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Abstract. Doxorubicin (DOX) is an efficacious antineoplastic
drug; however, its use is limited due to its cardiotoxicity.
Cardiomyocyte senescence is considered to be a key factor in
the development of DOX-related cardiomyopathy. Complement
component 5a (C5a) and the C5a receptor (C5aR) have been
reported to play a key role in the process of cellular senescence.
However, to the best of our knowledge, the exact role of C5a
and C5aR in cellular senescence in the heart remains largely
unknown. Reverse transcription-quantitative (RT-q)PCR and
western blot assays were used to analyze the expression levels
of C5a and C5aR in H9¢c2 embryonic rat cardiomyocytes and
AC16 human cardiomyocyte-like cells. The cells were treated
with DOX and a C5aR antagonist (C5aRA). The expression of
TNF-o and IFN-y was determined using ELISA and western
blotting. The levels of reactive oxygen species (ROS) were also
measured using ELISA. Cellular senescence was determined
using senescence-associated P-galactosidase (SA-f-gal)
staining and by analyzing the protein expression levels of
p53, pl6, p21 and insulin-like growth factor-binding protein 3
(IGFBP3). The expression levels of C5a and C5aR were found
to be upregulated during the DOX-induced senescence of H9¢c2
and AC16 cardiomyocytes. Treatment with C5aRA downregu-
lated TNF-a and IFN-y expression, in addition to ROS levels.
Furthermore, C5aRA prevented DOX-induced cellular senes-
cence and decreased the levels of positive SA-3-gal staining in
HO9c2 and ACI6 cardiomyocytes, in addition to downregulating
the expression levels of p53, p16, p21 and IGFBP3. C5aRA
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also increased the telomere length and telomerase activity in
HO9c2 and AC16 cardiomyocytes following DOX stimulation. In
conclusion, the findings of the present study indicated that C5a
and C5aR may play a key role in cardiomyocyte senescence,
and treatment with C5aRA may be an effective method for
preventing DOX-induced cardiomyocyte aging.

Introduction

Cardiovascular disease is currently the leading cause of mortality
in humans (1). Cellular senescence is defined as a state of cell
cycle arrest that has the potential to promote tissue remodeling,
and is involved in developmental and injury responses (2).
Cellular senescence decreases tissue regenerative capacity
and function, and induces inflammation and pathological
remodeling of aged organs (3). Cardiomyocytes are particularly
vulnerable to oxidative damage due to the lack of biochemical
reserves required for successful antioxidant action (4).

Doxorubicin (DOX) is one of the most widely and success-
fully used antitumor agents in the clinical setting; however,
its cumulative and dose-dependent cardiotoxicity has been a
major concern over the previous decades and limits its use as
a therapeutic agent (5). Despite the progress made over the past
few decades in elucidating DOX-induced cardiomyopathy, the
underlying mechanisms remain poorly understood. Oxidative
stress, inflammation and apoptosis were found to be responsible
for the induction of cardiotoxicity by DOX and contributed to
increased levels of cardiomyocyte senescence, which led, at
least in part, to heart remodeling and impairment of cardiac
function (6). Therefore, identifying more specific strategies for
protect patients against DOX-induced cardiotoxicity remains a
priority. DOX-induced oxidative stress in H9¢2 cardiomyocytes
represents a senescent phenotype similar to the cardiomyocyte
characteristics observed in senescent rats (7).

The complement system is a central component that
participates in the activation of innate immunity, inflammation
and tissue remodeling. The complement activation product
complement component 5a (C5a) is a potent chemoattractant
involved in recruiting inflammatory cells, such as neutrophils,
eosinophils, monocytes and T lymphocytes, inactivating
phagocytes, promoting the release of granulocytes and
generating oxidants (8). C5a can bind to the C5a receptor
(C5aR), which has been reported to be an essential modulator
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of the inflammatory response (9). The C5a/C5aR signaling
pathway can activate inflammatory nuclear factor-xB, which
may lead to the direct release of proinflammatory cytokines
and chemokines (10,11). C5aR signaling was discovered to play
a key role in certain inflammation-related diseases, including
acute kidney injury (12), adipose tissue inflammation (13) and
cardiovascular fibrosis (14), by inducing inflammatory responses
and increasing the release of inflammation-associated cytokines.
The C5a/C5aR signaling pathway was also demonstrated to
play an important role as a mediator of a wide range of other
inflammation-related diseases, such as spinal cord injury (15),
asthma (16) and myocardial ischemic injury (17). However,
the role of C5a and C5aR in DOX-induced cardiomyocyte
senescence remains unclear; therefore, the present study was
undertaken to investigate the effects of C5a and C5aR on
DOX-induced cardiomyocyte senescence.

Materials and methods

Cell culture and treatments. The H9c2 rat embryonic cardiac cell
line and AC16 human cardiomyocyte-like cells were purchased
from The Cell Bank of Type Culture Collection of The Chinese
Academy of Sciences. The cells were cultured in DMEM
supplemented with 10% FBS (both from Sigma-Aldrich; Merck
KGaA) and 100 mg/ml penicillin/streptomycin, and maintained
in a humidified atmosphere of 5% CO, at 37°C.

DOX (Sangon Biotech Co., Ltd.) was dissolved in DMSO and
diluted with cell culture serum-free medium (Sigma-Aldrich;
Merck KGaA) to achieve a final concentration of 0.1 M (18).
The C5aR antagonist (C5aRA; Shanghai Jier Biochemistry Inc.)
was dissolved in DMSO and diluted with cell culture serum-free
medium (Sigma-Aldrich; Merck KGaA) to a final concentration
of 2.5 ug/ml.

Reverse transcription-quantitative (RT-q) PCR analysis. Total
RNA was extracted from H9¢2 and ACI16 cells using a RNeasy
Fibrous Tissue Mini kit (Qiagen, Inc.). Total RNA (1 pg) was
reverse-transcribed into cDNA using random hexamers and
SuperScript III Reverse Transcriptase (Invitrogen; Thermo
Fisher Scientific, Inc.) under the manufacturer's protocol. gPCR
was subsequently performed on a LightCycler® instrument
(Roche Diagnostics) using a QuantiTect SYBR-Green PCR kit
(Qiagen, Inc.) by pre-denaturation at 95°C for 3 min, denaturation
at 95°C for 40 cycles of 15 sec, annealing at 58°C for 1 min and
extension at 72°C for 30 sec. Relative gene expression levels were
quantified using the 2224 method (19) and were normalized to
GAPDH. The following primers were used for the gPCR: C5a
forward, 5" ATTGGGAAGGCTACACATGA-3" and reverse,
5S“TGCCTTGACAGTATCAGCAA-3'; C5aR forward, 5-GAG
CCCAGGAGACCAGAACATG-3' and reverse, 5-TACATG
TTGAGCAGGATGAGGGA-3'; and GAPDH forward, 5-TGT
GTCCGTCGTGGATCTGA-3' and reverse, 5'-CCTGCTTCA
CCACCTTCTTGA-3.

Western blotting. Cells were digested with trypsin and total
protein was extracted from cells using RIPA lysis buffer
(Beyotime Institute of Biotechnology). The protein concen-
tration was measured with a bicinchoninic acid protein
(BCA) assay kit (Beyotime Institute of Biotechnology). Total
protein was adjusted to a concentration of 1 mg/ml and 10 pl

protein/lane was separated via SDS-PAGE on 12% gel for
90 min, then transferred to PVDF membranes for 90 min. The
membranes were subsequently blocked with 5% skimmed milk
for 2 h at room temperature, and after washing thrice with
Tris-buffered saline Tween-20 (0.1%, TBST), the membranes
were incubated with the following antibodies at 4°C over-
night: Anti-C5a (1:1,000; cat. no. sc-52636; Santa Cruz
Biotechnology, Inc.), anti-C5aR (1:1,000; cat. no. sc-53797;
Santa Cruz Biotechnology, Inc.), anti-p53 (1:1,000; cat.
no. ab26; Abcam), anti-p21 (1:1,000; cat. no. ab109520;
Abcam), anti-pl6 (1:1,000; cat. no. ab51243; Abcam),
anti-insulin-like growth factor-binding protein 3 (IGFBP3;
1:1,000; cat. no. ab220429; Abcam), anti-IFN-y (1:1,000; cat.
no. sc-12755; Santa Cruz Biotechnology, Inc.), anti-TNF-a
(1:1,000; cat. no. sc-12744; Santa Cruz Biotechnology, Inc.)
and anti-GAPDH (1:1,000; cat. no. sc-47724; Santa Cruz
Biotechnology, Inc.). Following incubation with the primary
antibody, the membranes were washed thrice with TBST
and incubated with horseradish peroxidase-conjugated
anti-mouse IgG (1:2,000; cat. no. 7076; Cell Signaling
Technology, Inc.) or anti-rabbit IgG (1:2,000; cat. no. 7074;
Cell Signaling Technology, Inc.) secondary antibodies for 1 h
at room temperature. Protein bands were visualized using a
FluorChem E system (Hot Technology Co., Ltd.) after the
membranes were washed thrice with TBST. The protein
bands were visualized by luminescent reagents (Santa Cruz
Biotechnology, Inc.) and analyzed using ImageJ software
(version 1.43; National Institutes of Health).

Reactive oxygen species (ROS) assay. ROS levels were
analyzed using a ROS Assay kit (Beyotime Institute of
Biotechnology), according to the manufacturer's protocol.
Briefly, a total of H9¢2 or AC16 1x10* cells/well were seeded
into 24-well sterile culture plates and treated with 0.1 uM
DOX and/or 2.5 pg/ml C5aRA for 24 h at 37°C. Cells were
subsequently washed thrice with phosphate buffered saline
(PBS; cat no. C0221A; Beyotime Institute of Biotechnology)
to remove any drug that did not enter the cells. Finally, a total
of 1x10° cells per three fields of view were imaged using a
fluorescence microscope under x20 magnification.

ELISA. The concentrations of TNF-a and IFN-vy secreted into
the cell culture media were measured using ELISA kits (cat
nos. PT518 and PI511; Beyotime Institute of Biotechnology),
according to the manufacturer's protocols. The absorbance
was measured at a wavelength of 450 nm on a FlexStation
3 Multi-Mode microplate reader (Molecular Devices, LLC).
Experiments were repeated in triplicate.

Senescence-associated 3-galactosidase (SA-S-Gal) staining.
SA-B-Gal staining was performed using a SA-f-Gal Staining
kit (cat no. C0602; Beyotime Institute of Biotechnology)
according to the manufacturer's protocol. Briefly, H9¢c2 and
AC16 cardiomyocytes were fixed with 4% formaldehyde at
room temperature for 15 min and then washed three times
with PBS for 3 mins each time. Subsequently, the cells were
incubated with freshly prepared SA-f-gal staining solution
overnight at 37°C without CO,. Stained cells were visualized
using an inverted microscope (magnification, x200; Olympus
Corporation).
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Figure 1. C5a and C5aR expression levels are upregulated in DOX-induced cardiomyocytes. Analysis of C5a and C5aR (A) mRNA and (B) protein expression
levels in H9¢2 cardiomyocytes with or without 0.1 xM DOX treatment. Analysis of C5a and C5aR (C) mRNA and (D) protein expression levels in AC16
cardiomyocytes with or without 0.1 xM DOX treatment. The results are representative of at least three independent experiments. “P<0.01 and *“P<0.001
vs. control group. C5a, complement component 5a; C5aR, complement component 5a receptor; DOX, doxorubicin.

Measurement of relative telomere length. Quantification of the
relevant telomere lengths in H9¢2 and AC16 cardiomyocytes
was performed using qPCR according to a previously described
method (20). GAPDH was used as the control gene for
normalization. The primer pairs used to measure the telomere
length were as follows: Forward 5-GGTTTTTGAGGGTGA
GGGTGAGGGTGAGGGTGA-3' and reverse 5-TCCCGACTA
TCCCTATCCCTATCCCTATCCCTATCC-3".

Measurement of relative telomerase activity. The telomerase
activity in H9¢2 and AC16 cardiomyocytes was analyzed using
the TeloTAGGG™ Telomerase PCR ELISA PLUS kit (cat
no. 11854666910; Roche Applied Science), according to the
manufacturer's protocol. Briefly, cell lysates were centrifuged
at 4°C and 12,000 x g for 20 min, then 3 pl inactivated cell
lysate was used to amplify each telomere replicate. Inactivated
cell lysates were used for the telomeric repeat amplification
protocol (TRAP) reaction, according to the manufacturer's
protocol (Roche Applied Science). An internal control from the
kit was used along with each TRAP reaction to verify the lack
of the presence of any PCR inhibitors. Amplification products
were fixed in microtiter plates labeled with streptavidin via
biotin-streptavidin interactions, and ELISA was performed by
incubation with peroxidase-conjugated anti-dioxin antibodies
for 30 min at 25°C (100 ul working solution; provided in the kit).
After addition of the peroxidase substrate (3,3',5,5-tetrameth-
ylbenzidine), the amount of TRAP product was determined by
measuring the absorbance at a wavelength of 450 nm using a
microplate reader.

Statistical analysis. Data are presented as the mean + standard
deviation from three independent experiments. Statistical
differences between more than two groups were analyzed using
one-way ANOVA followed by a Tukey's multiple comparisons
test. Comparisons between two groups were performed using a
paired Student's t-test. P<0.05 was considered to indicate a statis-
tically significant difference. Statistical analysis was performed
using GraphPad Prism 6.0 software (GraphPad Software, Inc.).

Results

C5a and C5aR expression levels are upregulated in
DOX-induced H9c2 and ACI6 cardiomyocytes. The expression
levels of C5a and C5aR in H9c2 rat embryonic cardiomyocytes
and AC16 human cardiomyocyte-like cells following exposure
to 0.1 umol/l DOX were analyzed using RT-qPCR analysis
and western blotting. The results revealed that DOX treatment
significantly upregulated the mRNA and protein expression
levels of C5a and C5aR in both H9¢2 and AC16 cardiomyocytes
(Fig. 1). These results indicated that C5a and C5aR may play a
role in DOX-induced cardiomyocytes.

CaSRA inhibits the DOX-induced upregulation of TNF-o. and
IFN-y expression and increases ROS levels in H9c2 and AC16
cardiomyocytes. To determine the function of C5a and C5aR
in DOX-induced cardiomyocytes, H9c2 and AC16 cardio-
myocytes were treated with C5aRA and DOX. The protein and
mRNA expression levels of C5a and C5aR were downregulated
following co-treatment with C5aRA and DOX compared with
the DOX group (Fig. 2A and B). Furthermore, the expres-
sion levels of TNF-a and IFN-y and the levels of ROS were
significantly increased in DOX-treated H9¢c2 and ACI16 cardio-
myocytes compared with the control group, whereas treatment
with C5aRA effectively reduced the DOX-induced effects
(Fig. 2C-F). These results suggested that C5aRA may inhibit
inflammation in DOX-induced cardiomyocytes.

C5aRA protects H9¢2 and ACI6 cardiomyocytes against
DOX-induced senescence. To determine the roles of C5a and
C5aR in DOX-induced cardiomyocyte senescence, SA-3-gal
staining was performed to assess cell aging. The treatment
of H9¢2 and ACI16 cardiomyocytes with DOX significantly
increased the percentage of senescent cells, while C5aRA
treatment significantly reversed this effect (Fig. 3A and B).
In addition, the protein expression levels of p53, p16, p21 and
IGFBP3 were upregulated in DOX-treated H9¢2 and AC16
cardiomyocytes compared with the control group, while
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Figure 2. C5aRA inhibits inflammation in DOX-induced cardiomyocytes. (A and B) Expression levels of C5a and C5aR in H9¢2 and AC16 cardiomyocytes as
determined using reverse transcription-quantitative PCR analysis and western blotting. TNF-a, IFN-y and ROS levels in (C and D) H9¢2 and (E and F) AC16
cardiomyocytes were measured using ELISA. The results are representative of at least three independent experiments. ““P<0.001 vs. control group; *P<0.01
and ""P<0.001 vs. DOX group. C5aRA, complement component 5a receptor antagonist; C5a, complement component 5a; C5aR, complement component 5a
receptor; DOX, doxorubicin; ROS, reactive oxygen species.

pretreatment with C5aRA antagonized the effects induced by
DOX (Fig. 3C and D). These results suggested that C5aRA may
protect H9¢2 and AC16 cardiomyocytes against DOX-induced

senescence.

C5aRA inhibits the DOX-induced reduction in telomere length
and telomerase activity in H9¢2 and ACI6 cardiomyocytes.
To further validate the role of C5a and C5aR in DOX-induced

cardiomyocyte senescence, both the telomere length and
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Figure 3. C5aRA protects H9¢c2 and AC16 cardiomyocytes against DOX-induced senescence. (A and B) Representative images of the co-staining for
SA-B-gal-positive cells. Magnification, x200. Scale bar, 50 pm. Arrows indicate positive cells. (C and D) Analysis of pS3, p16, p21 and IGFBP3 protein expres-
sion levels. The results are representative of at least three independent experiments. ““P<0.001 vs. control group; “P<0.01 and "*P<0.001 vs. DOX group.
C5aRA, complement component 5a receptor antagonist; DOX, doxorubicin; SA-3-gal, senescence-associated -galactosidase; IGFBP3, insulin-like growth

factor binding protein 3.

telomerase activity were measured in cardiomyocytes. Changes
in telomere length and telomerase activity have been suggested
to be potential biomarkers of aging (21). As shown in Fig. 4,
C5aRA treatment markedly increased the telomere length
and telomerase activity, whereas the telomerase activity was
decreased in both H9¢2 and AC16 cardiomyocytes following
exposure to DOX. These results indicated that DOX treatment
may induce telomere shortening and decrease telomerase
activity, which may be alleviated by treatment with C5aRA.

Discussion

DOX is a widely used and potent anticancer agent; however,
dose-dependent DOX-induced cardiotoxicity significantly
limits its use in clinical practice (22). DOX was discovered
to induce a senescent-like phenotype in cardiomyocytes and
DOX-induced cytotoxicity may promote the progression of
cellular senescence (23). Thus, there is great value in identifying
effective therapies for suppressing cardiomyocyte senescence in
order to prevent DOX-induced cardiotoxicity.

Components of the complement system have emerged
as crucial mediators of tumor progression (24). Products
of complement activation are known to maintain
long-term inflammation, facilitate an immunosuppressive
microenvironment, induce angiogenesis and enhance the

migratory and metastatic potential of cancer cells (25). Recent
in-depth studies on the role of C5a in cancer have provided
novel insight into the potential development of biomarkers
and therapeutic approaches targeting C5a. C5a was found
to play a crucial role in the suppression of joint and skin
autoimmune inflammation mediated by neutrophils (26). The
inhibition of C5aR was also reported to be a substitute for
the use of oral glucocorticoids, as C5a was identified to be an
important inflammatory mediator in anti-neutrophil cytoplasm
antibody-associated vascular inflammation (27). Thus, the role
of C5a and C5aR in cardiomyocyte senescence was further
investigated in the present study. The findings demonstrated that
the expression levels of C5a and C5aR were upregulated in both
HO9c2 and AC16 cardiomyocytes following DOX stimulation.
Subsequently, the effects of C5a and C5aR on cardiomyocyte
senescence were determined.

C5aRA blocks the binding of the C5a antitoxin with its
receptor, C5aR, and was discovered to be one of the most effec-
tive agents in the treatment of various autoimmune diseases
and acute inflammatory conditions (28,29). A previous study
suggested that inhibition of C5aR may hold promise as a
therapeutic strategy for preventing organ injury in angiotensin
II-induced hypertension (30). The results of the present study
revealed that treatment of cardiomyocytes with C5aRA down-
regulated the expression levels of C5a and C5aR following
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Figure 4. Treatment with C5aRA protects H9¢2 and AC16 cardiomyocytes against DOX-induced senescence. (A) Analysis of telomere length in H9c2
cardiomyocytes was performed using RT-qPCR. (B) Relative telomerase activity in H9c2 cardiomyocytes was measured using the TRAP assay. (C) Analysis
of telomere length in AC16 cardiomyocytes was performed using RT-qPCR. (D) Relative telomerase activity in AC16 cardiomyocytes was measured using
the TRAP assay. “P<0.05 vs. control group; “P<0.05 vs. DOX group. C5aR A, complement component 5a receptor antagonist; DOX, doxorubicin; RT-qPCR,
reverse transcription-quantitative PCR; TRAP, telomeric repeat amplification protocol.

DOX treatment. In addition, the increased levels of inflamma-
tory factors and ROS induced by DOX stimulation were also
reduced following treatment with C5aRA.

The presence of low-grade inflammation has been recognized
as a defining characteristic of aging (31). In the present study,
two different characteristics of aging (telomere shortening
and reduced telomerase activity) were further analyzed. The
results demonstrated that DOX treatment upregulated the levels
of SA-p-gal, the expression levels of the cell cycle inhibitor
proteins, p53, p16 and p21, and the expression levels of IGFBP3.
These effects were reversed following the co-culture with
C5aRA. Telomere shortening and reduced telomerase activity
in humans were also identified to be predictive markers of aging
and disease (32-34). Thus, the telomere length and telomerase
activity in cardiomyocytes were analyzed in the present study.
The results revealed that treatment with Ca5RA suppressed
the DOX-induced decrease in telomere length and telomerase
activity in cardiomyocytes.

In conclusion, the findings of the present study revealed
that the expression levels of C5a and C5aR were upregulated
in DOX-induced cardiomyocytes, while treatment with
C5aRA inhibited DOX-induced cardiomyocyte senescence.
These findings suggest that C5a and C5aR may play a
key role in DOX-induced cardiomyocyte senescence and
provide a theoretical basis for future clinical applications.
C5aRA treatment may be an effective method for protecting

cardiomyocytes against DOX-induced senescence and may
prove to be of value as a cardioprotective agent. However, a
limitation of the present study is the lack of further validation in
animal experiments and clinical samples, which will addressed
in future studies.
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