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Transcriptomic investigation reveals toxic damage due to
tilmicosin and potential resistance against tilmicosin in primary

chicken myocardial cells
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ABSTRACT Tilmicosin is widely used to treat respi-
ratory infections in animals and has been reported to
induce cardiac damage and even sudden death. However,
its exact mechanisms, especially in chickens, remain
unclear. This study confirmed the dose-dependent
damaging effect of tilmicosin on primary chicken
myocardial cells. Primary chicken myocardial cells
treatedwith tilmicosin (0.5 mg/mL) for 0 h, 12 h, and 48 h
were subjected to RNA sequencing and bioinformatics
analysis. Transcriptomic analysis revealed that cytokine-
cytokine receptor interactions, calcium signaling
pathway, peroxisomes, phagosomes, mitogen-activated
protein kinase (MAPK) signaling pathway, and oxida-
tive phosphorylation were significantly and differentially
ublished by Elsevier Inc. on behalf of Poultry Science
nc. This is an open access article under the CC BY-NC-
ttp://creativecommons.org/licenses/by-nc-nd/4.0/).
June 24, 2020.
August 27, 2020.
nding author: b_endong@njau.edu.cn

6355
affected after 12 h or 48 h of tilmicosin treatment.
Further evidence demonstrated consistently increased
proinflammatory factors, peroxidation, and ferroptosis,
and intracellular ion imbalance was caused by tilmicosin
for 12 h, but this imbalance had recovered at 48 h.
Meanwhile, intracellular resistance to tilmicosin-induced
toxicity involved the active regulation of
cyclooxygenase-1 and ATPase H1/K1–transporting
beta subunit at 48 h, sustained activation of MAPK12,
and downregulation of dual specificity phosphatase 10 at
12 h. In summary, this study suggests that tilmicosin
exerts its cardiotoxicity in primary chicken myocardial
cells through multiple mechanisms and finds several
intracellular molecular targets to resist the toxicity.
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INTRODUCTION

Tilmicosin is a semisynthetic macrolide antibiotic
developed for extensive veterinary use involving the pre-
vention and treatment of pneumonia associated with
Pasteurella, Staphylococcus, Streptococcus, and Actino-
bacillus pleuropneumoniae; Mycoplasma species in cat-
tle, sheep, and pigs; and mastitis in ruminant animals
(Wang et al., 2012; Xie et al., 2011; Ibrahim and
Abdel-Daim, 2015). Moreover, tilmicosin is also increas-
ingly used to treat respiratory infections in poultry
caused by some organisms to which they are susceptible
(Yapar et al., 2006; Clark et al., 2008; Han et al., 2009).
As for its antibacterial mechanism, this antibiotic func-
tions by binding bacterial ribosome subunits, inhibiting
transferase activity to block mRNA translocation, and
then preventing extension of the peptide chain, thus
inhibiting microbial protein synthesis and finally exert-
ing its antibacterial effect. In clinical applications, tilmi-
cosin displays many beneficial properties, including its
low inhibitory concentration, broad antimicrobial activ-
ity, large distribution volume, long elimination half-life,
and rapid accumulation in targeted cells (Ziv et al., 1995;
Ramadan, 1997).

Previous studies and observation from clinical prac-
tice have shown that although tilmicosin exhibits low
toxicity when administered orally, tilmicosin causes
obvious side effects, such as accelerated respiration,
vomiting, convulsions, or even death, in animals after
its intravenous and subcutaneous administration or
repeated high-dose administration (Clark et al., 2008;
Christodoulopoulos, 2009). The potential target organs
of tilmicosin damage are mainly the heart, liver, and kid-
ney (Kart et al., 2007; Oda and Derbalah, 2018). In gen-
eral, the negative cardiovascular effects of tilmicosin
involve an increased heart rate and loss of ventricular
function, particularly in young animals (Jordan et al.,
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1993; Main et al., 1996). These effects are mainly depen-
dent on dose, animal species, and administration route
(Altunok et al., 2002; Yazar et al., 2002). Although the
cardiotoxicity of tilmicosin is well known, there have
been limited reports on its toxic mechanism, especially
in poultry. The available data revealed that alterations
in blood creatine kinase (CK), CK-MB, total sialic
acid, glutathione, and malondialdehyde (MDA) concen-
trations are the main characteristic tilmicosin-induced
cardiotoxic effects in mice, and in humans, tilmicosin-
induced cardiotoxicity occurs through the generation
of reactive oxygen species (ROS) and impairment of
the antioxidant enzyme system in heart tissues (Yapar
et al., 2006; Kart et al., 2007; Cetin et al., 2011). In addi-
tion, the cellular resistance response to tilmicosin-
induced cardiotoxicity remains to be fully investigated.

Regulation at the level of transcription, the necessary
link between genes and proteins, is the most used and
important measurement of the cellular response to envi-
ronmental stimulation. Transcriptome analysis through
high-throughput sequencing technology, namely, tran-
scriptome sequencing (RNA-Seq), can quickly obtain
the complete transcriptomes of tissue/cells under special
conditions. Combination of the RNA-Seq technique with
differentially expressed gene (DEG) analysis is a reliable
and precise way to discover useful information and is
increasingly used in studies to evaluate the global
response of organisms to toxicants, including research
in animals (Gao et al., 2018; Chen et al., 2012;
Wentzel et al., 2017). Therefore, this technique will
also contribute to dissecting key gene expression and
critical response pathways in tilmicosin-induced
cardiotoxicity.

In a study in chicks, oral administration of tilmicosin
at concentrations of 800 mg/L and above caused obvious
side effects on the cardiovascular system, such as
changes in heart rate and ventricular blood pressure
(Zhang et al., 2011). Our previous study also showed a
100% mortality rate in the tested chickens (body weight:
1 w 3 kg) within 5 min after injection of 5 mg/kg tilmi-
cosin phosphate in the pterygoid vein (data not shown),
which is thought to be connected with an acute heart
problem. Therefore, this study concentrated on investi-
gating the effect of tilmicosin on chicken myocardial cells
via the use of primary chicken myocardial cells cultured
in vitro for the first time. RNA-Seq technology, bioinfor-
matics analysis, and validation experiments were con-
ducted to select interesting DEGs to investigate the
molecular mechanisms involved in tilmicosin-induced
myocardial damage and self-protection.
MATERIALS AND METHODS

Cell Culture and Treatments

Primary chicken myocardial cells were isolated from
the heart ventricles of 12- to 13-day-old specific
pathogen-free chicken embryos (Qian Yuan Hao
Biotechnology, Nanjing, China) as described previously
(Gao et al., 2018). In brief, chicken heart tips were gently
cut into pieces 1 mm3 in volume, which were then
digested with 0.1 mg/mL type I collagenase for 12 h at
4�C. High-purity myocardial cells were obtained by
enzyme filtration, centrifugation, and the differential
adherence method. Cells were cultivated in high-
glucose Dulbecco’s modified Eagle’s medium supple-
mented with 20% fetal bovine serum and 1% penicillin-
streptomycin for 48 h at 37�C in a CO2 incubator to
ensure that 90% of the cells in the culture plates were
alive.
First, the cells were treated with tilmicosin (China

Institute of Veterinary Drug Control, Beijing, China)
dissolved in dimethyl sulfoxide and diluted with the
aforementioned culture medium to concentrations of
0.01, 0.05, 0.1, 0.5, 1, 5, 10, 50, and 100 mg/mL (dimethyl
sulfoxide: culture medium (v/v) � 0.1%) for 6 h, 12 h,
24 h, 36 h, 48 h, and 72 h. For transcriptomic analysis
and verification, the cells were administered 0.5 mg/mL
tilmicosin for 0 h, 12 h, and 48 h.
Cell Injury Assay

According to the manufacturer’s instructions, cell
viability was assessed by using Cell Counting Kit-8
(CCK-8; Dojindo, Kumamoto, Japan) assay, and lactate
dehydrogenase (LDH) levels in the cells and superna-
tants were detected using an LDH cytotoxicity assay
kit (Beyotime, Shanghai, China). Culture supernatants
from the cells exposed to tilmicosin for 0 h, 12 h, and
48 h were sent to Super Biotech Co., Ltd. (Nanjing,
Jiangsu, China) to detect the activities of CK and aspar-
tate aminotransferase.
Total RNA Extraction

After treatment with 0.5 mg/mL tilmicosin for 0 h,
12 h, and 48 h, chicken myocardial cells were collected,
and TRIZOL reagent was added to extract total RNA
for RNA-Seq and RT-qPCR. The RNA concentration
was measured using a NanoDrop 2000 (Thermo Scienti-
fic, Waltham, MA). RNA integrity was assessed using
the RNA Nano 6000 Assay Kit from the Agilent Bio-
analyzer 2100 system (Agilent Technologies, Santa
Clara, CA). Total RNA with good quality was used for
further experiments. Each treatment was applied to 3
replicate samples.
Library Preparation for RNA-Seq

A total of 1 mg of RNA per sample was used as input
material for RNA sample preparation. Sequencing li-
braries were generated using the RNA Library Prep
Kit for Illumina (NEB) following the manufacturer’s rec-
ommendations, and index codes were added to attribute
sequences to each sample. The clustering of index-coded
samples was performed on a cBot Cluster Generation
System using TruSeq PE Cluster Kit v4-cBot-HS (Illu-
mina, San Diego, CA) according to the manufacturer’s
instructions. After cluster generation, the libraries were
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sequenced on an Illumina platform, and paired-end reads
were generated.
Analysis of Sequencing Data

Clean data were obtained from the raw data by
removing reads containing adapters, reads containing
poly-N, and low-quality reads. The Q20, Q30, GC con-
tent, and sequence duplication level of the clean data
were calculated. These high-quality clean reads were
then mapped to the Gallus gallus genome sequence (In-
ternational Chicken Genome Sequencing Consortium
2004) using HISAT2. Only reads that were a perfect
match to the reference genome or displayed one
mismatch relative to the reference genome were further
analyzed and annotated. Gene function was annotated
based on the following databases: the Nr (NCBI nonre-
dundant protein sequences), Nt (NCBI nonredundant
nucleotide sequences), Pfam (Protein family), KOG/
COG (Clusters of Orthologous Groups of proteins),
Swiss-Prot (a manually annotated and reviewed protein
sequence database), KO (KEGG Ortholog), and Gene
Ontology (GO) databases. Gene expression levels were
quantified as fragments per kilobase of transcript per
million fragments (FPKM) mapped using the following
formula: FPKM 5 cDNA fragments/mapped fragments
(millions) ! transcript length (kb).
DEGs and Enrichment Analysis

Differential expression analysis between 2 conditions
was performed using DESeq2 with a model based on a
negative binomial distribution. The resulting P values
were adjusted using Benjamini and Hochberg’s approach
to control the false discovery rate. Genes with an
adjusted P value, 0.01 found by DESeq2 were assigned
as differentially expressed. An false discovery rate, 0.05
& jlog2 (foldchange)j � 2 were set as the criteria for
significantly differential expression. GO enrichment
analysis of the DEGs was implemented by using the
GOseq R packages (version 3.6.1, initially written by
Robert Gentleman and Ross Ihaka, the Statistics
Department of the University of Auckland, Auckland,
New Zealand) based onWallenius’ noncentral hypergeo-
metric distribution (Young et al., 2010). KOBAS soft-
ware (version 3.0, Center for Bioinformatics,Peking
University and Institute of Computing Technology, Chi-
nese Academy of Science, Beijing, China) was used to
test the statistically significant enrichment of Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways
for DEGs (Mao et al., 2005).
Verification With Real-Time Quantitative
Polymerase Chain Reaction (RT-qPCR)

To verify the repeatability and reproducibility of the
DEGs obtained from RNA-Seq, we used RT-qPCR to
determine the expression of 12 genes selected from the
most influenced pathways in KEGG analysis such as car-
diac muscle contraction, peroxisome, phagosome,
MAPK signaling pathway, calcium signaling pathway,
neuroactive ligand-receptor interaction, and oxidative
phosphorylation. Primers used for RT-qPCR
(Supplementary Table 1) were designed using Primer
Premier 5.0 and synthesized by Generay Biotech
(Shanghai, China). Total RNA was extracted from
chicken myocardial cells after the same treatments
used before RNA-seq and reverse transcribed into
cDNA for RT-qPCR. RT-qPCR was conducted accord-
ing to the following protocol: 94�C for 2 min, followed by
45 cycles of 94�C for 5 s, 60�C for 15 s, and 72�C for 15 s.
The 22DDCt method was used to analyze relative expres-
sion, and the GAPDH gene was used as the internal
control.
Enzyme-Linked Immunosorbent Assay
(ELISA)

The concentrations of cytokines in the supernatants of
chicken myocardial cells were measured using commer-
cially available ELISA kits for chicken tumor necrosis
factor alpha (TNF-a), interleukin-22 (IL-22), and inter-
feron-a (IFN-a) according to the manufacturer’s in-
structions (Angle gene, Nanjing, China). Cytokine
levels were calculated with standard curves constructed
using known amounts of recombinant TNF-a, IL-22, and
IFN-a.
Observation of Cell Morphology

Cells for cytopathological observation were cultivated
in monolayers, treated as indicated, and fixed with 4%
paraformaldehyde for 30 min at room temperature.
The fixed cells were stained with hematoxylin and eosin
and observed under light microscopy. The cells observed
by transmission electron microscopy were cultured
directly on dishes, fixed with 2.5% glutaraldehyde after
the experimental treatment, and sent to the General
Hospital of the Eastern War Zone of the Chinese Peo-
ple’s Liberation Army for ultrastructural pathological
detection.
Measurement of Ca21-/Na1-K1-ATPase
Activities

Ca21-ATPase and Na1-K1-ATPase activities in
chicken myocardial cells were analyzed after exposure
to the corresponding treatment using special kits (Jian-
cheng Biochemistry Institute, Nanjing, China) accord-
ing to the manufacturer’s instructions.
Fluo-3 Staining to Detect Intracellular Ca21

Fluo-3 AM was used to detect intracellular calcium.
Cells cultured in dishes with a glass bottom were first
exposed to 0.5 mg/mL tilmicosin for 0 h, 12 h, and 48 h
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and then incubated with the fluorescent probe Fluo-3
AM (0.5 mM) at 37�C for 60 min, followed by washing
with phosphate-buffered saline. Photographs of the cells
were taken under a fluorescence microscope.

Cell Protein Extraction

Experimental cells were lysed using cell lysis buffer
(CWBio, Beijing, China) containing 1% phenylmethyl-
sulfonyl fluoride, and the total protein content of the ly-
sates was quantified using a BCA protein assay kit
(CWBio).

Detection of Oxidant and Antioxidant
Capacity

Peroxidation was estimated by measuring the MDA
content. The antioxidant status of the tested cells was
assessed by measuring the levels of glutathione (GSH)-
Px. For this intracellular biochemical analysis, the ly-
sates of cells treated as described previously were
assayed using the corresponding detection kits (Jian-
cheng, Nanjing, China) according to the manufacturer’s
instructions.

Western Blotting

Samples from the cells described previously containing
30 mg of total protein were electrophoresed on SDS-
PAGE gels and transferred to polyvinylidene fluoride
membranes. The primary antibodies anti-ATP4B
(ATPase H1/K1 transporting beta subunit), anti-
COX-1 (cyclooxygenase-1), and anti-DUSP10 (dual
specificity protein phosphatase 10) from Abbkine
(Wuhan, Hubei, China) and anti-MAPK12 (mitogen-
activated protein kinase 12) from BioWorld (Blooming-
ton, MN) were used to detect target proteins. Then,
horseradish peroxidase-conjugated secondary antibodies
(Abbkine, Wuhan, Hubei, China) were incubated with
the membranes. Finally, reactive bands were quantified
using Quantity One software (version 4.6.2; Bio-Rad
Laboratories, Hercules, CA). b-Actin (Cell Signaling
Technology, Danvers, MA) was used as the loading
control.

Statistical Analysis

All data were analyzed for statistical significance us-
ing SPSS 16.0 software (SPSS, Chicago, IL) with one-
way ANOVA. Data are expressed as the means 6 SDs
from at least 3 independent experiments performed in
duplicate. P , 0.05 indicated statistical significance.
RESULTS

Effect of Tilmicosin on the Viability of
Primary Chicken Myocardial Cells

To investigate the damaging effect of tilmicosin on
primary chicken myocardial cells, a CCK-8 assay was
performed in cells exposed to various concentrations of
tilmicosin for different treatment times. As shown in
Figure 1A, upon exposure to tilmicosin at various con-
centrations (0.01w100 mg/mL), cell growth was signifi-
cantly restricted in a dose- and time-dependent
manner over the first 36 h, especially at
12 h (P , 0.01). The growth-retarding effect of tilmico-
sin was abrogated after 48 h of tilmicosin treatment,
especially when the concentration of tilmicosin was
below 5 mg/mL. Furthermore, when cells were treated
with tilmicosin at 0, 0.05, 0.05, and 0.5 mg/mL, detection
of cytotoxic markers showed in Figure 1B that tilmicosin
caused a significant (P , 0.01 or 0.05) increase in intra-
cellular and extracellular LDH over the first 24 h. The in-
duction of LDH gradually weakened after 36 h and was
finally fully restricted at 72 h. Based on these results,
chicken myocardial cells exposed to 0.5 mg/mL tilmico-
sin for 12 h (which exhibited one of the lowest cellular vi-
abilities among the groups) and 48 h (which exhibited
the absolute recovery of cellular viability) were used to
represent 2 typical stages of the drug’s effects and
selected as the appropriate treatments for RNA-Seq
analysis.
RNA-Seq Data and Identification of DEG Then, 9
established cDNA libraries from cellular samples treated
with tilmicosin for 0 h (the M0h-1, M0h-2, and M0h-3
libraries), 12 h (the M12h-1, M12h-2, and M12h-3 li-
braries), and 48 h (the M48h-1, M48h-2, and M48-3 li-
braries) were sequenced. After RNA-Seq, each sample
yielded 51.11 w 76.01 million raw reads. After quality
filtering, between 25.56 w 38.01 million high-quality
clean reads from each single sample remained. The
Q30 of each sample was�92.01%. The percentage of GC
nucleotides in each library ranged from 50.76 to 51.69%,
suggesting that the sequencing data were highly reliable.
Subsequently, 89.32 w 91.28% of the reads were suc-
cessfully mapped to the G. gallus genome (Table 1).
During the identification of DEG between paired groups
via the FPKM analysis, a fold change (FC) � 2 and P
value , 0.01 were used as the screening criteria.
Regarding DEGs, 221 upregulated and 188 down-
regulated genes in the M0h-1, M0h-2, and M0h-3 li-
braries vs. the M12h-1, M12h-2, and M12h-3 libraries
were identified. Moreover, 1,583 upregulated and 829
downregulated genes in the M0h-1, M0h-2, and M0h-3
libraries vs. the M48h-1, M48h-2, and M48h-3 libraries
were found, and 692 upregulated and 232 downregulated
genes in the M12h-1, M12h-2, and M12h-3 libraries vs.
the M48h-1, M48h-2, and M48-3 libraries were found
(Figure 2A). DEG were analyzed by drawing a Venn
diagram in which unique and common DEG are shown.
The number of common DEGs identified by comparison
of different paired libraries was 59 (Figure 2B).
GO and KEGG Analyses of DEGs

Through GO classification, obtained DEGs were
assessed in terms of 3 main types of GO terms: biological
processes, molecular functions, and cellular components.
The GO terms enriched in the DEGS identified by



Figure 1. Effect of tilmicosin treatment on primary chicken myocardial cells. (A) Primary chicken myocardial cells were exposed to tilmicosin at
various concentrations (0, 0.01, 0.05, 0.1, 0.5, 1, 5, 10, 50, and 100 mg/mL) for 6 h, 12 h, 24, 36 h, 48 h, and 72 h. The CCK-8 assay was used to evaluate
the viabilities of the tested cells. Data are represented as the mean 6 SD. The significance of differences in data from cells treated with different til-
micosin concentrations for the same treatment times vs. the corresponding untreated cells (Con) is indicated by *P , 0.05 and **P , 0.05. The sig-
nificance of differences in the data from cells treated with tilmicosin at the same concentration for different treatment times vs. 6 h are indicated by
#P, 0.01 and ##P, 0.01, and the significance of corresponding differences vs. 12 h are indicated by yP, 0.01 and yyP, 0.01. (B) Primary chicken
myocardial cells were exposed to tilmicosin at various concentrations (0, 0.05, 0.5, and 5 mg/mL) for 6 h, 12 h, 24, 36 h, 48 h, and 72 h. Intracellular and
extracellular lactate dehydrogenase (LDH) activities were detected. The significance of differences in the data from cells treated with different tilmi-
cosin concentrations for the same treatment time vs. the corresponding untreated cells is indicated by *P , 0.05 and **P , 0.05.
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comparisons of all paired libraries are summarized in
Figure 3. Within the biological process category, “positive
regulation of transcription from RNA polymerase II pro-
moter (GO:0045944)”, “single-organism cellular process
(GO:0044763)”, and “negative regulation of cell growth
(GO:0030308)”were the most enriched GO terms.Within
the cellular component category, the most enriched GO
terms were “cytoplasm (GO:0005737)”, “cytosol
(GO:0005829)”, “extracellular exosome (GO:0070062)”,
and “integral component of plasma membrane



Table 1. The raw data from RNA-Seq analysis of tilmicosin treatment for different times.

BMK-ID Total reads Clean reads Mapped reads Uniq mapped reads Multiple map reads GC content (%) %�Q30 (%)

M0h-1 76,012,880 38,006,440 68,910,435 (90.66%) 67,056,775 (88.22%) 1,853,660 (2.44%) 51.51% 93.26%
M0h-2 71,102,776 35,551,388 64,320,135 (90.46%) 62,615,334 (88.06%) 1,704,801 (2.40%) 51.49% 93.05%
M0h-3 54,737,898 27,368,949 49,965,175 (91.28%) 48,822,724 (89.19%) 1,142,451 (2.09%) 51.69% 93.42%
M12h-1 60,069,830 30,034,915 53,695,398 (89.39%) 51,773,322 (86.19%) 1,922,076 (3.20%) 51.57% 92.41%
M12h-2 55,391,392 27,695,696 49,847,302 (89.99%) 48,263,847 (87.13%) 1,583,455 (2.86%) 51.64% 92.69%
M12h-3 54,267,642 27,133,821 48,778,569 (89.89%) 47,340,271 (87.23%) 1,438,298 (2.65%) 50.86% 92.14%
M48h-1 60,900,238 30,450,119 54,396,248 (89.32%) 51,584,777 (84.70%) 2,811,471 (4.62%) 51.67% 92.27%
M48h-2 51,112,082 25,556,041 45,658,029 (89.33%) 44,312,253 (86.70%) 1,345,776 (2.63%) 51.06% 92.01%
M48h-3 55,333,768 27,666,884 49,662,953 (89.75%) 47,162,577 (85.23%) 2,500,376 (4.52%) 50.76% 92.32%
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(GO:0005887)”.Within the functional categories, “enzyme
binding (GO:0019899)”, “protein homodimerization activ-
ity (GO:0042803)”, and “enzyme binding (GO:0019899)”
were the most enriched in the DEGs. Details regarding
GO terms enriched in DEGs acquired by GO enrichment
analysis are listed in Supplementary Table 2.

To better understand gene functions in chicken
myocardial cells exposed to tilmicosin, pathway annota-
tion analysis of the DEGs was conducted with the
KEGG database, the results of which are shown in
Figure 4. According to KEGG analysis, the pathways
most enriched in DEGs between the compared libraries
were regulation of actin cytoskeleton (ko04810), focal
adhesion (ko04510), adrenergic signaling in cardiomyo-
cytes (ko04261), neuroactive ligand-receptor interaction
(ko04080), and p53 signaling pathway (ko04115), along
with interesting items including peroxisome (ko04146),
phagosome (ko04145), cytokine-cytokine receptor inter-
action (ko04060), MAPK signaling pathway (ko04010),
calcium signaling pathway (ko04020), cardiac muscle
contraction (ko04260), and oxidative phosphorylation
(ko00190). The details are shown in Supplementary
Table 3.
Experimental Validation of DEGs by RT-
qPCR

Using the RT-qPCR method, twelve DEGs were
selected to validate the reliability of the RNA-Seq data
and further investigate the patterns of DEGs. As shown
Figure 2. Differential expression of genes in the tested cells after differen
libraries prepared from differentially treated primary chicken myocardial cell
respectively. The black dots show genes whose expression was not significant
sion of genes after all treatments. The number of unique differential genes for
among the treatments are shown.
in Figure 5, the expression levels of 12 selected genes
determined by RT-qPCR correlated with those deter-
mined by DEG analysis, which was further confirmed
with Pearson correlation analysis, which showed that
the RT-qPCR data were significantly positively corre-
lated with RNA-Seq data (0 h vs. 12 h, Pearson’s
r 5 0.926 and 0 h vs. 48 h, Pearson’s r 5 0.943), indi-
cating the high reliability of RNA-Seq analysis.
Critical DEGs Involved in Tilmicosin
Cytotoxicity in Chicken Myocardial Cells
and the Cellular Protective Response

According to the results of RNA-Seq analysis,
cytokine-cytokine receptor interactions, calcium
signaling, and phagosome and peroxidation formation
are key cellular pathways strongly associated with
tilmicosin-induced cytotoxicity (Supplementary
Table 2 and 3). According to the GO and KEGG ana-
lyses, the cytokine-cytokine receptor interaction
pathway was one of the pathways most altered by tilmi-
cosin exposure. Among its related DEGs, TNFRSF19,
IFN A, IL2RB, and FLT3 were upregulated after 12 h
of tilmicosin treatment, and IL22RA2, TNFSF8,
CCL20, and CXCL14 were upregulated after 48 h of til-
micosin treatment, while TNFRSF6B, IL6, IL8,
EDA2R, and IL10RA were downregulated
(Supplementary Table 4). Therefore, several proinflam-
matory cytokines, including TNF-a, IFN-a, and IL-22,
are damage-inducible factors in myocardial cells exposed
t treatments. (A) Volcano plot of differentially expressed genes between
s. The red and green dots indicate upregulated and downregulated genes,
ly different. (B) Venn diagram mapped according to differential expres-
each treatment and the number of common differential genes between or



Figure 3. The gene ontology (GO) terms most enriched in differentially expressed gene (DEG) identified from primary chicken myocardial cells
treated with tilmicosin, The red, yellow, and blue columns represent the biological process, cellular component, and molecular function terms, respec-
tively. (A) The results of the M0h-1, M0h-2, and M0h-3 libraries vs. the M12h-1, M12h-2, and M12h-3 libraries. (B) The results of the M0h-1, M0h-2,
andM0h-3 libraries vs. theM48h-1, M48h-2, andM48h-3 libraries. (C) The results of comparisons of theM12h-1, M12h-2, andM12h-3 libraries vs. the
M48h-1, M48h-2, and M48-3 libraries.
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Figure 4. Classification of pathways enriched in the differentially expressed gene (DEG) determined byKyoto Encyclopedia of Genes andGenomes
annotation. The Y-axis and X-axis indicate functional pathways and the percentage of DEG enriched in the same pathway, respectively. (A) The
results of comparison of the M0h-1, M0h-2, and M0h-3 libraries vs. the M12h-1, M12h-2, and M12h-3 libraries. (B) The results of comparison of
theM0h-1, M0h-2, and M0h-3 libraries vs. the M48h-1, M48h-2, and M48h-3 libraries. (C) The results of comparison of the M12h-1, M12h-2, and
M12h-3 libraries vs. the M48h-1, M48h-2, and M48h-3 libraries.
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Figure 5. Validation of DEGs identified by RNA-Seq by RT-qPCR and correlation analysis between the results of RT-qPCR and RNA-Seq. (A)
The comparison of the relative expression levels of the selected DEGs determined by RT-qPCR and RNA-Seq. (B) A scatter plot of Pearson’s corre-
lation analysis between the RT-qPCR data and RNA-Seq data.
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to tilmicosin. The calcium signaling pathway was identi-
fied by KEGG analysis as significantly enriched in the
DEGs. The related genes ERBB4, ADCY9, ADORA2B,
and NOS2 after 12 h of tilmicosin exposure and
SLC25A4, P2RX7, CACNA1B, P2RX1, CYSLTR1,
CACNA1D, TNNC1, PPIF, CAMK2A, and ATP2B1
after 48 h of tilmicosin exposure were differentially
expressed (Supplementary Table 4), indicating that
intracellular calcium homeostasis was especially influ-
enced. In addition, several p53 signaling-related genes
were upregulated; among these genes were SESN3 at
12 h and PERP1, ADGRB1, and SERPINB5 at 48 h,
while THBS1 at 12 h and CDK1, CDK2, CCNE2,
ATR, CCND3, and CCNB3 at 48 h were downregulated.
Therefore, PERP1 is a potential regulator of ferroptosis.
This study also showed that PIPOX, NOS2, HMGCL,
PMVK, and COX1 were significantly altered after tilmi-
cosin exposure for different periods, implying that
cellular peroxidation was induced. Moreover, the expres-
sion levels of THB1 and TUBA1B were decreased at
12 h, those of ATP6V1G3, MBL2, CD36, MRC1,
MMR1L3, NOX3, THBS4, C3, and ATP6V0A4 were
increased at 48 h, and those of CTSS, MARCO,
ATP6V0D2, TUBA1B, ITGB3, ITGAV, and TUBB
were decreased at 48 h, demonstrating that some phag-
osomes might have been produced during tilmicosin
treatment.
Our results showed that tilmicosin exposure signifi-

cantly upregulated the expression of MAPT and
MAPK12 at 12 h and that of PLA2G4A, CACNA1D,
CACNA2D3, FGF13, FOS, FGF7, MAPK8IP3,
MAP3K12, and MKNK1 at 48 h, while CRK,
DUSP10, RASGRP1, BDNF, SRF, DUSP5, and
DUSP1 at 12 h and TGFP3, FGF2, N-RAS, FGFR4,
CRKL FLNB, CRK, CACNB2, DUSP10, RASGRP1,
TGFB3, FGF2, BDNF, SRF, DUSP5, and DUSP1 at
48 h were significantly downregulated (Supplementary
Table 4), indicating that the MAPK signaling pathway
plays a vital role in the regulation of drug resistance in
chicken myocardial cells. On the other hand, several
DEGs involved in oxidative phosphorylation were also
significantly affected by tilmicosin, as shown in
Supplementary Table 4. The COX1 gene at 12 h and
the ATP6V1G3, ATP4B, CYTB, ATP6V0A4, ND5,
ND3, COX1, COII, ND6, and ND2 genes at 48 h were
upregulated, whereas the ATP6V0D2 gene was downre-
gulated at 48 h of tilmicosin exposure. These changes in
gene expression suggested that the production and allo-
cation of adenosine triphosphate were regulated to main-
tain important cellular processes, such as the removal of
foreign matter via lysosomal channels.

Tilmicosin Stimulated the Inflammatory
Response

Concentrations of the proinflammatory cytokines IL-
22, TNF-a, and IFN-a were determined using ELISA
to verify the function of inflammatory response-related
DEGs. The data showed that compared with their levels
before tilmicosin treatment, the IL-22, TNF-a, and IFN-
a levels in the supernatant of tilmicosin-treated cells
were significantly induced after 12 h of tilmicosin treat-
ment (P , 0.05 or P , 0.01). With prolonged tilmicosin
treatment time, the concentration of IFN-a was further



Figure 6. The levels of IL-22, TNF-a, and IFN-a in the supernatants of chicken myocardial cells treated with tilmicosin for different periods. Data
are represented as the mean6 SD. The significance of differences in data from cells treated for different periods vs. the corresponding untreated cells is
indicated by *P , 0.05 and **P , 0.05.
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slightly increased at 48 h, while the TNF-a level was
decreased, and the level of IL-22 was unchanged
(Figure 6). These results indicated that these proinflam-
matory cytokines whose expression levels were altered
may contribute to cardiotoxicity at the early stage of til-
micosin exposure and the initiation of cellular resistance
at the later stage of tilmicosin exposure.
Tilmicosin Disturbed Intracellular Calcium
Homeostasis

To further demonstrate the effect of tilmicosin on cal-
cium signaling and potential effect on myocardial
contraction, fluorescent staining and ELISA detection
were carried out. The fluorescence of Fluo-3 at 12 h
was decreased compared with that at 0 h and had nearly
recovered to its initial level at 48 h (Figure 7A),
Figure 7. The effect of tilmicosin on calcium ions and related ATPases i
periods. (A) Representative images of Fluo-3 fluorescence in cells treated w
treated with tilmicosin for 0 h. b, Cells treated with tilmicosin for 12 h. c, Ce
rescence from cells treated with tilmicosin for different periods. (C) Tilmico
chicken myocardial cells. Data are represented as the mean 6 SD. The sign
vs. data from the corresponding untreated cells is indicated by *P, 0.05 and
for 12 h vs. cells treated for 48 h is indicated by #P , 0.01 and ##P , 0.01
indicating that intracellular calcium first decreased
significantly and then was restored. Meanwhile, Ca21-
ATPase and Na1-K1-ATPase activities after tilmicosin
treatment followed a pattern consistent with that of
Fluo-3 fluorescence intensity (Figures 7B and 7C).
Therefore, these analyses suggested that tilmicosin
disturbed the intracellular homeostasis of intracellular
calcium ions and even sodium ions, thus directly influ-
encing chicken myocardium contraction.
Tilmicosin Altered Intracellular Oxidant and
Antioxidative Levels

As shown in Figure 8, one of the most important prod-
ucts of cellular lipid peroxidation, MDA, was found
elevated after tilmicosin treatment for 12 h, and its level
then decreased to a relatively lower level at 48 h.
n primary chicken myocardial cells treated with tilmicosin for different
ith tilmicosin for different periods are presented. Bar 5 20 mm. a, Cells
lls treated with tilmicosin for 48 h. (B) Intensity analysis of Fluo-3 fluo-
sin affected the activities of Ca21-ATPase and Na 1 -K 1 -ATPase in
ificance of differences in the data from cells treated for different periods
**P, 0.05. The significance of differences in the data from cells treated
.



Figure 8. Oxidant and antioxidant levels in primary chicken myocardial cells treated with tilmicosin for different periods. Data are represented as
the mean6 SD. The significance of differences in the data from cells treated for different periods vs. the corresponding untreated cells is indicated by
*P, 0.05 and **P, 0.05. The significance of differences in the data from cells treated for 12 h vs. cells treated for 48 h is indicated by #P, 0.01 and
##P , 0.01.

Figure 9. Morphological changes in primary chicken myocardial cells after tilmicosin treatment for different periods. (A) Cytopathological obser-
vations under a light microscope. Hematoxylin and eosin staining. Bar5 20 mm. Arrowhead points to vacuolar degeneration, asterisks mark necrosis,
and arrows indicate swollen cells. (B) The levels of enzymes related to myocardial cell injury in the supernatants of chicken myocardial cells treated
with tilmicosin for different periods. (C) Ultrastructural damage to chicken myocardial cells was observed using TEM. Bar5 500 nm. Arrows indicate
autophagic bodies, arrowheads point to vacuoles, black triangles show wrinkled nuclear membranes, and asterisks mark the gathering of mitochondria
with a high electron density. (a) Cells treated with tilmicosin for 0 h. (b) Cells treated with tilmicosin for 12 h. (c) Cells treated with tilmicosin for 48 h.
Data are represented as the mean 6 SD. The significance of differences in the data from cells treated for different periods vs. the corresponding un-
treated cells is indicated by *P, 0.05 and **P, 0.05. The significance of differences in the data from cells treated for 12 h vs. cells treated for 48 h is
indicated by #P , 0.01 and ##P , 0.01.
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Meanwhile, levels of GSH-PX, an antioxidant marker,
showed a pattern similar to those of MDA. These results
suggested that tilmicosin induced intracellular peroxide
production and activated the antioxidant system, which
is consistent with upregulated expression of oxidation-
and peroxide-related genes identified by RNA-Seq anal-
ysis. Therefore, tilmicosin affected the balance of oxidants
and antioxidants in chicken myocardial cells.
Structural Damage Caused by Tilmicosin

RNA-Seq and bioinformatic analysis implied the
involvement of some structural changes in tilmicosin-
induced myocardial damage. With observation via
Figure 10. The key proteins in signaling pathways related to tilmicosin res
cells were treated with tilmicosin for different periods. Total proteins were
proteins. The relative levels of the tested proteins were normalized to that of
ference in the data from cells treated for different periods vs. the correspondi
icance of differences in the data from cells treated for 12 h vs. cells treated f
optical microscopy (Figure 9A), vacuolar degeneration
and cellular necrosis were observed in myocardial cells
treated with tilmicosin for 12 h. The cell morphology
had recovered to a relatively normal morphology at
48 h, but vacuolar degeneration and slight swelling
were still found. These results were consistent with the
analysis of CK and aspartate aminotransferase levels in
the supernatants of the tested cells. As for the ultrastruc-
tural changes shown in Figure 9B, many myofibrils, few
lipid droplets, and some mitochondria were observed in
myocardial cells treated with tilmicosin for 0 h, and
each cellular nucleus possessed a relatively smooth peri-
nuclear membrane. After 12 h, vacuoles and autophagic
bodies were found in the cells, the nuclear membrane
istance in primary chicken myocardial cells. Primary chicken myocardial
extracted and used for semiquantitative detection of the corresponding
b-actin. Data are represented as the mean6 SD. The significance of dif-
ng untreated cells is indicated by *P , 0.05 and **P, 0.05. The signif-
or 48 h is indicated by #P , 0.01 and ##P , 0.01.
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became more wrinkled, and the electron density of mito-
chondria increased and their volume decreased. Mean-
while, many mitochondria with a high electronic
density had obviously gathered, which is characteristic
of ferroptosis. At 48 h, the nuclear membrane remained
corrugated, and autophagic bodies and the localized
gathering of mitochondria with high electron density
were still observed.
Key Protective Pathway by which Primary
ChickenMyocardial Cells Resist Tilmicosin-
Induced Damage

The results of Western blotting shown in Figure 10
revealed that expression of the important proteins that
regulate intracellular oxidative phosphorylation, COX-
1 and ATP4B, was not altered after 12 h of tilmicosin
administration, but expression of these proteins was
significantly upregulated (P , 0.01 or P , 0.05) at
48 h. Meanwhile, MAPK12, which serves as the key
molecule that positively regulates the anti-
inflammatory pathway, was rapidly stimulated at 12 h
of drug exposure and further increased at 48 h, while
expression of a negative regulator of this pathway,
DUSP10, was downregulated (P , 0.01) at 12 h and
had recovered to the level before observed tilmicosin
treatment at 48 h.
DISCUSSION

Macrolide antibiotics are widely used for against infec-
tion, but the cardiotoxic impact of tilmicosin has been
recorded in various animal species (Jordan et al., 1993;
Main et al., 1996; Modric et al., 1998). Although some
in vivo trials have been performed to explore the toxic ef-
fect of tilmicosin in chicken, the exact mechanism in the
heart, including the cellular protective response, remains
to be revealed. In this study, we isolated primary chicken
myocardial cells, exposed the cells to tilmicosin, and
further confirmed the cardiomyotoxic effects of tilmico-
sin, as characterized by a sharp decrease in cell viability
over the first 12 h of tilmicosin exposure and a significant
increase in intracellular and extracellular LDH levels.
However, unexpectedly, the myocardial cells gradually
recovered after 24 h. Therefore, injury due to tilmicosin
and myocardial cell resistance in response to tilmicosin
certainly coexisted. Then, we carried out transcriptional
profiling analysis, which identified myocardial damage
gene signature consisting of several genes related to
proinflammatory cytokines, cellular calcium signaling,
peroxidation, myocardial contraction, and ferroptosis
and some self-protective molecular signatures including
the MAPK signaling pathway, oxidative phosphoryla-
tion, and autophagy.
Some antibiotics at toxic concentrations have been re-

ported to induce a proinflammatory response (Scherzad
et al., 2015; Gao et al., 2018). Our KEGG analysis
showed that the response of genes related to cytokine-
cytokine receptor interactions indicated activation of
the inflammatory response in chicken myocardial cells
treated with tilmicosin, as evidenced by the secretion
of IL-22, TNF-a, and IFN-a observed in this study. In
recent years, an increasing number of studies have
demonstrated that IL-22 has an interesting relationship
with various cardiovascular diseases, including myocar-
ditis and myocardial infarction (Che et al., 2020).
TNF-a and IFN-a are also important proinflammatory
cytokines, and their increased expression is positively
correlated with heart failure (Jiang et al., 2018;
Verschure et al., 2018). Consistently, a previous study
in rats showed marked inflammatory cell infiltration
and myocardial fibrosis in heart tissue after tilmicosin
treatment (Oda and Derbalah, 2018). This work pro-
vides a novel understanding of the tilmicosin-induced
proinflammatory response in primary chicken myocar-
dial cells, which may disturb the function of the
myocardium.

Alterations in the concentration gradients of intracel-
lular ions form the basis for the unique pharmacological
mechanisms of some antibiotics. For instance, madura-
micin forms cation complexes to facilitate the transport
of ions across biological membranes (Gao et al., 2018).
However, our results showed that the intracellular
Ca21 level was downregulated by tilmicosin. Transport
of ions across the cellular membrane depends on the ac-
tivity of several ATPases on the cell membrane. Our
further investigation demonstrated that the activities
of Ca21-ATPase and Na1-K1-ATPase were negatively
affected by tilmicosin, resulting in impaired calcium
(Ca21) handling. This is inconsistent with the reported
features of the antibiotics monensin and maduramicin
(Zhang et al., 2011; Gao et al., 2018). Maintenance of
a proportional calcium level in myocardial cells is funda-
mental to activation of the mitochondrial respiratory
chain, ATP production, and myocardium contraction
(Suarez et al., 2018; El Hadi et al., 2019). Therefore, til-
micosin may inhibit the activities of these ATPases and
then destroy the intracellular ion balance, intervening in
heart contraction. ATP4B, the b subunit of the H1/K1

ATPase, serves as a proton pump and regulator of oxida-
tive phosphorylation and is responsible for gastric acid
secretion during digestion (Lin et al., 2017). A recent
work showed that cigarette smoke extracts led to an in-
crease in the H1/K1 ATPase level in the stomach,
accompanied by some heart problems, such as human
heart atrial fibrillation (Hammadi et al., 2009).
ATP4Bmay serve as a potential route by which smoking
contributes to heart problems. However, whether
ATP4B is expressed in the heart is unclear. To the
best of our knowledge, through RNA-Seq and Western
blot analysis, our study is the first to show the expression
of ATP4B in myocardial cells. In addition, ATP4B may
exert a cardioprotective effect through regulating intra-
cellular ionic homeostasis and supplying cellular energy,
considering its high expression during the recovery
period (48 h) of tilmicosin injury, which is also consistent
with that of the predicted gene-phenotype relationship
between ATP4B and heart problems (Woods et al.,
2013).
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Overproduction of ROS results in disordered cell func-
tions and induces different pathological lesions. Several
reports have documented the substantial effect of tilmi-
cosin treatment on oxidative stress in heart tissue,
including an increase in MDA levels and a decline in
GSH-PX levels (Kart et al., 2007; Cetin et al., 2011;
Ibrahim and Abdel-Daim, 2015; Oda and Derbalah,
2018). MDA, a byproduct of lipid peroxidation, is a lipid
peroxidation marker in cell membranes (De Zwart et al.,
1999). GSH is a major constituent of the cellular antiox-
idant system that scavenges detrimental free radicals
generated by oxidative stress (Wu et al., 2004). All of
these functions are involved in the cascade of events
leading to tilmicosin-mediated cardiotoxicity. Consis-
tently, this study in chicken myocardial cells showed
the same characteristic oxidative stress/peroxidation
resulting from free radical production, although no
decrease in GSH-PX was observed. Cyclooxygenase ex-
ists in 2 isoforms in the heart tissue: cyclooxygenase-1
(COX-1) and cyclooxygenase-2 (COX-2). COX-1 is
constitutively expressed in cells and tissues to maintain
the normal homeostasis (Zidar et al., 2007). Gastric
damage is the initial result of the uncoupling of oxidative
phosphorylation with simultaneous COX inhibition
(Griswold and Adams, 1996). COX-1 mRNA expression
was upregulated significantly after 12 h of exposure to
tilmicosin according to our RNA-Seq results, while
COX-1 protein levels were not altered until 48 h of tilmi-
cosin exposure, when myocardial cells were recovering
from drug damage. Taken together, these results show
that intracellular imbalance between oxidation and
oxidation resistance and the regulation of oxidative
phosphorylation homeostasis by COX-1 are involved in
tilmicosin-induced cytotoxicity and the mechanism of
self-protection in chicken myocardial cells, respectively.

Analysis of the DEGs identified by RNA-Seq also sug-
gested the occurrence of ferroptosis and generation of
phagosomes, which was confirmed by our morphological
observation. Ferroptosis, a newly identified form of non-
apoptotic regulated cell death characterized by smaller
mitochondria with an increased membrane density and
decreased cristae, was observed in tilmicosin-damaged
myocardial cells for the first time (Lei et al., 2019;
Tang et al., 2019). Peroxidation can trigger ferroptosis
in cells when toxic lipid peroxides are induced by gluta-
thione peroxidase 4 in the absence of GSH (Lei et al.,
2019). This is consistent with our data showing an in-
crease in MDA, indicating insufficient GSH, in spite of
an increase in GSH-PX. However, the mechanistic de-
tails of lipid peroxide formation remain to be further
investigated. In addition, autophagy is a highly
conserved intracellular degradation system that is essen-
tial for intracellular homeostasis in the cardiovascular
system. Its dysregulation contributes to major cardio-
vascular disorders, including heart failure and athero-
sclerosis (Mialet-Perez et al., 2017). After tilmicosin
administration, autophagy was increased in chicken
myocardial cells, which indicates the drug-induced
degeneration at prophase and the clearance of damaged
proteins and organelles during the period of cellular
recovery. During autophagy, the autophagosome, a
double-membrane structure, is produced and finally
transported to the lysosome for digestion (Su et al.,
2011; Hu et al., 2015). In addition to differential tran-
scription of genes related to the phagosome, high expres-
sion of the ATP6V1G3 gene, which is responsible for H1

transport via ATPase in the lysosome, indicated auto-
phagy in tilmicosin-treated myocardial cells. In parallel,
cytopathological findings and the results of biochemical
analysis also revealed the cardiotoxicity of tilmicosin in
this study. These negative effects could still be observed
after 48 h of tilmicosin administration.
Most previous studies have focused on tilmicosin-

mediated injury, and there have been no reports about
the cellular resistance mechanism in response to tilmico-
sin toxicity. Inflammation is a common response to
different situations of stress, including pharmacological
activity, cancer, and infection (Gao et al., 2018;
Jim�enez-Martínez et al., 2019). In these processes, the
MAPK family plays an important role in regulating
cytokine secretion, proliferation, survival, and apoptosis
(Jim�enez-Martínez et al., 2019). In this study, the in-
flammatory response was stimulated by tilmicosin, as
characterized by an increase in IL-22, TNF-a, and
IFN-a. DEG analysis demonstrated that MAPK
signaling was one of the most activated pathways. West-
ern blotting further confirmed that the positive regulator
MAPK12 was significantly induced beginning at 12 h of
tilmicosin exposure and that this induction was main-
tained for 48 h, while the negative regulator DUSP10
was inhibited at 12 h, and its level had returned to
that before the experiment. MAPK12 functions up-
stream of S-type anion channel activation and down-
stream of ROS production and regulates cytosolic
alkalization and cytoplasmic Ca21 disorder in cells
(Khokon et al., 2015). MAPK12 also acts as a cyclin-
dependent kinase–like kinase and cooperates with
cyclin-dependent kinase, regulating entry into the cell
cycle (Tom�as-Loba et al., 2019). During the activity of
tilmicosin, the upregulation of MAPK12 may play an
essential role in maintaining cell conditions and promot-
ing cell proliferation. Meanwhile, DUSP10 has been re-
ported to be a MAPK phosphatase that negatively
regulates p38 MAPK activity in several cellular types
and tissues, leading to the downregulation of inflamma-
tory mediators such as TNF-a and different interleukins
and interferons (Zhang et al., 2004; Keyse et al., 2008;
Hommo et al., 2015). Our results suggested that
DUSP10 expression was significantly restricted at 12 h,
accelerating MAPK12 activity, and then restored at
48 h to limit excessive inflammation. Furthermore, the
positive regulators of oxidative phosphorylation COX-
1 and ATP4B also play indispensable roles in the process
of toxic resistance.
In conclusion, as revealed with the tools of RNA-Seq

technology and GO and KEGG pathway enrichment an-
alyses, tilmicosin-induced cardiac injury in primary
chicken myocardial cells clearly involves the proinflam-
matory response, intracellular ion imbalance, peroxida-
tion, and ferroptosis, and toxicity resistance to
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tilmicosin involves the active regulation of oxidative
phosphorylation and anti-inflammatory response. All
verification experiments with RT-PCR and all other
involved techniques in this study also validated the
RNA-Seq results. This is the first study to explore
tilmicosin-induced cardiotoxicity from the perspective
of the transcriptome in primary chickenmyocardial cells.
Our investigations will contribute to a comprehensive
understanding of the toxicological mechanism of tilmico-
sin and the development of predictive markers and ther-
apeutic options for tilmicosin-induced cardiotoxicity in
chicken. However, in vivo studies needed to be per-
formed to further validate them.
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