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Circular RNA encoded 
by PPARG​ in the peripheral blood 
and a lipopolysaccharide‑induced 
cardiomyocyte inflammation model is identified 
as a marker of fulminant myocarditis
Shasha Huang1†, Shumin He2†, Fei Xiao3, Yang Zhou4,5* and Su Lyu6* 

Abstract 

Background  Fulminant myocarditis (FM), a critical cardiac disease, is characterised by atypical initial symptoms 
and rapid progression and tends to lead to cardiomyocyte degeneration or necrosis. Reliable biological markers 
for FM screening remain lacking. Circular RNAs (circRNAs) are highly stable in peripheral blood due to their special 
closed-loop structure, and reports have described their involvement in regulating inflammatory responses and cell 
injury in cardiomyocytes. This study attempted to identify the abnormal expression of circRNAs in the peripheral 
blood of patients with FM and to evaluate the potential diagnostic value.

Methods  Peripheral blood was collected from 5 children with FM and 5 sex- and age-matched healthy controls; total 
RNA was extracted from each sample, and the extracted RNA from each group was pooled. After RNase R treatment, 
high-throughput sequencing was performed to screen for differentially expressed circRNAs in the peripheral blood 
of patients. Biological function classification and enrichment analysis were used to explore the main action pathways 
involving differentially expressed circRNAs. A lipopolysaccharide (LPS)-induced cardiomyocyte inflammation model 
was used to explore the effect of inflammation on the expression of these dysregulated circRNAs. Receiver operating 
characteristic (ROC) curves were used to evaluate the potential clinical value of FM-related circRNAs as biomarkers 
in a large sample of patients.

Results  CircRNA expression profiling of peripheral blood samples from patients revealed 6,435 and 3,678 circRNAs 
with upregulated and downregulated expression, respectively, compared with healthy controls. The expression 
of 1,749 circRNAs did not significantly differ between the groups. GO and KEGG analysis revealed that the genes 
encoding the dysregulated circRNAs were associated with various biological functions related to the risk of FM 
development, including infectious diseases, the immune system, and signal transduction. The high expression of hsa_
circ_0064338 (circ_PPARG) was confirmed in both the myocardial cell inflammation model and peripheral blood 
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Introduction
Fulminant myocarditis (FM) is a cardiac disease that 
seriously affects patients’ lives and health [1, 2]. Patho-
logically, FM manifests as acute diffuse inflammatory 
myocardial disease, which can lead to acute hemody-
namic disorders and cause patients to quickly develop 
refractory shock or fatal arrhythmias [3]. In children, FM 
is mainly induced by viral infection. The initial symptoms 
are often atypical, but the disease progresses rapidly, 
leading to a dangerous condition with a poor prognosis 
[4, 5]. At present, the methods for diagnosing FM mainly 
include the observation of clinical manifestations, deter-
mination of serum biochemical indices, and electro-
cardiography; however, early disease-related biological 
indicators with stable and reliable performance remain 
lacking [6].

Previously, RNA was considered to be merely an inter-
mediate carrier of information between DNA and pro-
tein, but recent discoveries have shown that the functions 
of RNA extend far beyond the simple transmission of 
genetic information. In particular, the discovery of circu-
lar RNA (circRNA) has profoundly changed our under-
standing of the biological role of RNA [7]. The ends of 
circRNA molecules form a closed ring structure from 
linear transcripts of the parent genes via a unique splic-
ing mechanism. This unique ring structure gives circR-
NAs not only nonlinear characteristics but also a variety 
of unique biological functions [8]. CircRNAs not only 
act as regulatory factors in cells but also play important 
roles in regulating gene expression, cell differentiation, 
and disease occurrence by interacting with a variety of 
RNA-binding proteins (RBPs) and other RNAs. Research 
on the functions of circRNA has proved that these mol-
ecules are widely present in various organisms and play 
important roles in various molecular pathological pro-
cesses in humans, such as cancers, cardiovascular dis-
eases, and neuropsychiatric diseases [9–11]. Given their 
unique structure and functions, circRNAs have a wide 
range of potential applications in the medical field. Cir-
cRNAs exhibit great potential as biomarkers. With their 
relative intracellular stability, significant changes in 
expression associated with specific disease states, and 
diversity in molecular size, circRNAs can be used for the 
early diagnosis and prognostic assessment of diseases 

[12]. For example, the levels of specific circRNAs are sig-
nificantly increased in the blood of some patients with 
cancer, providing new possibilities for non-invasive can-
cer diagnosis.

Recent studies have identified a new circRNA (hsa_
circ_0071542) in the peripheral blood of human patients 
with myocarditis; this circRNA is upregulated in the 
acute phase of the disease, and dynamic changes in its 
expression are associated with disease progression [13]. 
Zhang et  al. used circRNA microarray technology to 
explore the circRNA expression profiles in peripheral 
blood from children with FM [13]. The results showed 
that many abnormally expressed circRNAs could affect 
inflammation and immune function in myocardial tis-
sues [13]. Studies of animal models of FM have con-
firmed that abnormally expressed circRNAs are strongly 
correlated with immune responses, and individuals with 
abnormal circRNA expression are more likely than oth-
ers to develop cardiac dysfunction [14, 15]. In this study, 
we used advanced high-throughput sequencing tech-
nology to explore the circRNA expression profile in the 
peripheral blood of children with FM and screened for 
abnormally expressed circRNAs associated with the risk 
of disease, aiming to discover new biomarkers that are 
highly correlated with FM.

Methods
Subjects
Blood samples were collected from 50 patients with FM 
in the central laboratory of Zhongshan Hospital of Xia-
men University. One millilitre of peripheral blood was 
collected from each patient within 30 min after diagnosis 
with FM in our hospital. All patients were younger than 
18 years of age. All patients fulfilled the American Heart 
Association diagnostic criteria. The inclusion criteria for 
FM cases were as follows: a. first onset of FM; b. no fam-
ily history of cardiac disease; and c. no other infectious 
diseases, tumours, or other serious physical diseases. The 
exclusion criteria were as follows: a. FM concomitant 
with other congenital cardiovascular diseases; b. blood 
system diseases; and c. abnormal liver and kidney func-
tion. All blood vessels were pretreated with EDTA-K2 as 
an anticoagulant. As a non-invasive human specimen, 
peripheral blood is particularly suitable for laboratory 

from a large sample of FM patients. ROC curve analysis showed that the level of circ_PPARG in peripheral blood had 
a good ability to distinguish patients with FM from healthy controls.

Conclusions  Large numbers of abnormally regulated circRNAs were identified in peripheral blood from patients 
with FM; among these, the highly expressed circ_PPARG could distinguish patients from healthy controls to a certain 
extent. It is expected to become a potential clinical biomarker of FM in the future.
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clinical detection and research. However, RNA is a sin-
gle-strand oligonucleotide and is extremely unstable, and 
RNase is widely distributed, ubiquitously degrades RNAs, 
and is difficult to inhibit; therefore, it is difficult to extract 
and preserve RNA from whole blood. The blood collec-
tion vessels used in this study were pre-loaded with a 
unique preservation solution containing a proprietary 
RNA stabiliser to rapidly inactivate RNases and inhibit 
RNA degradation (BioTeke, Wuxi, China). Standard veni-
puncture techniques were used to collect blood in EDTA-
K2 anticoagulant vacuum collection vessels. Specifically, 
the blood collection vessel was connected to the blood 
RNA storage tube, and another blood collection needle 
was inserted outside the blood collection vessel cover. 
The negative pressure in the storage tube automatically 
transferred 1 mL of blood to the RNA storage tube. The 
stored blood can be used for the storage and transport of 
blood samples, the specific information is detailed in the 
product description. The storage solution could stabilise 
intracellular RNA in the blood, and through downstream 
experiments. RNA could be separated and purified from 
whole blood for RT-PCR, transcriptome analysis, and 
other molecular biological experiments and detection.

High‑throughput sequencing of circRNAs
Total RNA was extracted from the peripheral blood of 5 
patients with FM and 5 healthy controls. The total RNA 
was analysed using an Agilent Bioanalyzer 2100 for qual-
ity control, and RNA samples that met the quality control 
requirements from each group were pooled to yield one 
peripheral blood total RNA sample each for the patient 
group and the healthy control group. The circRNA library 
was constructed on the Illumina standard platform via 
RNA sample de-linearisation, and high-throughput 
sequencing was performed using the BGI HiSeq4000 
platform to ensure clean data ≥ 10G. RNase R was used to 
remove linear RNA. The relevant details can be found in 

a previous report [16]. The clinical disease characteristics 
of the samples used for circRNA sequencing are shown 
in Table 1.

Bioinformatics analysis
Raw data produced by high-throughput sequencing are 
called raw reads. In this project, SOAPnuke, a filter-
ing software package independently developed by BGI, 
was used to filter the raw reads. The specific steps were 
as follows. First, reads containing joint contamination 
and reads with an unknown base N content > 5% were 
removed. Low-quality reads, defined as reads with a mass 
value of < 20 that accounted for > 20% of the total base 
number of the reads, were also removed. All remaining 
data were classified as clean reads. Two software pack-
ages, CIRI (https://​sourc​eforge.​net/​proje​cts/​ciri/) and 
find_circ (https://​github.​com/​marvin-​jens/​find_​circ), 
were used to predict circRNAs in the above-filtered data, 
and the results produced by the two packages were inte-
grated according to the circRNA start and end positions. 
In the actual analysis, circRNAs with start and end posi-
tions within the first and last 10 bases were combined 
into a class. According to the annotation results and offi-
cial classification, the phyper function on the R platform 
was used to perform Gene Ontology (GO) functional 
analysis and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) biological pathway classification enrichment 
analysis [17, 18]. The lncLocator online sequence analysis 
tool was used to identify the subcellular structural locali-
sation of circRNAs (http://​www.​csbio.​sjtu.​edu.​cn/​bioinf/​
lncLo​cator/), [19, 20].

Establishment of a cell model of inflammatory response 
and the detection of circRNA expression
The AC16 human cardiomyocyte line can be used to 
study the expression and function of cardiac genes asso-
ciated with pathological mechanisms at the cellular, 

Table 1  Detailed clinical information about the patients with fulminant myocarditis (FM) and normal controls (N) in high-throughput 
sequencing analysis

Subject ID Age (years) Gender Symptoms at onset ECG

M1 5 F Repeated syncope VT, VF

M2 7 F Headache, emesis ST-T change

M3 7 M Chest pain, poor spirit III°AVB

M4 8 M Fever, emesis III°AVB

M5 9 F Fever, headache, chest distress Inverted T wave

N1 6 F / /

N2 7 M / /

N3 8 M / /

N4 9 F / /

N5 7 F / /

https://sourceforge.net/projects/ciri/
https://github.com/marvin-jens/find_circ
http://www.csbio.sjtu.edu.cn/bioinf/lncLocator/)
http://www.csbio.sjtu.edu.cn/bioinf/lncLocator/)
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organelle, and molecular levels and during normal devel-
opment. For this study, AC16 cells purchased from 
Wuhan Pricella Biotechnology Company and cultured 
in a standard cell culture incubator at 37  °C with 95% 
air + 5% carbon dioxide. The culture medium contained 
RPMI-1640 basal medium, 10% foetal bovine serum, and 
1% penicillin–streptomycin. The inflammatory human 
cardiomyocyte model was induced using lipopolysac-
charide (LPS) (Sigma, MO, USA) [21]. The cardiomyo-
cytes were routinely cultured for 24  h and then starved 
in serum-free medium for 12  h. Subsequently, LPS was 
added to the culture medium at a concentration of 10 µg/
mL to induce a cellular inflammatory response. The con-
trol group was treated with sterile phosphate-buffered 
saline instead of LPS. After 48 h of culture, total RNA was 
extracted from the cardiomyocytes and the expression of 
circRNAs was analysed using quantitative real-time PCR. 
For details, please refer to a previous report [16].

ROC curve analysis
The receiver operating characteristic (ROC) curve is a 
statistical tool used to evaluate the performance of a clas-
sifier by plotting the relationship between the true and 
false positive case rates [22]. The area under the curve 
(AUC) is the area under the ROC curve and ranges in 
value from 0.5 to 1. The larger the AUC value, the bet-
ter the performance of the classifier. In this study, the 
expression level of circRNAs in each patient with FM was 
used as a sensory point in the model to draw a curve for 
evaluating the clinical value of peripheral blood circRNA 
levels for the assessment of FM risk.

Statistical analysis
Statistical Products and Service Solutions (SPSS17.0) 
software was used for statistical analysis in this study. 
The independent sample T test was used to compare the 
expression levels of circRNAs in peripheral blood from 
the FM group and healthy controls. A P value < 0.05 was 
considered statistically significant [23].

Results
Base content distribution in clean reads
The raw data obtained from the high-throughput 
sequencing of circRNAs contained many reads with 
low quality, contaminated joins, and high contents of 
unknown bases N. The filtered components of the raw 
data from the patient and control groups were statisti-
cally analysed (Fig.  1A, B, respectively). Reads that did 
not meet the quality requirements were removed before 
data analysis to ensure the reliability of the results. The 
base content distributions in the sequenced raw data 
from the peripheral blood total RNA of patients with FM 

and healthy controls after filtering are shown in Fig. 1C, 
D, respectively.

Prediction and distribution of circRNAs
The prediction results from CIRI and find_circ were inte-
grated as described in the methods. Figure 2A, B shows 
Venn diagrams of circRNAs in the peripheral blood of 
healthy controls and patients with FM, respectively. The 
distribution of circRNAs across the genome was dis-
played using Circos software. Figure  2C, D shows the 
distribution of the origin positions of circRNAs in the 
peripheral blood of healthy controls and patients with 
FM, respectively.

Significant differences in circRNA expression in peripheral 
blood samples between patients with FM and healthy 
controls
In the high-throughput sequencing analysis, the numbers 
of junction reads at both ends of the circRNAs were com-
pared to calculate the expression level. Volcano (Fig. 3A) 
and scatter plots (Fig. 3B) were used to demonstrate the 
differential circRNA distribution between patients with 
FM and healthy controls. A heat map of the expression of 
differentially expressed circRNAs in each group was gen-
erated (Fig. 3C). The number of circRNAs in peripheral 
blood samples from FM patients was significantly higher 
than that in samples from healthy controls, and the num-
ber of introgenic circRNAs was significantly higher than 
the number of intergenic circRNAs (Fig. 3D).

GO functional analysis and pathway functional analysis 
of genes encoding differentially expressed circRNAs
Based on the results of the above-described differential 
analysis, a GO functional classification analysis of the 
genes driving introgenic circRNAs was conducted. The 
GO functional classification results are shown in Fig. 4A, 
and the GO functional classification statistics of the 
source genes encoding the up- and downregulated circR-
NAs are shown in Fig.  4B. A KEGG biological pathway 
classification and enrichment analysis of genes driving 
introgenic circRNAs were also performed. The pathway 
classification results are shown in Fig. 5A, the enrichment 
results are shown in Fig. 5B, and the pathway statistics of 
genes encoding the up- and downregulated circRNAs are 
shown in Fig. 5C.

Hsa_circ_0064338 was highly expressed in the peripheral 
blood of patients with FM and exhibited diagnostic value
The above-described abnormally expressed circRNAs 
were detected in the LPS-induced cardiomyocyte inflam-
mation model, and five circRNAs were found to be highly 
expressed (Fig.  6A). Their expression profiles were fur-
ther verified in clinical peripheral blood samples from 
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patients with FM, and the results showed significantly 
high expression of hsa_circ_0064338 (Fig.  6B). Bioin-
formatics analysis showed that hsa_circ_0064338 was a 
linear transcript of the gene encoding peroxisome prolif-
erator-activated receptor gamma (PPARG​) that was fur-
ther sheared and circularised, and it was mainly located 
in the cytoplasm in cells (Fig.  6C). ROC model analysis 
showed that the expression level of hsa_circ_0064338 
(hsa_circ_PPARG) in peripheral blood has potential 
clinical value for distinguishing patients with FM from 
healthy controls (Fig. 6D).

Discussion
Given the continuous advancement of RNA molecular 
detection technology and functional research methods, 
it is anticipated that additional circular RNAs will be 
identified in cells and disease conditions, and these may 
be applicable in the clinical diagnosis and treatment of 
human diseases [9]. In this study, we used high-through-
put sequencing technology to screen the expression pro-
files of differential circRNAs in the peripheral blood of 5 
children with FM and explored the action pathways and 

functional classifications of genes driving the expression 
of these differential circRNAs (Figs. 1, 2, 3, 4, 5). Subse-
quently, we identified the upregulated expression of hsa_
circ_0064338 in blood samples from these patients with 
FM, our myocardial cell inflammation model, and a large 
sample of clinical blood samples from patients with FM 
(Fig. 6). The ROC model showed that hsa_circ_0064338 
may have clinical value in distinguishing between 
patients with FM and healthy controls (Fig. 6).

The low abundance of circRNAs and the similarity of 
these sequences to linear RNA sequences have made 
effective detection challenging. The only unique charac-
teristic of circRNA is its circular structure, which makes 
it very difficult to distinguish and detect [9]. Conven-
tional RNA sequencing methods often ignore circR-
NAs, because the construction of standard RNA libraries 
depends on the poly (A) tail of mRNA, which circRNA 
lacks. Currently, circRNA can be detected by remov-
ing linear RNA from the sample, thereby increasing the 
abundance of circRNA. RNase R is a commonly used 
nuclease that can degrade most linear RNAs while hav-
ing little effect on circRNAs [24]. Pretreatment of total 

Fig. 1  Filtering of high-throughput sequencing data from peripheral blood circRNAs. Raw sequencing data contains reads with low quality, adapter 
contamination, and a high content of unknown base N. A Statistics of the raw data filtering components of peripheral blood circRNAs from healthy 
controls. B Statistics of the raw data filtering components of peripheral blood circRNAs from patients with FM. C Distribution of the base contents 
of clean reads in high-throughput sequencing data of peripheral blood circRNAs from healthy controls. D Distribution of the base contents of clean 
reads in high-throughput sequencing data of peripheral blood circRNAs from patients with FM. The X-axis indicates the position of the base 
in the read, and the Y-axis represents the content ratio of each base
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RNA samples with RNase R can remove most linear 
RNAs, thereby enriching circRNAs for subsequent analy-
sis [24]. Combined with cutting-edge high-throughput 
sequencing technology, this approach has made it possi-
ble to fully identify and quantify circRNAs. In this study, 
the total RNA extracted from the peripheral blood of 5 
patients with FM was mixed and digested with RNase 
R to meet the quality requirements of high-throughput 
sequencing (Fig.  1). Subsequent bioinformatics identi-
fication and analysis further clarified the chromosomal 
origins of these circRNAs (Fig. 2).

In this study, the expression profile of circRNAs in the 
peripheral blood of patients with FM was preliminarily 

identified using high-throughput sequencing. The results 
identified 6,435 upregulated and 3,678 downregulated 
circRNAs in patients compared with healthy controls. 
The expression levels of 1,749 circRNAs were not sig-
nificantly changed (Fig.  3). The number of differentially 
expressed circRNAs was significantly higher than that 
reported by a previous study using a circRNA microar-
ray analysis technique [13]. This difference may be due 
to a number of reasons. First, we enriched circRNAs 
by pretreating total RNA samples with RNase R, which 
enhanced the detection of circRNAs [24]. Second, the 
high-throughput sequencing technology used in this 
study can theoretically detect RNA molecules with 

Fig. 2  Prediction and annotation of circRNAs via high-throughput sequencing. A Venn diagram of circRNAs in the peripheral blood of healthy 
controls as predicted by bioinformatics. B Venn diagram of circRNAs in the peripheral blood of patients with FM as predicted by bioinformatics. C 
Distribution of the number of circRNAs in the peripheral blood of healthy controls across the genome. D Distribution of the number of circRNAs 
in the peripheral blood of patients with FM across the genome
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circRNA characteristics in almost all samples, whereas 
circRNA microarrays can detect only a limited number 
of known circRNAs [25–28]. Third, we mixed RNA sam-
ples from different sources before sequencing to avoid 
the loss of circRNAs with low abundance in individual 
samples. The above advantages in detection strategies 
have enabled us to provide additional information about 
the circRNA expression profile in the peripheral blood of 
patients with FM.

Next, we used GO and KEGG enrichment analysis 
to predict the potential biological functions of differ-
entially expressed circRNAs in the peripheral blood of 
patients with FM. We found the enrichment of multi-
ple functional entries closely related to the onset of FM, 
such as infectious diseases, the immune system, and 
signal transduction (Figs.  4, 5). FM is a non-ischemic 
cardiac inflammatory disease usually caused by micro-
bial infection. We constructed a human cardiomyocyte 
inflammation model to clarify the expression status of 
abnormally expressed circRNAs in myocardial inflam-
mation that were identified via high-throughput 

sequencing. The results showed that the expression 
of multiple circRNAs was increased by 4 times in this 
model (Fig.  6A). To further clarify the clinical value 
of these circRNAs in FM, we verified their expres-
sion levels in the peripheral blood of 50 patients with 
FM and healthy controls. The results showed that hsa_
circ_0064338 was significantly highly expressed in the 
peripheral blood of patients (Fig.  6B). After analysing 
its source through bioinformatics, we found that hsa_
circ_0064338 is derived from the splicing of the linear 
transcript (NM_138711) of PPARG​. Some circRNAs 
can exert biological functions similar to those of their 
parent genes, because they contain similar sequences 
of a certain length. PPARG has been shown to regulate 
macrophage differentiation, inflammatory activation, 
polarisation, lipid metabolism, and other key pathologic 
activities associated with macrophage function [29, 30]. 
Macrophage polarisation is closely related to the occur-
rence of myocarditis. M1 macrophages can signifi-
cantly aggravate myocarditis, while M2 macrophages 
can effectively relieve myocardial inflammation [31]. 

Fig. 3  Screening of circRNAs that are differentially expressed in the peripheral blood of patients with FM compared with healthy controls. A 
Volcano plot of distribution reveals differentially expressed circRNAs in peripheral blood from patients with FM. B Scatter plot of the distribution 
of differentially expressed circRNAs in peripheral blood from patients with FM. C Heat map of the expression levels of FM-related differentially 
expressed circRNAs. D Statistics regarding the origins of circRNAs
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Studies have confirmed that M2 macrophages can 
promote the M2 polarisation of heart-infiltrating 
macrophages in mice with viral myocarditis by secret-
ing specific non-coding RNAs, thereby reducing the 
degree of myocardial inflammation and playing a pro-
tective role [31]. In this study, we conducted a bioin-
formatics analysis of the intracellular distribution of 

hsa_circ_0064338 and found that it was mainly local-
ised in the cytoplasm (Fig.  6C). This suggests that 
hsa_circ_0064338 can be secreted outside the cell and 
may play a regulatory role in the disease process. It also 
lays a foundation for exploring its potential value as a 
peripheral marker for FM. The ROC model confirmed 
that the level of hsa_circ_0064338 in peripheral blood 

Fig. 4  GO functional analysis of genes driving differentially expressed circRNAs associated with FM. A GO functional classification of genes driving 
the expression of FM-related differentially expressed circRNAs. B Classification and statistics of GO function of source genes driving differentially 
upregulated or downregulated circRNAs
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Fig. 4  continued

Fig. 5  Pathway functional analysis of genes driving differentially expressed circRNAs associated with FM. A Pathway classification of genes driving 
FM-related differentially expressed circRNAs. B Pathway enrichment analysis of genes driving FM-related differentially expressed circRNAs. C 
Enrichment pathway statistics of source genes driving differentially upregulated and downregulated circRNAs associated with FM
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has a good clinical reference value for distinguishing 
FM patients from healthy controls (Fig. 6D).

Conclusion
In summary, we have demonstrated the feasibility of 
using high-throughput sequencing technology to screen 
differentially expressed circRNAs in the peripheral blood 

of patients with FM. An inflammatory state could trigger 
the release of circ_PPARG in our cardiomyocyte inflam-
mation model. The expression of circ_PPARG in periph-
eral blood has potential clinical value as a biomarker for 
distinguishing patients with FM from healthy controls.

Fig. 5  continued
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*P < 0.05, **P < 0.01
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