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Abstract: A rat model of skin wounding was used to examine the effects of Dracorhodin perchlorate (DP) on regula-
tion of genes related to wound healing. Samples were taken on day 8 after wound formation. Transcriptomics analy-
sis was performed using second-generation sequencing techniques. Regulation of genes related to wound healing
under DP intervention was also subjected to bioinformatics analysis. Results: A total of 243 genes were upregulated
and 538 genes were downregulated in the DP group. GO analysis revealed that upregulated and downregulated
genes in the DP group were associated with 1,220 and 1,267 GO enrichment terms, respectively. KEGG analysis
showed that upregulated and downregulated genes were enriched in 189 and 223 pathways, respectively. Upregu-
lated genes were mainly enriched in cGMP-PKG signaling pathways. Conclusion: Wounding-related genes in the DP
test group and Vaseline control group were screened separately. Screening revealed that 243 and 538 genes in the
DP group were upregulated and downregulated, respectively. Results of GO and KEGG enrichment analysis suggest

that DP can inhibit inflammation and accelerate biological activities related to wound healing
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Introduction

Wound healing is the repair of damaged skin
tissue. This process includes three stages,
inflammatory reaction, healing, and remodeling
[1, 2]. Various types of cells, such as keratino-
cytes and fibroblasts, participate in this biologi-
cal process. Wound healing also involves migra-
tion, proliferation, differentiation, microbubble
release, and various other cellular activities [3,
4]. It includes a large number of biological fac-
tors, such as TGF, EGF, and FGF, as well as
diverse regulatory pathways, such as WNT and
ERK pathways [5-8]. Long-chain noncoding
(Inc) RNAs play an important role in this pro-
cess [9]. A high-throughput gene sequencing
experimental method is needed, enabling the
simultaneous study of the maximum number of
molecules. This will allow researchers to grasp
various changes exhibited by tissues during
wound healing. This approach will aid in under-
standing the regulation of wound repair and
reveal the relationship between gene expres-

sion and wound repair. Omics technology can
meet the above requirements. Current second-
generation sequencing technology is character-
ized by high throughput, high accuracy, and fac-
ile operation [10]. It has been widely used by
researchers [11] in microbiology and other
aspects of research [12].

Dragon’s blood is a red resin produced by the
palm plant. It has been extensively used in the
traditional medicine of various nations. It has a
wide variety of pharmacological functions,
including hemostatic, anti-inflammatory, and
antioxidative functions [13]. It also exerts pro-
tective effects against brain damage [14].
Dracorhodin perchlorate (DP) is a stable form of
hemoglobin extracted from the blood, common-
ly used to treat skin wounds [15, 16]. DP pro-
motes fibroblast proliferation, collagen forma-
tion, and epithelial and vascular regeneration. It
accelerates wound healing [17, 18] and inter-
venes in scar formation [19]. Many other stud-
ies have suggested that it has the ability to pro-
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mote apoptosis [20-22] and fight against
multiple cancers, including lung cancer and
breast cancer [23, 24]. To further reveal the
molecular mechanisms of DP in promoting
wound repair, this experiment examined its reg-
ulation characteristics in wound repair using
transcriptomics. The aim of the current study
was to provide scientific basis for the applica-
tion of blood in wound treatment.

Methods and materials
Experimental reagents and instruments

Main instruments used in this study were as
follows: NanoDrop 2000 Thermo Fisher Sci-
entific, USA; Invitrogen Qubit 3.0 Spectropho-
tometer Thermo Fisher Scientific, USA; ABI
2720 Thermal Cycler Thermo Fisher Scientific,
USA; Eppendorf 5810R Centrifuge Eppendorf,
Germany; Agilent 2100 bioanalyzer Agilent
Technologies, USA; lllumina cbot Cluster Station
lumina, USA; lllumina Hiseq 2500 lllumina,
USA; and Ambion Magnetic Stand Thermo Fi-
sher Scientific, USA.

Main reagents utilized in this work were as fol-
lows: TruSeq Stranded Total RNA Library Prep
Kit lllumina, USA; SuperScript IV Reverse
Transcriptase Thermo Fisher Scientific, USA;
Agencourt SPRIselect Reagent Kit Beckman
Coulter, USA; TruSeq smallRNA sample Pre-
paration kit lllumina, USA; T4 RNA Ligase 2,
truncated NEB, UK; Corning® Costar® Spin-X®
centrifuge tube; Filters, Sigma-Aldrich, USA; Agi-
lent High Sensitivity DNA Kit Agilent Techno-
logies, USA; Novex® TBE Running Buffer (5X)
Thermo Fisher Scientific, USA; Acrylamide/Bis
19:1, 40% Thermo Fisher Scientific, USA; No-
vex® Hi-Density TBE Sample Buffer (5X) Th-
ermo Fisher Scientific, USA; DP (=99%; Phar-
maceutical Inspection Institute, Harbin, China);
Vaseline, China; Chloral hydrate, China.

Methods

Preparation and grouping of rat skin injury
models: Nine healthy Sprague-Dawley (SD) rats
were purchased from Changchun Yisi Ex-
perimental Animal Company. All rats were male
and weighed approximately 180-220 g. Model
construction was initiated after 1 week of con-
ventional adaptive feeding. They were randomly
allocated into the drug-administered group,
Vaseline control group, and blank group. Each
group included three rats. Skin defects, with
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diameters of approximately 10 mm, were cre-
ated using a sterilized puncher. The drug-
administered group was treated with DP oint-
ment, while the control group was treated with
Vaseline ointment for 7 days. Animals were
treated in accordance with the provisions of the
Guiding Opinions on Treating Experimental
Animals issued by the Ministry of Science and
Technology of the People’s Republic of China.

Extraction of mRNA: The rats were quickly sac-
rificed on the eighth day of the experiment. Skin
tissues around each wound were cut with a pair
of sterilized scissors. They were washed with
sterilized PBS solution, frozen in liquid nitrogen,
and finally frozen in dry ice. They were sent to
Genesky Biotechnologies Inc., Shanghai, for
testing.

Removal of rRNA and purification and fragmen-
tation of RNA: An appropriate amount of total
RNA was collected for rRNA removal. Total RNA
was incubated with species-specific rRNA
(human/mouse/rat). Moreover, rRNA was cap-
tured using probes modified with biotin and
magnetic beads coated with streptavidin.
Probes were bound to the rRNA complexes for
rRNA removal. After another round of AMPure
XP magnetic bead purification, RNA contami-
nants, including mRNA with and without polyA,
noncoding RNA, and regulatory RNA, were
removed from the rRNA sample. A buffer con-
sisting of eluted, fragmented, and random
primers was added to the sample. Next, frag-
mentation was performed during the comple-
tion of random primer binding in the next stage
of cDNA synthesis. The product was incubated
at a high temperature of 94°C for thermal
cleavage. The fragments had lengths of 100-
300 bp. This range is highly suitable for the 2 x
150 bp sequencing mode. The duration of frag-
mentation was optimized based on the integrity
of the original RNA.

Reverse transcription of first-strand cDNA:
First-strand cDNA was synthesized through the
fragmented short fragment RNA, in the pres-
ence of one-chain synthesis buffer and In-
vitrogen reverse transcriptase SuperScript IV. It
was applied as a template after binding a ran-
dom reverse transcription primer. Actinomycin
D was added to the solution to prevent false
reverse transcription. The specificity of reverse
transcription was ensured, using RNA as a
template.
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Synthesis of second-strand cDNA: The twostra-
nded synthetic premix system was added to the
system for first-strand cDNA synthesis. In this
reaction, RNA on the RNA/cDNA hybrid strand
was first hydrolyzed. Afterward, the DNA poly-
merase used the one-strand cDNA as a tem-
plate. A dNTP mix containing dTTP was used
replaced with dUTP as a substrate to synthe-
size for the synthesis of double-stranded cDNA
with dUTP. Given the subsequent PCR amplifi-
cation step, the high-fidelity polymerase cannot
recognize and amplify the second-strand cDNA
that had been randomly incorporated with
dUTP. Thus, only one strand was amplified.
Library information of the strand cDNA was
used to construct the strand-specific library.
After purification with Agencourt AMpure XP
magnetic beads, double-stranded cDNA (Do-
uble-strand cDNA, ds cDNA) with “A” directly at
both ends was obtained.

Screening of the fragment library: The cDNA
library was created. The Agencourt SPRIselect
nucleic acid fragment screening kit was used to
perform fragment screening, simultaneously
with library purification. Using double size
selection, SPRI beads were used to remove the
left-side size selector. The right-side size selec-
tor was also removed. The original library, with
a fragment peak at 300 bp, was used for the
next PCR amplification. After library purifica-
tion, excess sequencing linkers in the system
and the self-ligated product of the linker were
removed, preventing inefficient PCR am-
plification and eliminating influences on ma-
chine sequencing.

PCR amplification of the cDNA library: High-
fidelity polymerase was used to amplify the
original library in a 50 uL reaction system. This
was to ensure an ample total library size for the
upper sequencer. Only DNA fragments with a
linker at both ends were amplified. Fragments
that were only ligated to the single-ended linker
were removed. The qualified library was en-
riched. The high-fidelity polymerase was
blocked given the presence of the dUTP on the
new double-stranded cDNA. Amplification of
this template allowed the amplified library to be
derived only from one-strand cDNA. Chain dire-
ction information was faithfully retained. The
number of PCR amplification cycles ranged
from 12-15. Deviation introduced by the exces-
sive number of amplification cycles was
reduced, ensuring ample amounts of product.
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The amplified library was purified with magnetic
beads, obtaining a sequencing library that
could be used for machine sequencing.

Quality testing and quantification of the se-
quencing library: The constructed sequencing li-
brary was subjected to quality checking and
quantification. Library concentrations were acc-
urately quantified using Qubit and the library
fragment size distribution was determined by
using an Agilent 2100 Bioanalyzer, assessing
its suitability for machine sequencing. Qualified
samples were diluted in accordance with
sequencing requirements. Multiple samples we-
re mixed on the machine in accordance with
the corresponding ratio (molar ratio). The library
was sequenced using an lllumina high-through-
put sequencing platform with a 2 x 150 bp
double-ended sequencing strategy.

Data analysis

Data analysis mainly included biological infor-
mation, total RNA quality control, raw sequenc-
ing data preprocessing, data quality filtering, re-
ference sequence comparison analysis, mMRNA
standard information analysis, mRNA expres-
sion quantification, mRNA differential expres-
sion analysis, and differential gene GO and
KEGG enrichment analysis. It also included
variable shear analysis, new transcript predic-
tion, fusion gene analysis, IncRNA standard
information analysis, INcRNA expression quan-
tification, INcRNA differential expression analy-
sis, differential IncRNA GO target gene and
KEGG enrichment analysis, and differential
INncRNA target gene prediction.

Differentially-expressed genes between groups
were analyzed using Cuffdiff software [25].
Cuffdiff assumes that the level of transcript
expression under each condition can be mea-
sured based on the number of the fragments
produced. Thus, changes in expression levels
were measured by comparing the fragment
counts under each condition. Genes are con-
sidered as differentially expressed when P <
0.05 and |log2 (fold change)| > 1, while log2
(fold change) > 1 is defined as an upregulated
gene (up) and log2 (fold change) < -1 is defined
as a downregulated gene (down).

GO and KEGG enrichment analyses were per-
formed using the R package cluster Profiler
(http://bioconductor.org/packages/release/
bioc/html/clusterProfiler.html) [26]. These en-
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Table 1. Number of differentially-expressed RNA

the MF category. The

Differential mRNA

Differential LncRNA

Vaseline group included

DP group Vaseline group

DP group Vaseline group

912 statistically signifi-

Up-regulated genes 243 461
Down-regulated genes 538 474
Total differential genes 781 935

303
328
601

cant GO classification

285 items, of which 727, 81,
340 and 105 were allocated
625 to BP, CC, and MF class-

richment methods involved the use of the entire
transcript as a background list. The candida-
te list of differentially-expressed genes/tran-
scripts was selected from the background list.
Hypergeometric distribution testing was applied
to calculate whether the representative GO or
KEGG set was enriched in the differentially-
expressed gene/transcript list. P-values were
obtained and then corrected with Benjamini
and Hochberg multiple tests, obtaining the
FDR.

Results
Differential gene screening

Differentially-expressed genes were screened
by using Cuffdiff software with two criteria. The
number of downregulated genes in each group
was higher than that of upregulated genes. The
number of downregulated genes in the DP
group was considerably higher than that in the
blank group. Screening revealed that DP and
Vaseline groups shared 62 downregulated
genes, such as Adamts19 and Adh1l. A total of
538 and 474 genes were downregulated in DP
and Vaseline groups, respectively. DP and
Vaseline groups shared 19 upregulated genes,
such as Bin2a, Brms1, and Chidl. A total of
243 and 461 genes were upregulated in DP
and Vaseline groups, respectively. Differential
expression analysis revealed that 303 and 285
INncRNA target genes were upregulated in DP
and Vaseline groups, respectively. A total of
328 and 340 IncRNA genes were downregulat-
ed in DP and Vaseline groups, respectively
(Table 1).

GO analysis of differentially-expressed genes

Of the 781 differentially expressed genes in the
DP group, 1,803 enriched GO items were
selected. The majority, or 1,469, of the GO
terms were allocated to the BP category, while
150 items were classified into the CC category.
A total of 184 GO cell items were classified into
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es, respectively. GO en-

richment analysis was
performed, separately, for differentially upregu-
lated and downregulated genes in DP and
Vaseline groups, respectively. Moreover, 1,220
and 1,267 GO items were found for the 243
upregulated and 538 downregulated genes in
the DP group, respectively. A total of 999 and
1,226 GO items were found for upregulated
and downregulated genes in the Vaseline
group, respectively. GO classification items
with the most statistically significant top 10
enrichment levels (i.e., the highest p-value) in
each category are shown in Figures 1-6.

KEGG analysis of differentially-expressed
genes

Upregulated and downregulated genes with
statistically significant different expression lev-
els in the DP group were subjected to KEGG
analysis. Upregulated and downregulated ge-
nes were enriched in 189 and 223 pathways,
respectively. Upregulated genes showed the
highest degree of enrichment in cGMP-PKG,
cardiomyocyte adrenergic, and cAMP signaling
pathways. Downregulated genes showed the
highest degree of enrichment in systemic lupus
erythematosus, alcoholism, and ribosome pa-
thways. Comparative KEGG analysis results for
the Vaseline and control groups revealed the
three most prominent KEGG pathways for dif-
ferential gene enrichment, including the he-
dgehog signaling pathway, malaria, and basal
cell carcinoma. Comparing the results for the
Vaseline group with those for the control group,
upregulated genes exhibited the highest degree
of enrichment in the estrogen signaling path-
way, Hippo signaling pathway, and Cushing syn-
drome, whereas downregulated genes were
enriched in the myocardial adrenergic signal
transduction, hypertrophy cardiomyopathy, and
calcium signaling pathways. KEGG scatter plots
are shown in Figures 7, 8.

Figure 7 shows KEGG analysis results for differ-

entially-expressed genes between DP and
blank groups.
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Figure 1. GO analysis results for differentially-expressed genes between DP and blank groups.
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Figure 2. GO analysis results for differentially-expressed genes between Vaseline and blank groups.

GO analysis of differentially-expressed IncCRNA
target genes

Comparing IncRNA genes that were differential-
ly-expressed between the DP group and blank
group yielded 637 GO terms with statistical sig-
nificance. Of these genes, 500, 73, and 64
items belonged to BP, CC, and MF, respectively.
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Comparing IncRNA sequences between the
DP and Vaseline groups yielded 612 GO ter-
ms with statistical significance, of which 460,
68, and 84 items belonged to the BP, CC, and
MF categories, respectively. The term “systems
development” was included in the top 10
enriched BP categories. The top 10 GO clas-
sification items in the CC categories includ-
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Figure 4. GO analysis results for downregulated genes between DP and blank groups.

ed the term “intracellular”. “Binding” was inc-
luded in the top 10 GO classification items
in the MF category. The TOP10 classification
items for each category and the number of
genes that they contain are shown in Figures
9, 10.
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KEGG analysis results for target genes of
differentially-expressed IncCRNAs

Target genes of differentially-expressed Inc-
RNAs between DP and control groups were en-
riched in 88 pathways. The three pathways with

Int J Clin Exp Med 2019;12(8):9629-9641
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Figure 6. GO analysis results for downregulated genes between Vaseline and blank groups.

the highest enrichment were phenylalanine, bi-
osynthesis of tyrosine and tryptophan biosyn-
thesis pathways, arginine and proline metabo-
lism pathways, and bacterial invasion of epithe-
lial cells pathway.
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A total of 96 pathways were identified in Vase-
line and control groups. Aldosterone-mediated
sodium reabsorption, nucleotide excision rep-
air, and endometrial cancer pathways had the
highest degree of enrichment.
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Figure 8. KEGG analysis results for differentially-expressed genes between Vaseline and blank groups.

Scatter plots of the KEGG pathways for predic-
tion of IncRNA target genes are shown in Fig-
ures 11, 12.

Discussion

The number of downregulated genes in the DP
group was higher than that of upregulated
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genes. This result indicates that downregulat-
ed genes in the DP group may play an impor-
tant role in injury development. GO enrichment
analysis focused on changes in differentially-
expressed genes that were categorized in BP
during wound healing, given that wounding
mainly involves changes in physical or bio-
chemical processes. Functions of differential-

Int J Clin Exp Med 2019;12(8):9629-9641
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ly-expressed genes in the DP grou
classified into G0:0032502 d

process and GO:0071840 cellular component
organization or biogenesis, wherein GO:0071
840 in GO:0016043 cellular component orga-
nization is the main function of the genes.
Differential expression of the identified func-
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p were mainly
evelopmental

tional genes represents a change in tissue
development. U-regulated genes mainly con-
centrated in GO:0032502 developmental pro-
cess, G0O:0044699 single-organism process,
G0:0032501 multicellular organismal process,
and other functions, among which GO:0032502
developmental process is the most enriched

Int J Clin Exp Med 2019;12(8):9629-9641



Transcriptomic of wound healing

Systemic lupus erythematosus-

Regulation of actin cytoskeleton-

Focal adhesion-

Spliceosome-

Prostate cancer

Arrhythmogenic right ventricular cardiomyopathy (ARVC)

Adherens junction-

Bacterial invasion of epithelial cells- .

Arginine and proline metabolism- .

Phenylalanine, tyrosine and tryptophan biosynthesis-

0.05

p.adjust
. 08

04

02

Count
. 25
* 50
* 75

’ A
Gen gﬂgtio 015
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Figure 12. KEGG analysis results for predicted target genes of INcRNAs with differential expressions between Vase-

line and blank groups.

and dominant. Differentially-expressed genes
were also enriched in GO:0044767 single-
organism developmental process and GO:
0048856 anatomical structure development.
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These functions are closely related to cell
growth and tissue development. They are con-
sistent with the physiological phase of wound
healing and reconstruction after 7 days of
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wound establishment. Downregulated genes
were mainly enriched in GO:0071840 cellular
component organization or biogenesis and
G0:0009987 cellular process. The inclusion of
G0:0016043 cellular component organization
in GO:0071840 indicates that differentially-
expressed genes have different functions.
Notably, most of the functions of downregulat-
ed genes in the DP group are related to cell
development and development. Most of the
functions of the upregulated genes in the DP
group are based on the development of cells
on high levels, such as tissues, muscle struc-
tures, and organs. This result may be attributed
to the ability of DP to inhibit inflammation.
Thus, DP inhibits the infiltration of inflammato-
ry cells during wounding [27]. In addition, DP
exerts antibacterial effects [28].

Functions of upregulated genes in the Vaseline
group were mainly concentrated in the
G0:0032502 developmental process direc-
tion, including G0:0044767 single-organism
developmental process and GO:0048856 ana-
tomical structure development. Results for the
Vaseline group are consistent with those of the
DP group. Consistency between results of the
two groups illustrates that Vaseline does not
have major adverse effects on skin wound
healing. In addition, through the continuous
refinement of the V-collecting GO items, it was
found that many of the functions of the last
upregulated genes fall in similar directions,
such as skin development, including GO:0060-
429 epithelium development and GO:0043588
skin development. This result indicates the cor-
rectness of current model establishment. Do-
wnregulated genes mainly functioned in GO:00-
61061 muscle structure development, which is
associated with the development of muscle tis-
sue and cells.

The most enriched pathway for the DP group
was rno05322: systemic lupus erythematosus,
which involves 30 genes. The most enriched
pathway for the Vaseline group was rno05410:
hypertrophic cardiomyopathy, which involves
14 genes. The three pathways with the highest
degree of gene enrichment in the drug-adminis-
tered group were the cGMP-PKG signaling path-
way, adrenergic signaling in cardiomyocytes,
and cAMP signaling pathway. The three path-
ways with the highest degree of enrichment
with downregulated genes were systemic lupus
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erythematosus, alcoholism, and ribosome. Th-
ese results may indicate that the biological
activities mediated by these pathways were
inhibited. Moreover, cGMP-PKG signaling path-
ways and cAMP signaling pathways were highly
enriched with upregulated genes. These path-
ways belong to the classical intracellular sec-
ond messenger regulatory pathway, which is
involved in the regulation of various physiologi-
cal activities. The cGMP-PKG signaling pathway
participates in NO-promoted keratinocyte mi-
gration. This, in turn, promotes wound healing
by transmitting signals [29]. Participation of the
cAMP signaling pathway in rat bone tissue for-
mation [30] confirms its role in tissue
generation.

Moreover, IncRNAs are functional RNA mole-
cules with lengths of more than 200 nt. They
localize in the nucleus or cytoplasm and regu-
late gene expression on epigenetic, transcrip-
tional, and posttranscriptional levels [31]. They
account for 98% of the genome [32] and also
play a role in wound healing [33]. They can par-
ticipate in related inflammatory reactions [34].
Current differential expression analysis identi-
fied 601 distinct IncRNAs with potential key
roles in wound healing, as illustrated by the
results for GO enrichment analysis of their tar-
get genes. Cellular processes showed the high-
est enrichment of IncRNA target genes among
all BP-type functional items. The close relation-
ship of numerous functional items in the first
10 items to cell and tissue development is con-
sistent with GO analysis results for mRNA.
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