mapk1, 
Smad3, Sos1, Crebbp, Ikbkb and Slc2a4 were significantly downregulated after transfection. (C) The 7 tsRNA-targeted genes were signed in red on FoxO signaling 
pathway map. Data were presented as mean ± SEM (n=3 each group), *𝑃𝑃<0.05, **𝑃𝑃<0.01, ***𝑃𝑃<0.001 indicate significant difference compared to NC group. 

 
It has been demonstrated that the leading 

function of tsRNAs was to mediate the global 
translational regulation of gene expression through 
diverse mechanisms [29]. Thereinto, the complemen-
tarity between some tsRNAs and their target mRNAs 
is indispensable for efficient silencing [29]. Recent 
studies have demonstrated the regulatory function of 
these tsRNAs by postulating that they can bind and 
repress mRNAs acting as miRNAs [31, 50-52]. tsRNAs 
are found associated with Argonaute (AGO) proteins 
which are essential for target recognition in a 
miRNA-like silencing manner. The AGO-tsRNA 
complexes then interact with complementary 
sequences on target mRNAs to regulate the 
expression of these targets. Kumar et al. found that 

tRF-5s and tRF-3s associate with AGO1, AGO3, and 
AGO4, but not with AGO2, while the mechanisms of 
tsRNA-AGO associations were still unclear [31]. The 
interaction regions were based on the complemen-
tarity of the 5’ seed sequence of a tsRNA to a short 
sequence within a 3’ UTR of a transcript [45]. Thus, 
based on the miRNA-like manner, the targets of 
tsRNAs can be predicted by some algorithms. As the 
tsRNAs are newly discovered recently, the database 
for tsRNA target prediction is still absent. A recent 
study used RNAhybrid to scan the transcripts with 
the requirement: perfect pairing between the 
nucleotides 2–11 and at most four mismatches 
between nucleotides 12–21 of the tsRNAs and target 
sites [45]. Another study used RNA22 software to 
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predict target mRNAs with 3’ UTR bearing 
complementarity to at least the 6-mer seed sequence 
of the tsRNA [46]. In general, there is no unified 
algorithm for tsRNA target prediction, and the main 
principle is based on the miRNA-like manner after all. 
Therefore, in the present study, we used 4 kinds of 
common miRNA algorithms to predict the targets of 
BYHWD treatment-related tsRNAs. And the 
biological functions of target mRNAs represent the 
effects of tsRNAs. 

To predict the functions of the tsRNA targets, we 
employed functional annotation tools of Metascape 
for KEGG pathway, GO biological processes, and 
Reactome Gene Sets analyses. Most of the enriched 
pathways were ICH-associated pathways and terms, 
such as FoxO signaling pathway, positive regulation 
of long term synaptic depression, autophagy - animal, 
IL-17 signaling pathway, regulation of transforming 
growth factor beta. Previous studies have confirmed 
that these pathways participate in the pathogenesis of 
hemorrhagic stroke. For instance, the long-term 
synaptic depression is associated with the memory 
deficits after hemorrhagic stroke [53], autophagy may 
contribute to the inflammatory injury and neuronal 
death in ICH [54], and IL-17 produced by γδT cells 
can increase neuroinflammation and secondary injury 
after ICH [55]. Furthermore, transforming growth 
factor beta impairs the blood-brain barrier integrity 
after hemorrhage and acts as potential inflammatory 
markers of stroke patients [55, 56]. Therefore, 
BYHWD are likely to exhibit therapeutic functions via 
tsRNAs by regulating the ICH-related pathways. 

Additionally, FoxO signaling pathway is most 
significantly enriched among these pathways. 
Emerging evidence has implicated FoxO family in 
cognitive function, neurogenesis, axon growth and 
regeneration [57]. Moreover, FoxO signaling pathway 
may be involved to regulate the permeability of the 
blood brain barrier and inflammatory injury in rats 
after ICH [58, 59]. In this study, we found 7 targets 
enriched in FOXO signaling pathway were associated 
with rno-tRFi-Ser-25a and rno-tRF5-Ala-16a involving 
Foxo1, Mapk1, Sos1, Ikbkb etc. The transfection 
experiment showed the overexpression of rno-tRFi- 
Ser-25a could reduce the level of Foxo1. Conversely, 
when rno-tRFi-Ser-25a was downregulated, the level 
of Foxo1 would increase. As we know the Foxo1 is 
known upregulated after ICH [59], and rno-tRFi- 
Ser-25a was downregulated in our study. Hence, the 
increased expression level of Foxo1 may be caused by 
the tsRNA. Furthermore, BYHWD could upregulate 
rno-tRFi-Ser-25a to affect this signaling pathway and 
play a therapeutic role on ICH. tsRNAs are potential 
therapeutic targets in ICH treatment. 

Unlike lncRNAs and miRNAs, tsRNAs are 
special therapeutic targets. In our previous study, we 
found that BYHWD could regulate biological 
functions including hemoglobin complex, oxygen 
transport, oxygen transporter activity and pyruvate 
metabolism via lncRNAs, to protect against long-term 
neurological deficiencies after ICH [26]. BYHWD 
exposure augmented angiogenetic miRNA (miR-26, 
miR-221 and miR-222) and VEGF expression to 
elevate angiogenesis in rat brain after stroke [24]. 
Compared with lncRNAs and miRNAs, the therape-
utic mechanisms of tsRNAs are quite distinct. The 
functions of tsRNAs indicate that tsRNAs are novel 
and special therapeutic targets of BYHWD on ICH 
treatment. 

Conclusion 
In summary, this study initiatively revealed the 

changed expression patterns of tsRNAs in ICH rats 
after BYHWD treatment. tsRNAs might be novel 
potential therapeutic targets for BYHWD to regulate 
ICH-induced biological pathways. The present study 
provides the basis and direction for future 
investigations to explore the mechanisms by which 
BYHWD protects against long-term neurological 
deficiencies after ICH. Yet there are also limitations in 
this study. More sample-sizes and clinical specimens 
should be encouraged for the confirmation of the 
results. The interaction process between tsRNAs and 
mRNAs are needed to be clarified clearly by more 
studies. 
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