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Background. Interleukin-16 (IL-16) is an important inflammatory regulator and has been shown to have a powerful effect on the
regulation of the inflammatory response. Cardiac inflammation has been reported to be closely related to doxorubicin- (DOX-)
induced cardiac injury. In this study, the role of IL-16 in DOX-induced cardiac injury and the possible mechanisms were
examined. Methods. Cardiac IL-16 levels were first measured in DOX- or saline-treated mice. Additionally, mice were pretreated
with the anti-IL-16-neutralizing antibody (nAb) or isotype IgG for 1 day and further administered DOX or saline for 5 days.
Then, cardiac injury, cardiac M1 macrophage levels, and cardiomyocyte apoptosis were analyzed. The effects of the anti-IL-16
nAb on macrophage differentiation and cardiomyocyte apoptosis were also investigated in vitro. Results. DOX administration
increased IL-16 expression in cardiac macrophages compared with that of saline treatment. The anti-IL-16 nAb significantly
decreased serum levels of lactate dehydrogenase (LDH), myocardial-bound creatine kinase (CK-MB), and cardiac troponin T
(cTnT) and elevated cardiac function in DOX-induced mice. Treatment with the anti-IL-16 nAb also reduced p65 pathway
activation, decreased M1 macrophage-related marker and cytokine expression, and protected against cardiomyocyte apoptosis in
DOX-induced mice. In cell studies, the anti-IL-16 nAb also reduced DOX-induced M1 macrophage differentiation and
alleviated apoptosis in cardiomyocytes cocultured with macrophages. Conclusions. The anti-IL-16 nAb protects against DOX-
induced cardiac injury by reducing cardiac inflammation, and IL-16 may be a promising target to prevent DOX-related cardiac
injury.

1. Introduction

As a drug that has been widely used in clinical chemotherapy,
doxorubicin (DOX) has slowly been withdrawn as a frontline
treatment due to severe cardiotoxicity and cardiac injury and
further grave clinical consequences [1, 2]. A variety of path-
ological injury factors, including inflammatory response, oxi-
dative stress, excessive apoptosis, and energy metabolic
failure, have been found to be involved in the progression
of DOX-induced cardiotoxicity and cardiac injury [1–4].
Studies have shown that immune cell activation and the

release of numerous inflammation-related substances play
crucial roles in DOX-induced cardiotoxicity and cardiac
injury [2–4].

Interleukin-16 (IL-16) is an important proinflammatory
cytokine that can be secreted by immune cells, including acti-
vated T lymphocytes and macrophages, as well as nonim-
mune cells, such as mast cells and epithelial cells [5–7]. IL-
16 was originally considered to be a chemokine associated
with CD4+ T lymphocytes; however, there have now been a
considerable number of studies indicating that IL-16 also
mediates the chemotactic activity and/or differentiation of
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macrophages, monocytes, and mast cells [6–12]. IL-16 is
involved in signal regulation by activating a variety of signal-
ing pathways, including the phosphatidylinositol 3-kinase
(PI3K), nuclear factor kappa-B (NF-κB) p65, stress-
activated protein kinase (SAPK), and mitogen-activated pro-
tein kinase (MAPK) pathways [13–15].

IL-16 has been demonstrated to be involved in the pro-
gression of a variety of diseases, including colitis, allergic
reactions, pneumonia, tumors, and spinal cord injuries, by
regulating the immune and inflammatory responses [5, 7, 8,
10–13]. However, the association between IL-16 and cardio-
vascular disease has not been thoroughly reported. In an
early study, the IL-16 TG/GG genotypes of rs11556218 T/G
were reported to significantly increase the incidence of coro-
nary artery disease [16]. Another study reported that elevated
IL-16 was associated with a reduced incidence of cardiovas-
cular events in patients with carotid atherosclerosis [17]. Cir-
culating IL-16 levels were found to be elevated in chronic
heart failure (CHF) patients with preserved left ventricular
(LV) ejection fraction (LVEF), while IL-16 overexpression
increased cardiac macrophage infiltration and exacerbated
cardiac fibrosis in angiotensin II- (Ang II-) infused mice,
and IL-16 neutralization had the opposite effects [18]. How-
ever, whether IL-16 is involved in DOX-induced cardiac
injury via regulating cardiac inflammation remains unclear.
In this study, we examined the effect of an anti-IL-16-neu-
tralizing antibody (nAb) on DOX-induced cardiac injury
and inflammation and attempted to explain its possible
mechanisms.

2. Materials and Methods

2.1. Mice and Treatments. Male wild-type (WT) mice with a
C57BL/6 background were ordered from Beijing Vital River
Laboratory Animal Technology, housed in a pathogen-free
mouse room (temperature: 23 ± 1°C; 12 hours light/12 hours
dark) at Beijing Anzhen Hospital and received water ad libi-
tum from the Animal Care Facility Service. Mice aged 9-10
weeks and weighing 24.5-25.5 g were used in this study. First,
the mice were administered 15mg/kg DOX by a single intra-
peritoneal injection, and mice were administered saline as a
control (N = 10 for each group). Then, cardiac IL-16 expres-
sion was measured 5 days later. Additionally, the mice were
pretreated with 200μg of mouse anti-IL-16 nAb or the same
amount of isotype IgG for 1 day and then treated with DOX
or saline for 5 days (N = 10 for each group) [18]. The body
weight (BW) was measured at different time points before
and after DOX administration, and heart weight (HW) and
tibia length (TL) were measured after the mice were eutha-
nized. The use of mice and the study were approved by the
Ethics Committee of Beijing Anzhen Hospital.

2.2. Analysis of Cardiac Function. After the mice were anes-
thetized using 1.5%-2% isoflurane, echocardiography was
performed, and M-mode images of the left ventricle at the
papillary muscle level were recorded for 5 cardiac cycles.
Then, the heart rate (HR), LVEF, and fractional shortening
(FS) data were analyzed. Next, a microtip catheter transducer
was inserted into the carotid artery and further inserted into

the left ventricle, and readings of the maximal slopes of the
systolic pressure increment (+dp/dt max) and the diastolic
pressure decrement (-dp/dt max) in 10 cardiac cycles were
collected and analyzed.

2.3. Cell Experiments and Treatments. CTLL-2T lympho-
cytes, RAW264.7 macrophages, DC2.4 dendritic cells, and
HL-1 cardiomyocytes were all purchased from ATCC
(USA) and cultured in RPMI 1640 medium containing 10%
fetal bovine serum and antibiotics at 37°C and 5% CO2. First,
the cells were treated with 1μM DOX or saline for 12 hours,
and then, the IL-16 mRNA levels in each group of cells were
measured. Anti-IL-16 nAb- or IgG-treated RAW264.7 mac-
rophages were administered DOX or saline, and nuclear p-
p65 expression, CD80 and inducible nitric oxide synthase
(iNOS) mRNA expression levels, and CD80 protein expres-
sion in macrophages were measured. Furthermore, HL-1 car-
diomyocytes were cocultured with RAW264.7 macrophages,
and the protein levels of Bax, Bcl-2, and cleaved caspase-3 in
HL-1 cardiomyocytes were measured.

2.4. Analysis of Serum IL-16 and Cardiac Injury Marker
Levels. Serum was obtained from each blood sample, and a
mouse enzyme-linked immunosorbent assay (ELISA, Neo-
Bioscience, China) kit was used to determine serum IL-16
levels according to the manufacturer’s instructions. Addi-
tionally, serum cardiac injury markers, including lactate
dehydrogenase (LDH), myocardial-bound creatine kinase
(CK-MB), and cardiac troponin T (cTnT), were analyzed
using kits according to the experimental procedure provided
by the manufacturer.

2.5. Nuclear and Cytoplasmic Separation and Western
Blotting. The cytoplasm and nuclei in LV tissue and
RAW264.7 macrophages were isolated using a nuclear sepa-
ration kit (Njjcbio) according to a previously described pro-
tocol [19]. Briefly, homogenate was collected from LV
tissue and cells that were lysed in lysis buffer and further cen-
trifuged at 1000× g for 10 minutes. The pellets in the bottoms
of the tubes contained the nuclei, and the supernatant con-
tained the cytoplasm.

After the cytoplasm, nuclei, LV tissue, and HL-1 cardio-
myocytes were, respectively, lysed in RIPA lysis buffer con-
taining 10% protease inhibitors and 10% phosphatase
inhibitors, the total protein was obtained and quantitated
using a BCA Protein Assay Kit. After separation by electro-
phoresis on 10% SDS polyacrylamide gels, the proteins were
transferred to PVDF membranes. Then, the protein expres-
sion of IL-16 (Abcam), Bax, Bcl-2, cleaved caspase-3, cas-
pase-3, and GAPDH (all three from GeneTex) in total LV
tissue, the protein expression of p-p65 and GAPDH (both
from Abcam) in the cytoplasm, the protein expression of p-
p65 and PCNA (GeneTex) in the nuclei, and the protein
expression of Bax, Bcl-2, cleaved caspase-3, caspase-3, and
GAPDH in HL-1 cardiomyocytes were measured using pri-
mary antibodies as indicated in parentheses. After further
incubation with the secondary antibodies, the target proteins
were detected and analyzed.

2 Mediators of Inflammation



2.6. Real-Time Quantitative Polymerase Chain Reaction (RT-
qPCR). Total RNAwas isolated from lysed LV tissue and cells
and was further converted to cDNA using a cDNA synthesis
kit (Thermo Fisher). Then, PCR amplification was per-
formed using the SYBR Green PCR master mix (Vazyme)
to determine target mRNA expression. In this study, expres-
sion of the target mRNAs IL-16, tumor necrosis factor α
(TNF-α), IL-1β, IL-6, IL-17, IL-18, interferon-γ (IFN-γ),
monocyte chemotactic protein-1 (MCP-1), CD80, and iNOS
was measured and normalized to the GAPDH mRNA levels.
All gene primers used in this study are listed in Table 1.

2.7. Histological Analysis. Fresh hearts and RAW264.7 mac-
rophages were incubated in 4% paraformaldehyde for 4 days,
embedded in paraffin, and sectioned at thicknesses of 4-6μm.
Then, the vacuolization of cardiomyocytes was measured by
histopathological analysis using hematoxylin and eosin
(HE) staining. Apoptotic cardiomyocytes were measured
using terminal deoxynucleotidyl transferase-mediated dUTP
nick end-labeling (TUNEL) staining. Anti-CD80 and anti-
iNOS antibodies were used for immunohistochemical stain-
ing to detect cardiac CD80 and iNOS protein expression.
Additionally, immunofluorescence staining was performed
using an anti-IL-16 antibody to detect cardiac IL-16 expres-
sion. Double immunofluorescence staining using anti-IL-16
and anti-F4/80 antibodies and anti-CD80 and F4/80 antibod-
ies was performed to measure IL-16 expression in total and
M1 macrophages.

2.8. Statistical Analysis. All data in this study are presented as
the mean ± SD and were analyzed using GraphPad Prism 8.
For the data with homogeneous of variance and normal dis-
tribution, differences between 2 groups were compared using
Student’s t-test and differences among 3 or more groups were
analyzed using ANOVA, followed by Tukey’s multiple com-
parisons test. For the data with heterogeneity of variance or
abnormal distribution, the differences among different
groups were analyzed using a nonparametric test. A p value
of less than 0.05 was considered indicative of a significant dif-
ference between the mean values of the groups.

3. Results

3.1. DOX Administration Promotes IL-16 Release from
Cardiac Macrophages in Mice. The western blot results
showed that DOX increased both cardiac IL-16 expression
and serum IL-16 levels compared with the control condition
(Figure 1(a)). Immunofluorescence staining also showed
increased cardiac IL-16 expression (Figure 1(b)). DOX also
increased IL-16 mRNA levels in dendritic cells, T lympho-
cytes, cardiomyocytes, and especially in macrophages
(Figure 1(c)). Double immunofluorescence staining showed
that IL-16 was produced by cardiac macrophages
(Figure 1(d)).

3.2. Anti-IL-16 nAb Alleviates DOX-Induced Cardiac Injury
and Dysfunction in Mice. The BWs were significantly
decreased in DOX-induced mice, but these changes were
reversed by the anti-IL-16 nAb (Figure 2(a)). The anti-IL-
16 nAb also increased the HWs and the HW/TL ratios in
DOX-induced mice (Figure 2(b)). Lower cardiomyocyte
vacuolization percentages were observed in the IgG DOX
group than in the nAb DOX group (Figure 1(c)). The same
trends in serum cardiac injury markers, including LDH,
CK-MB, and cTnT, were observed (Figure 2(d)). In addition,
DOX administration decreased HR, LVEF, and FS, and the
anti-IL-16 nAb increased HR, LVEF, and FS in DOX-
induced mice, and similar trends in +dp/dt and -dp/dt were
observed. The results are listed in Table 2.

3.3. Anti-IL-16 nAb Inhibits M1 Macrophage Differentiation
in DOX-Induced Mice. First, p65 phosphorylation was mea-
sured, and the results showed that DOX administration
decreased cytoplasmic p-p65 expression and increased
nuclear p-p65 expression, while the anti-IL-16 nAb increased
cytoplasmic p-p65 levels and decreased nuclear p-p65 levels
in DOX-induced mice (Figure 3(a)). Immunohistochemical
staining showed that the anti-IL-16 nAb decreased cardiac
CD80 and iNOS expressions in DOX-induced mice
(Figure 2(b)). Similar trends in the cardiac mRNA expression
of M1 macrophage-related cytokines, including TNF-α, IL-

Table 1: Real-time PCR primer sequences.

Genes Forward primer Reversed primer

Il-16 GCAAGACCAACTCGGTCACT GCCCTTCATCAGCACTATGTT

TNF-α CCCAGGGACCTCTCTCTAATC ATGGGCTACAGGCTTGTCACT

IL-1β GGGCCTCAAAGGAAAGAATC TACCAGTTGGGGAACTCTGC

IL-6 AGTTGCCTTCTTGGGACTGA TCCACGATTTCCCAGAGAAC

IL-12 AGTTTGGCCAGGGTCATTCC TCTCTGGCCGTCTTCACCAT

IL-17 TCCAGAAGGCCCTCAGACTA AGCATCTTCTCGACCCTGAA

IL-18 ATGCTTTCTGGACTCCTGCC GTCTGGTCTGGGGTTCACTG

IFN-γ ACTGGCAAAAGGATGGTGAC TGAGCTCATTGAATGCTTGG

MCP-1 CTTCTGTGCCTGCTGCTCAT CGGAGTTTGGGTTTGCTTGTC

CD80 GGCCTGAAGAAGCATTAGCTG GAGGCTTCACCTAGAGAACCG

iNOS TGACGCTCGGAACTGTAGCA CAGTGATGGCCGACCTGAT

GAPDH AACTTTGGCATTGTGGAAGG CACATTGGGGGTAGGAACAC
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1β, IL-6, IL-17, IL-18, IFN-γ, and MCP-1, were observed
(Figure 3(c)).

3.4. Anti-IL-16 nAb Protects against Cardiomyocyte Apoptosis
in DOX-Induced Mice. Cardiac apoptosis-associated proteins
were measured, and the results showed that the anti-IL-16
nAb decreased both the Bax/Bcl-2 ratios and cleaved cas-
pase-3/caspase-3 ratios in DOX-induced mice (Figure 4(a)).
Furthermore, cardiomyocyte apoptosis was measured, and
the results showed that DOX elevated the number of
TUNEL-positive cells, which was decreased by the anti-IL-
16 nAb (Figure 4(b)).

3.5. Anti-IL-16 nAb Inhibits DOX-Induced M1 Macrophage
and Cardiomyocyte Apoptosis In Vitro. Nuclear p65 activa-
tion in RAW264.7 macrophages was measured, and the
results showed that the anti-IL-16 nAb reversed the DOX-
induced increase in p-p65 expression (Figure 5(a)). More
CD80 expression was observed in the IgG DOX group than

in the anti-IL-16 nAb DOX group (Figure 5(b)). Similar
trends in the mRNA expression of CD80 and iNOS in
RAW264.7 macrophages were observed (Figure 5(c)). In
HL-1 cardiomyocytes, DOX administration increased both
the Bax/Bcl-2 ratios and cleaved caspase-3/caspase-3 ratios,
and the anti-IL-16 nAb exerted the opposite effect in the
absence of DOX (Figure 5(d)).

4. Discussion

The role of IL-16 in cardiovascular disease has rarely been
reported, and the aim of this study was to examine the effects
of IL-16 on DOX-induced cardiac injury and its possible
mechanisms. We found that DOX administration signifi-
cantly increased IL-16 release from cardiac macrophages.
Using an antibody to neutralize IL-16 reduced the expression
of several cardiac injury markers and alleviated cardiac dys-
function in DOX-induced mice. The anti-IL-16 nAb also
decreased M1 macrophage-related markers and cytokine
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Figure 1: Effects of DOX on cardiac IL-16 expression. (a, b) Cardiac IL-16 expression and serum IL-16 levels were measured in the control
and DOX groups (nonparametric test). (c) Cardiac IL-16 expression in the 2 groups was determined by immunofluorescence staining (200x).
(d) Effects of DOX on IL-16 mRNA expression in CTLL-2 T lymphocytes (Lyms), RAW264.7 macrophages (Møs), DC2.4 dendritic cells
(DCs), and HL-1 cardiomyocytes (CMs) (Student’s t-test). (e) Double immunofluorescence staining with anti-F4/80 and anti-IL-16 in
DOX-induced mice (200x). N = 5 in each group. ∗p < 0:05 vs. the control group.
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mRNA expression and decreased cardiomyocyte apoptosis in
DOX-induced mice. In addition, the anti-IL-16 nAb also
inhibited DOX-induced M1 macrophage differentiation and
reduced cardiomyocyte apoptosis in vitro. The regulatory
role of IL-16 in the inflammation involved in other systemic

diseases has been widely reported, including systemic sclero-
sis, gouty inflammation, and MRSA pneumonia and lung
injury, while its role in cardiac inflammation has been dis-
cussed less often [10, 20, 21]. In the present study, our results
suggest that IL-16 can also regulate cardiac inflammation.

Table 2: Data of evaluation of LV function by echocardiography and hemodynamic data of the four groups.

Group IgG saline nAb saline IgG DOX nAb DOX Statistical method

HR (bpm) 525 ± 31 541 ± 49 449 ± 37∗ 507 ± 34# ANOVA

LVEF (%) 75:2 ± 2:9 76:2 ± 3:3 56:1 ± 3:4∗ 65:9 ± 3:7# Nonparametric test

FS (%) 40:8 ± 3:0 41:2 ± 3:2 30:8 ± 3:1∗ 35:6 ± 3:5# ANOVA

+dp/dt (mmHg/s) 6835 ± 909 6711 ± 716 4425 ± 684∗ 5719 ± 845# Nonparametric test

-dp/dt (mmHg/s) 6075 ± 734 5963 ± 598 3846 ± 496∗ 4811 ± 695# ANOVA

N = 10 for each group. ∗p < 0:05 vs. the IgG saline group. #p < 0:05 vs. the IgG saline group.
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Figure 2: Effects of anti-IL-16 nAb onDOX-induced cardiac injury. (a) BW changes at different time points in the four groups (ANOVA). (b, c)
HW andHW/TL ratios in each group (ANOVA). (d) HE staining and cardiomyocyte vacuolization analysis of each group (200x, nonparametric
test). (e-g) SerumLDH, CK-MB, and cTnT levels were detected (ANOVA).N = 5-10 for each group. ∗p < 0:05 vs. the IgG saline group. #p < 0:05
vs. the IgG DOX group.
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Common immune cells, including T lymphocytes, mac-
rophages, and dendritic cells, are important components of
the immune system. In addition to mediating an immune
response, these immune cells can also release a large number
of inflammatory factors, including IFN, transforming growth
factor, chemokines, and ILs [22–24]. Multiple ILs, including
IL-6, IL-12, and IL-22, are primarily secreted by activated
immune cells and are rarely or not secreted by nonimmune

cells [25–27]. Unlike these ILs, large amounts of IL-16 are
secreted by both immune cells and cells [5–7]. To determine
the source of IL-16, the effects of DOX administration on IL-
16 expression in different cell types were examined, and the
results showed that IL-16 mRNA levels were increased in
CTLL-2 T lymphocytes, RAW264.7macrophages, DC2.4 den-
dritic cells, and HL-1 cardiomyocytes. Our results showed that
all of these cell types can secrete IL-16 and were consistent
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Figure 3: Effects of anti-IL-16 nAb on DOX-induced M1 macrophage differentiation. (a) Protein expression of p-p65 in both the cytoplasm
and nucleus was detected in the four groups (nonparametric test). (b) Cardiac expression of CD80 (brown granules) and iNOS (brown
granules) was detected by immunohistochemical staining (200x, ANOVA). (c) Cardiac mRNA levels of TNF-α, IL-1β, IL-6, IL-17, IL-18,
IFN-γ, and MCP-1 were detected in each group by RT-qPCR (ANOVA). N = 5 for each group. ∗p < 0:05 vs. the IgG saline group.
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with previous studies showing that both immune and nonim-
mune cells are important sources of IL-16. IL-16 mRNA was
elevated most significantly in RAW264.7 macrophages, and
double immunofluorescence staining showed that IL-16 was
produced by cardiac macrophages. These results suggest that
macrophages are the most important source of IL-16 in the
specific DOX-associated microenvironment.

In this study, we found that DOX administration signifi-
cantly increased both cardiac and serum IL-16 expressions.
In addition, IL-16 neutralization significantly alleviated the
loss of BW and HW, reduced the degree of cardiomyocyte
vacuolization, and decreased the expression of multiple
serum cardiac injury markers in DOX-induced mice. In addi-
tion, the ultrasound and hemodynamic results showed that
cardiac dysfunction in DOX-induced mice was significantly
alleviated by pretreatment with the anti-IL-16 nAb. These
results suggest that IL-16 neutralization can significantly
reduce DOX-induced cardiac injury.

The NF-κB p65 signaling pathway is one of the most
common inflammation-related signaling pathways. Recently,
Ye et al. reported that increased activation of the p65 path-
way significantly increased M1 macrophage differentiation
in both Ang II-infused and DOX-induced mice [26, 27].
Nuclear p-p65 but not total p-p65 regulates the differentia-
tion and inflammatory response of macrophages [27–30].
To determine the effects of IL-16 on p65 pathway activation,
the p-p65 levels in both the cytoplasm and nucleus were mea-

sured. The results showed that IL-16 neutralization signifi-
cantly increased cytoplasmic p-p65 expression and
decreased nuclear p-p65 expression in DOX-induced mice.
These results suggest that the anti-IL-16 nAb reduces the
DOX-induced translocation of p-p65. Ge et al. reported that
p-p65 expression was increased in both the nucleus and cyto-
plasm in chronic animal studies [31, 32]. These conclusions
may not be consistent with our results; one possible explana-
tion is that cytoplasmic p65 is also activated by chronic
inflammation. In fact, increased nuclear p-p65 expression
and decreased cytoplasm p-p65 were also reported in another
acute inflammatory animal model [33].

The activation of M1 macrophages and the differentia-
tion of proinflammatory cells is mainly regulated by the p-
65 signaling pathway in the nucleus, in which the nuclear
expression of p-p65 promotes the differentiation of M1 mac-
rophages [29, 30]. To further explore the mechanism by
which IL-16 regulates DOX-induced cardiac injury, the dif-
ferentiation of M1 macrophages was examined. The results
showed that the anti-IL-16 nAb reduced the cardiac M1mac-
rophage marker expression, including CD80 and iNOS. The
results showed that both CD80 and iNOS were reduced by
the anti-IL-16 nAb in DOX-induced mice. IL-16 neutraliza-
tion also inhibited the expression of a variety of DOX-
induced M1 macrophage-related inflammatory factors.
These results showed that IL-16 neutralization significantly
reduced DOX-induced M1 macrophage differentiation and
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macrophage-associated proinflammatory cytokine secretion.
These results also suggest that the anti-IL-16 nAb protects
against DOX-induced cardiac injury by alleviating the
macrophage-related inflammatory response.

Cardiomyocytes are a type of terminally differentiated
cell with poor plasticity that exhibit poor tolerance to various
external pathological factors, especially the inflammatory
response [4]. Numerous studies have demonstrated that pro-
moting the differentiation of M1 macrophages and amplify-
ing the inflammatory response significantly increases DOX-
induced cardiomyocyte apoptosis, while inhibiting the differ-
entiation of M1 macrophages or promoting M2 macrophage
differentiation and reducing the inflammatory response sig-

nificantly reduces cardiomyocyte apoptosis [4, 34, 35]. These
studies suggest that excessive cardiomyocyte apoptosis is the
most fundamental mechanism of DOX-induced cardiac
injury and is associated with the deterioration of cardiac
function. To further explore the mechanisms involved, the
effects of the anti-IL-16 nAb on DOX-induced cardiomyo-
cyte apoptosis were examined. The results showed that IL-
16 neutralization significantly reduced both the Bax/Bcl-2
ratios and cleaved caspase-3/caspase-3 ratios. In addition,
fewer TUNEL-positive cells were observed in the nAb DOX
group than in the IgG DOX group. These results showed that
IL-16 neutralization significantly reduced cardiomyocyte
apoptosis in DOX-induced mice, which suggests that IL-16

Ig
G

 sa
lin

e

65 kDa

29 kDaPCNA

p-p65

nA
b 

sa
lin

e

Ig
G

 D
O

X

nA
b 

D
O

X

p-
p6

5/
PC

N
 (f

ol
d)

Saline
0

2

3

1

DOX

IgG

nAb

#

⁎

(a)

50 𝜇m

50 𝜇m

50 𝜇m

50 𝜇m

Ig
G

 sa
lin

e

F4/80 CD80 DAPI Merge

nA
b 

sa
lin

e
Ig

G
 D

O
X

nA
b 

D
O

X

(b)

IgG saline
nAb saline
IgG DOX
nAb DOX

CD80

6

4

2

0

m
RN

A
 le

ve
ls 

(fo
ld

)

iNOS

##

⁎

⁎

(c)

Ig
G

 sa
lin

e

Bax

Bcl-2

Cleaved caspase-3

Caspase-3

GAPDH

nA
b 

sa
lin

e

Ig
G

 D
O

X

nA
b 

D
O

X

21 kDa

26 kDa

17 kDa

32 kDa

37 kDa Saline

Ba
x/

Bc
l-2

 (f
ol

d)
6

4

2

0

Cl
ea

ve
d 

ca
sp

as
e-

3/
ca

sp
as

e-
3 

(fo
ld

)

4

2

0
DOX Saline DOX

IgG

nAb

#
#

⁎
⁎

(d)

Figure 5: Effects of anti-IL-16 nAb on DOX-inducedM1macrophage differentiation and cardiomyocyte apoptosis in vitro. (a) Nuclear p-p65
expression in RAW264.7 macrophages was detected (ANOVA). (b) Double immunofluorescence staining of anti-F4/80 and anti-IL-16 in
DOX-treated mice (200x, nonparametric test). (c) The mRNA expression of CD80 and iNOS was detected (ANOVA). (d) Protein
expression of Bax, Bcl-2, cleaved caspase-3, and caspase-3 was measured and the ratios of Bax/Bcl-2 and cleaved caspase-3/caspase-3
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may protect against DOX-induced cardiac injury by reduc-
ing cardiomyocyte apoptosis. To verify the above conclu-
sion, we determined the effect of the anti-IL-16 nAb on
macrophage differentiation in vitro, and the results showed
that IL-16 neutralization significantly inhibited the differen-
tiation of DOX-induced M1 macrophages. HL-1 cardio-
myocytes were cocultured with RAW264.7 macrophages,
and the results showed that cardiomyocyte apoptosis was
also mediated by macrophage differentiation. This result
supports our conclusions.

In summary, our results demonstrate that IL-16 neutral-
ization can inhibit DOX-induced M1 macrophage differenti-
ation, reduce the inflammatory response, and decrease
cardiomyocyte apoptosis, thereby alleviating cardiac injury
and improving cardiac function. IL-16 neutralization may
be beneficial in preventing cardiotoxicity induced by the che-
motherapy drug DOX.

Data Availability

We declare that the materials described in the manuscript,
including all the relevant raw data, will be freely available to
any scientist wishing to use them for noncommercial pur-
poses, without breaching participant confidentiality.

Conflicts of Interest

The authors declare that they have no conflicts of conflicts.

Acknowledgments

The authors would like to thank Dr. Jiao Lan from the clinical
laboratory for the technical support on our study. This work
was supported by the National Natural Science Foundation
of China (Grant No. 81560085 and Grant No. 81770472 to
Dr. Qingwei Ji).

References

[1] C. Carvalho, R. X. Santos, S. Cardoso et al., “Doxorubicin: the
good, the bad and the ugly effect,” Current Medicinal Chemis-
try, vol. 16, no. 25, pp. 3267–3285, 2009.

[2] N. Wenningmann, M. Knapp, A. Ande, T. R. Vaidya, and
S. Ait-Oudhia, “Insights into doxorubicin-induced cardiotoxi-
city: molecular mechanisms, preventive strategies, and early
monitoring,” Molecular Pharmacology, vol. 96, no. 2,
pp. 219–232, 2019.

[3] N. Prathumsap, K. Shinlapawittayatorn, S. C. Chattipakorn,
and N. Chattipakorn, “Effects of doxorubicin on the heart:
from molecular mechanisms to intervention strategies,” Euro-
pean Journal of Pharmacology, vol. 866, p. 172818, 2020.

[4] J. Ye, Y. Huang, B. Que et al., “Interleukin-12p35 knock out
aggravates doxorubicin-induced cardiac injury and dysfunc-
tion by aggravating the inflammatory response, oxidative
stress, apoptosis and autophagy in mice,” eBioMedicine,
vol. 35, pp. 29–39, 2018.

[5] A. C. Keates, I. Castagliuolo, W. W. Cruickshank et al., “Inter-
leukin 16 is up-regulated in Crohn's disease and participates in
TNBS colitis in mice,” Gastroenterology, vol. 119, no. 4,
pp. 972–982, 2000.

[6] J. Li, W. Wei, H. Shi, Y. X. Li, and W. N. Mo, “Cellular sources
of interleukin 16 in benign and malignant pleural effusions,”
Chinese Medical Journal, vol. 124, no. 24, pp. 4160–4165, 2011.

[7] C. Li, J. Dai, G. Dong et al., “Interleukin-16 aggravates
ovalbumin-induced allergic inflammation by enhancing Th2
and Th17 cytokine production in a mouse model,” Immunol-
ogy, vol. 157, no. 3, pp. 257–267, 2019.

[8] J. Richmond, M. Tuzova, W. Cruikshank, and D. Center, “Reg-
ulation of cellular processes by interleukin-16 in homeostasis
and cancer,” Journal of Cellular Physiology, vol. 229, no. 2,
pp. 139–147, 2014.

[9] Y. Huang, K. L. du, P. Guo et al., “IL-16 regulates macrophage
polarization as a target gene of mir-145-3p,”Molecular Immu-
nology, vol. 107, pp. 1–9, 2019.

[10] S. Smith, P. W. Wu, J. J. Seo et al., “IL-16/miR-125a axis con-
trols neutrophil recruitment in pristane-induced lung inflam-
mation,” JCI Insight, vol. 3, no. 15, article e120798, 2018.

[11] C. A. Mueller, H. J. Schluesener, S. Conrad, T. Pietsch, and
J. M. Schwab, “Spinal cord injury-induced expression of the
immune-regulatory chemokine interleukin-16 caused by acti-
vated microglia/macrophages and CD8+ cells,” Journal of
Neurosurgery. Spine, vol. 4, no. 3, pp. 233–240, 2006.

[12] N. L. Mathy, W. Scheuer, M. Lanzendörfer et al., “Interleukin-
16 stimulates the expression and production of pro-
inflammatory cytokines by human monocytes,” Immunology,
vol. 100, no. 1, pp. 63–69, 2000.

[13] J. Templin, D. Atanackovic, D. Hasche, S. V. Radhakrishnan,
and T. Luetkens, “Oscillating expression of interleukin-16 in
multiple myeloma is associated with proliferation, clonogenic
growth, and PI3K/NFKB/MAPK activation,” Oncotarget,
vol. 8, no. 30, pp. 49253–49263, 2017.

[14] S. L. Park, B. Hwang, S. Y. Lee et al., “p21WAF1 is required for
interleukin-16-induced migration and invasion of vascular
smooth muscle cells via the p38MAPK/Sp-1/MMP-9 path-
way,” PLoS One, vol. 10, no. 11, article e0142153, 2015.

[15] S. Krautwald, “IL-16 activates the SAPK signaling pathway in
CD4+ macrophages,” Journal of Immunology, vol. 160,
no. 12, pp. 5874–5879, 1998.

[16] J. Wu, Y. Wang, Y. Zhang, and L. Li, “Association between
interleukin-16 polymorphisms and risk of coronary artery dis-
ease,” DNA and Cell Biology, vol. 30, no. 5, pp. 305–308, 2011.

[17] C. Grönberg, E. Bengtsson, G. N. Fredrikson et al., “Human
carotid plaques with high levels of interleukin-16 are associ-
ated with reduced risk for cardiovascular events,” Stroke,
vol. 46, no. 10, pp. 2748–2754, 2015.

[18] S. Tamaki, T. Mano, Y. Sakata et al., “Interleukin-16 promotes
cardiac fibrosis and myocardial stiffening in heart failure with
preserved ejection fraction,” PLoS One, vol. 8, no. 7, article
e68893, 2013.

[19] J. Ye, Y. Wang, Z. Wang et al., “Interleukin-12p35 deficiency
enhances mitochondrial dysfunction and aggravates cardiac
remodeling in aging mice,” Aging (Albany NY), vol. 12, no. 1,
pp. 193–203, 2020.

[20] K. Kawabata, T. Makino, K. Makino, I. Kajihara, S. Fukushima,
and H. Ihn, “IL-16 expression is increased in the skin and sera
of patients with systemic sclerosis,” Rheumatology (Oxford,
England), vol. 59, no. 3, pp. 519–523, 2019.

[21] D. S. Ahn, D. Parker, P. J. Planet, P. A. Nieto, S. M. Bueno, and
A. Prince, “Secretion of IL-16 through TNFR1 and calpain-
caspase signaling contributes to MRSA pneumonia,” Mucosal
Immunology, vol. 7, no. 6, pp. 1366–1374, 2014.

9Mediators of Inflammation



[22] L. S. Taams, “Inflammation and immune resolution,” Clinical
and Experimental Immunology, vol. 193, no. 1, pp. 1-2, 2018.

[23] D. Ray and R. Yung, “Immune senescence, epigenetics and
autoimmunity,” Clinical Immunology, vol. 196, pp. 59–63,
2018.

[24] F. di Cara, P. Andreoletti, D. Trompier et al., “Peroxisomes in
immune response and inflammation,” International Journal of
Molecular Sciences, vol. 20, no. 16, p. 3877, 2019.

[25] C. A. Hunter and S. A. Jones, “IL-6 as a keystone cytokine in
health and disease,” Nature Immunology, vol. 16, no. 5,
pp. 448–457, 2015.

[26] J. Ye, B. Que, Y. Huang et al., “Interleukin-12p35 knockout
promotes macrophage differentiation, aggravates vascular dys-
function, and elevates blood pressure in angiotensin II-infused
mice,” Cardiovascular Research, vol. 115, no. 6, pp. 1102–1113,
2019.

[27] J. Ye, Y. Wang, Y. Xu et al., “Interleukin-22 deficiency allevi-
ates doxorubicin-induced oxidative stress and cardiac injury
via the p38 MAPK/macrophage/Fizz3 axis in mice,” Redox
Biology, vol. 36, article 1010636, 2020.

[28] N. Li, H. Zhou, H. Wu et al., “STING-IRF3 contributes to
lipopolysaccharide-induced cardiac dysfunction, inflamma-
tion, apoptosis and pyroptosis by activating NLRP3,” Redox
Biology, vol. 24, p. 101215, 2019.

[29] M. Ju, B. Liu, H. He et al., “MicroRNA-27a alleviates LPS-
induced acute lung injury in mice via inhibiting inflammation
and apoptosis through modulating TLR4/MyD88/NF-κB
pathway,” Cell Cycle, vol. 17, no. 16, pp. 2001–2018, 2018.

[30] J. Wang, Y. Cao, Y. Liu et al., “PIM1 inhibitor SMI-4a attenu-
ated lipopolysaccharide-induced acute lung injury through
suppressing macrophage inflammatory responses via modu-
lating p65 phosphorylation,” International Immunopharma-
cology, vol. 73, pp. 568–574, 2019.

[31] Y. Yuan, Z. Ma, X. Zhang et al., “CTRP3 protected against
doxorubicin-induced cardiac dysfunction, inflammation and
cell death via activation of Sirt1,” Journal of Molecular and Cel-
lular Cardiology, vol. 114, pp. 38–47, 2018.

[32] C. Ge, M. Xu, Y. Qin et al., “Endoplasmic reticulum stress-
induced iRhom2 up-regulation promotes macrophage- regu-
lated cardiac inflammation and lipid deposition in high fat diet
(HFD)-challenged mice: Intervention of fisetin and metfor-
min,” Free Radical Biology & Medicine, vol. 141, pp. 67–83,
2019.

[33] M. Lu, J. Zhao, Y. Liu et al., “CPUY192018, a potent inhibitor
of the Keap1-Nrf2 protein-protein interaction, alleviates renal
inflammation in mice by restricting oxidative stress and NF-
κB activation,” Redox Biology, vol. 26, p. 101266, 2019.

[34] D. Xian, Y. Zhan, Z. Yang, C. Fan, L. Liu, and Y. Lin, “Anti-
interleukin-5-neutralizing antibody attenuates cardiac injury
and cardiac dysfunction by aggravating the inflammatory
response in doxorubicin-treated mice,” Cell Biology Interna-
tional, vol. 44, no. 6, pp. 1363–1372, 2020.

[35] D. K. Singla, T. A. Johnson, and Z. Tavakoli Dargani, “Exo-
some treatment enhances anti-inflammatory M2macrophages
and reduces inflammation-induced pyroptosis in doxorubicin-
induced cardiomyopathy,” Cell, vol. 8, no. 10, p. 1224, 2019.

10 Mediators of Inflammation


	Anti-Interleukin-16-Neutralizing Antibody Attenuates Cardiac Inflammation and Protects against Cardiac Injury in Doxorubicin-Treated Mice
	1. Introduction
	2. Materials and Methods
	2.1. Mice and Treatments
	2.2. Analysis of Cardiac Function
	2.3. Cell Experiments and Treatments
	2.4. Analysis of Serum IL-16 and Cardiac Injury Marker Levels
	2.5. Nuclear and Cytoplasmic Separation and Western Blotting
	2.6. Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)
	2.7. Histological Analysis
	2.8. Statistical Analysis

	3. Results
	3.1. DOX Administration Promotes IL-16 Release from Cardiac Macrophages in Mice
	3.2. Anti-IL-16 nAb Alleviates DOX-Induced Cardiac Injury and Dysfunction in Mice
	3.3. Anti-IL-16 nAb Inhibits M1 Macrophage Differentiation in DOX-Induced Mice
	3.4. Anti-IL-16 nAb Protects against Cardiomyocyte Apoptosis in DOX-Induced Mice
	3.5. Anti-IL-16 nAb Inhibits DOX-Induced M1 Macrophage and Cardiomyocyte Apoptosis In Vitro

	4. Discussion
	Data Availability
	Conflicts of Interest
	Acknowledgments

