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Abstract

Background and Purpose: The profibrotic and proinflammatory effects induced by doxorubicin (DOX) are key processes in

the development of serious heart damage. The lack of effective drugs and the unclear mechanisms of their side effects limit

the clinical treatment of DOX-induced cardiac injury. This study aimed to explore the protective role of LCZ696 and the

potential mechanism of Toll-like receptor 2 (TLR2) in doxorubicin-induced cardiac failure. Experimental Approach: DOX

(5 mg/kg/week, 3 times) was used to establish a chronic cardiomyopathy mouse model. Heart function tests, pathology

examinations and molecular biology analyses were used to explore the effects of LCZ696 and TLR2 deficiency. H9C2 cells

were used to verify the protective role and mechanism of LCZ696 in vitro. Key Results: The EF% declined, and the LVIDd,

pro-fibrosis marker levels and NF-κB pathway-related inflammatory response increased in the chronic cardiomyopathy group

induced by DOX. LCZ696 treatment and TLR2 deficiency reversed this heart damage in vivo. In H9C2 cells, pretreatment

with LCZ696 and TLR2 knockdown suppressed the DOX-induced high expression of profibrotic and proinflammatory markers.

Moreover, DOX notably increased the TLR2-MyD88 interaction in H9C2 cells, which was inhibited by LCZ696 pretreatment.

Conclusion and Implications: LCZ696 prevents DOX-induced cardiac dilation failure, fibrosis and inflammation by reducing

the formation of TLR2-MyD88 complexes. LZC696 may be a potential effective drug to treat DOX-induced heart failure.

List of Abbreviations

COL-I, collagen I;

DMSO, dimethyl sulfoxide;

DOX, doxorubicin;

GAPDH, glyceraldehyde 3-phosphate dehydrogenase;

HF, heart failure; IL-6, interleukin 6;

MCP-1, monocyte chemotactic protein 1;

NC, negative control;

NF-κB, nuclear factor-κB;

TGF-β, transforming growth factor-β·

TLR, toll-like receptor; TNF-α, tumor necrosis factor-α

1. Introduction
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Doxorubicin (DOX), a member of the family of anthracyclines and an antitumor antibiotic, has been widely
used to treat breast cancer, bladder cancer and so on(Tacar, Sriamornsak & Dass, 2013). However, it has
been well documented that the most dangerous side effect of doxorubicin is dilated cardiomyopathy, which
leads to congestive heart failure, and this side effect is positively correlated with the cumulative dose of
DOX(Chatterjee, Zhang, Honbo & Karliner, 2010).

Previous studies have suggested that doxorubicin causes cardiomyopathy related to oxidative stress, down-
regulation of contractile protein genes and p53-mediated apoptosis(Vejpongsa & Yeh, 2014). Recent studies
have found that doxorubicin has a strong inflammatory effect, which mainly manifests as doxorubicin fur-
ther promoting the expression of the following cardiac inflammatory factors: 1) DOX indirectly induces
interleukin 6 (IL-6) and tumor necrosis factor α (TNF-α) through autocrine and paracrine processes; 2)
DOX promotes cardiac fibroblast proliferation and extracellular matrix protein synthesis; and 3) Toll-like
receptor-4, PI3Kγ and other inflammatory mediators are activated, which leads to a vicious cycle of inflam-
matory reactions in cardiac cells(Li et al., 2018; Riad et al., 2008). Increasing attention should be paid to
the inflammatory response to cardiomyopathy caused by doxorubicin.

LCZ696, also known as sacubitril/valsartan, consists of the neprilysin inhibitor sacubitril and the angiotensin
receptor blocker valsartan, is a combination drug for use in patients with heart failure and a reduced ejection
fraction(Hubers & Brown, 2016; Lillyblad, 2015; Yancy et al., 2016). Recently, many studies have explored
the anti-inflammatory effect of LCZ696 in basic research, with evidence that this drug can attenuate cardiac
dysfunction after myocardial infarction(von Lueder et al., 2015), inhibit oxidative stress, inflammation, and
fibrosis, improve renal function in CKD(Jing et al., 2017) and ameliorate NLRP3 after relieving the pressure
overload in mice(Li et al., 2020). In addition, Yan et al found that LCZ696 protects cardiac function from
doxorubicin-induced dilated cardiomyopathy by alleviating Drp1-mediated mitochondrial dysfunction(Xia
et al., 2017). However, the potential effect of LCZ696 on DOX-induced cardiac inflammation and cardiac
dysfunction, especially the underlying mechanisms of its anti-inflammatory effects, remains to be elucidated.

TLR2 is part of the family of Toll-like receptors (TLRs), which mainly mediate pathogen-induced inflamma-
tion in innate immunity(Elshabrawy, Essani, Szekanecz, Fox & Shahrara, 2017; Henrick, Yao, Taha, German
& Rosenthal, 2016). Although there is no involvement of endotoxins such as viruses and bacteria, recent
studies have demonstrated that TLR2 may play a potential role in this inflammatory response to the process
of cardiac remodeling caused by DOX. Naoki Nozaki et al found that TLR2 knockout mice exhibited pre-
served cardiac function and an increased survival rate compared to DOX-challenged mice through mediating
cardiac inflammatory and apoptosis(Nozaki, Shishido, Takeishi & Kubota, 2004), and Liang et al found that
the levels of TLR2 were upregulated in doxorubicin-treated patients who developed heart dysfunction(Liang,
Xinyong, Hongmin, Jing, Lang & Ping, 2018). Similarly, after analyzing a large amount of clinical data,
Pop-Moldovan AL et al found that the expression of TLR4 and TLR2 was higher in patients with diastolic
dysfunction treated with doxorubicin(Pop-Moldovan et al., 2017). These findings indicated that TLR2 may
play a role in the mediation of DOX-induced cardiomyopathy. However, how DOX activates TLR2-related
inflammation and whether LCZ696 can attenuate DOX-induced cardiac failure in a TLR2-dependent manner
remain unaddressed.

In this study, utilizing LCZ696 and TLR2 knockout mice, we investigated the effect of LCZ696 and TLR2
deficiency on DOX-induced mouse cardiomyopathy. Our results found that LCZ696 treatment and TLR2
deficiency reversed DOX-induced diastolic heart failure, cardiac fibrosis and inflammation. More interest-
ingly, we found that LCZ696 may directly inhibit the formation of the TLR2/MyD88 complex activated by
DOX, which results in the attenuation of DOX-induced dilated cardiomyopathy.

2. Methods

2.1 Cell culture and reagents

Cultured H9C2 cell lines (immortalized rat cardiomyocytes) were obtained from the Shanghai Institute of
Biochemistry and Cell Biology (Shanghai, China). The cells were cultured in Dulbecco’s modified Eagle
110 medium (DMEM) supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100 U/mL

2
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streptomycin at 37°C in a humidified 5% CO2 incubator.

DOX (D107159) was purchased from Aladdin (L. A, USA). LCZ696 (S7678) was obtained from Sellerk
(Shanghai, China). Antibodies against IκBα (4812S), NF-κB (p65) (8242S) and GADPH (5174) were pur-
chased from Cell Signaling Technology (CST, USA), and antibodies against TLR2 (12276), TLR4 (ab22048),
MyD88 (ab2064), COL-1 (ab34710), TGF-β (ab92486), TNF-α (ab6671) and LaminB (ab133741) were pur-
chased from Abcam (Shanghai, China).

2.2 DOX-induced chronic cardiac injury in mice

All animal care and experimental procedures were approved by the Animal Policy and Welfare Committee of
Wenzhou Medical University (Approval Document No. wydw2016-0124), and all animals received humane
care according to the National Institutes of Health (USA) guidelines. All studies followed the ARRIVE
guidelines for reporting experiments involving animals(Lilley et al., 2020; Percie du Sert et al., 2020).

C57BL/6 male mice were obtained from the Animal Center of Wenzhou Medical University, and male
TLR2KO mice (B6.129-TLR2tm1Kir/J) backcrossed to C57BL/6 were provided by the Jackson Laboratory
of America (Bar Harbor, ME, United States). The mice were housed with a 12:12 h light–dark cycle at a
constant room temperature and fed a standard rodent diet. The mice were acclimatized to the laboratory for
at least 2 weeks before initiating the studies. Detailed methods for the model are presented below. Sample
sizes were defined by a priori power calculations with G-Power 3.1.9 software (http://www.gpower.hhu.de/),
considering a statistical power of 80% and α=0.05.

Eight-week-old C57BL/6 mice and TLR2KO mice were randomly divided into five groups: (I) untreated
C57BL/6 mice receiving PBS (WT-Ctrl, n=7); (II) DOX-injected C57BL/6 mice receiving PBS (WT-DOX;
n=7); (III) DOX-injected C57BL/6 mice treated orally with LCZ696 (60 mg/kg/day) (Suematsu et al.,
2016) (WT-DOX+LCZ696; n=7); (IV) uninjected TLR2 KO mice receiving PBS (TLR2KO-Ctrl; n=7); and
(V) DOX-injected TLR2 KO mice receiving PBS (TLR2KO-DOX; n=7). DOX (5 mg/kg, once a week,
total cumulative dose of 15 mg/kg) was administered 3 times via intraperitoneal injection as described
previously(Pop-Moldovan et al., 2017). LCZ696 treatments were initiated one day after starting the DOX
injections and continued throughout the 6-week follow-up. Six weeks after DOX treatment, cardiotoxicity
was evaluated.

The animals were sacrificed using sodium pentobarbital anesthesia. Heart tissues were snap frozen in liquid
nitrogen for gene and protein expression analyses or fixed with 4% paraformaldehyde for histological analysis.

2.3 Cardiac function evaluation

Cardiac function was determined noninvasively by transthoracic echocardiography in anesthetized mice one
day before sacrifice as described previously (Kandalam et al., 2010). The mice were anesthetized using isoflu-
rane, and echocardiography was performed with a SONOS 5500 ultrasound (Philips Electronics, Amsterdam,
Netherland) with a 15-MHz linear array ultrasound transducer.

2.4 Real-time PCR

RNA was isolated from cultured H9C2 cells and heart tissue by using TRIZOL (Thermo Fisher, USA).
Reverse transcription and quantitative PCR were carried out using a two-step PrimeScript RT reagent kit
(Perfect Real Time) (TAKARA), Eppendorf Mastercycler ep realplex detection system (Eppendorf, Ham-
burg, Germany) for reverse transcription and QuantStudio3 Real-Time PCR Systems (Applied Biosystems,
Thermo Fisher Scientific, USA) for real-time PCR. Primers for the genes were synthesized and obtained
from Thermo Fisher. The primer sequences are presented in supplementary Table S1. mRNA levels of the
target genes were normalized to Actb gene mRNA.

2.5 Western blot analysis

Fifty micrograms of total protein from cell or tissue lysates was separated by 10% SDS-PAGE and electro-
transferred to PVDF membranes. Membranes were blocked in Tris-buffered saline containing 0.05% Tween 20
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and 5% nonfat milk for 1.5 h. The PVDF membranes were then incubated with specific primary antibodies.
Immunoreactive bands were detected by incubating the membranes with secondary antibodies conjugated
to horseradish peroxidase and an enhanced chemiluminescence reagent (Bio-Rad). Densitometric quantifica-
tion was performed using ImageJ analysis software version 1.38e and normalized to their respective controls
(GAPDH for cytosolic proteins, Lamin B for nuclear fractions, and total protein for phosphorylated-form
detection).

2.6 Heart histology and immunostaining

Hearts were fixed in 4% paraformaldehyde and embedded in paraffin. Five-micrometer-thick sections were
stained with hematoxylin and eosin (H&E) (C0105, Beyotime Biotechnology) for histological analysis and
Sirius Red and Masson’s trichrome (G1340-7×100 ml, Solarbio Life Sciences) to evaluate cardiac fibrosis.
The sections were observed under a light microscope (Nikon, Japan).

For immunohistochemical staining, the sections were deparaffinized and rehydrated. The sections were treated
with 3% H2O2 for 30 min to block endogenous peroxidase activity and then with 1% BSA in PBS for 30
min. The slides were incubated overnight at 4°C with the primary antibody (TNF-α, 1:50; both from Santa
Cruz). Peroxidase-conjugated secondary antibodies were used for detection (Santa Cruz; 1:100 dilution; 1 h
incubation). The slides were counterstained with hematoxylin for 5 min, dehydrated, and mounted. Images
were viewed by a bright field microscope (Nikon).

2.7 ELISA

The TNF-α (70-EK382/3-96) levels in heart tissue were measured using ELISA kits (eBioscience, San Diego,
CA). All experiments followed the manufacturer’s instructions.

2.8 siRNA transfection and gene silencing

Gene silencing in cells was achieved using specific siRNA sequences. TLR2 siRNAs were purchased from
Gene Pharma Co., Ltd. (Shanghai, China). Custom siRNAs were synthesized for rat TLR2, TLR4 and MD2.
The sequences are presented in supplementary Table S1. The H9C2 cells were transfected with siRNA using
LipofectAMINE 2000 (Thermo Fisher, Carlsbad, CA).

2.9 Immunoprecipitation

Following treatments, cell lysates or heart tissues were prepared and incubated with an anti-TLR2 or MyD88
antibody overnight. Complexes were retrieved with protein G-Sepharose beads at 4°C for 4 h. The TLR2
and MyD88 levels were further detected by immunoblot using anti-TLR2 and MyD88 antibodies (IB), re-
spectively.

2.10 Statistical analysis

The data presented in this study are representative of 5 independent experiments and are expressed as the
mean ± SEM. The exact group size (n) for each experiment is provided, and ‘n’ refers to independent values.
Statistical analysis was performed with GraphPad Prism 8.0 software (San Diego, CA, USA). We used one-
way ANOVA followed by Dunnett’s post hoc test when comparing more than two groups of data and one-way
ANOVA and nonparametric Kruskal–Wallis tests followed by Dunn’s post hoc test when comparing multiple
independent groups. A P value ¡ 0.05 was considered to be statistically significant. Post-tests were run only
if F achieved P < 0.05 and there was no significant variance in homogeneity.

3. Results

3.1 LCZ696 treatment and TLR2 deficiency attenuated doxorubicin-induced cardiac systolic dysfunction.

First, our objective was to determine whether LCZ696 and TLR2 deficiency inhibits doxorubicin-induced
cardiotoxicity in mice. As previously reported, doxorubicin was used to establish chronic cardiac injury in
mice through intraperitoneal injection. Then, LCZ696 was administered orally to determine whether it can

4
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prevent heart injury, and a model of doxorubicin-induced cardiac injury was also established in TLR2KO
mice to explore the potential role of TLR2.

Before sacrifice, the cardiac function of each mouse was evaluated by external echocardiography (Figure
1A and Table 1). As shown in Figure 1A and Table 1, DOX significantly impaired heart function by
decreasing EF%, FS%, IVSD, and PWd and increasing LVIDd, which resulted in serious systolic dysfunction.
Interestingly, these challenges were normalized with oral LCZ696 treatment and TLR2 deficiency, which
indicated that LCZ696 and TLR2 deficiency attenuated DOX-induced cardiac systolic dysfunction in mice.

To deeply explore the alterations of the heart cavity, histological assessments of the whole heart were per-
formed for all groups by H&E staining. As shown in Figure 1B, DOX induced thinning of the ventricular
wall and enlargement of the heart cavity, which were obviously improved in the hearts of LCZ696-treated and
TLR2-deficient mice. The above results show that treatment with LCZ696 and TLR2 deficiency prevents
DOX-induced cardiac systolic dysfunction.

3.2 LCZ696 treatment and TLR2 deficiency alleviated doxorubicin-induced cardiac fibrosis.

Next, we assessed fibrosis in the heart tissues. Masson’s trichrome and Sirius Red stains were chosen to
evaluate connective tissue and collagen, respectively, and validated the anti-fibrotic effects of LCZ696 and
TLR2 deficiency. As shown in Figure 2A-C, DOX promoted collagen deposition in myocardial tissue, and
these histological changes were obviously improved in LCZ696-treated and TLR2-deficient mice.

In addition to the histological results, the hearts from DOX-challenged mice showed significantly increased
mRNA levels of the profibrotic genesCol1a (Figure 2D) and Tgfb (Figure 2E), which were notably reduced
by LCZ696 and TLR2 deficiency. These results paralleled the protein levels of collagen I and TGF-β in the
hearts of each group (Figure 2F and Supplementary Figure 1A-B).

These results demonstrated that LCZ696 treatment and TLR2 deficiency reduced doxorubicin-induced car-
diac fibrosis.

3.3 LCZ696 treatment and TLR2 knockdown attenuated doxorubicin-induced cardiac inflammation in mice.

As previously reported, fibrosis and inflammation complement each other during disease. Moreover, consid-
ering the potential effect of LCZ696 and the critical role of TLR2 in anti-inflammatory processes, we next
assessed the inflammatory response in the hearts of each group.

Immunohistochemistry staining showed that DOX promoted a significant increase in TNF-α in the hearts of
the model mice compared to that in the hearts of control mice. As expected, LCZ696 treatment and TLR2
knockdown prevented the heart from developing high TNF-α expression (Figure 3A and Supplementary
Figure 2A). Similar results were also observed in the ELISA results (Figure 3B). NF-κB-related proteins,
as well-established downstream signaling proteins in the TLR2 pathway, participate in acute and chronic
inflammation. Then, we tested whether these alterations occurred in heart tissues. As shown in Figure
3C-D, LCZ696 treatment and TLR2 deficiency effectively prevented IκBα degradation (Figure 3C) and
inhibited the nuclear translation of NF-κB (Figure 3D) in heart tissue compared with that in DOX-induced
mice. Moreover, the mRNA levels of the pro-inflammation-related genesΤνφα (Figure 3E), Mcp1 (Figure
3F) and Il6 (Figure 3G) were validated by RT-qPCR, which provided additional evidence to show the
anti-inflammatory effects of LCZ696 treatment and TLR2 deficiency.

Thus, these results indicated that LCZ696 treatment and TLR2 deficiency significantly inhibited DOX-
induced cardiac inflammation in heart tissues, which may be associated with the cardioprotective effect.

3.4 LCZ696 treatment and TLR2 knockdown attenuated doxorubicin-induced H9C2 cell fibrosis in vitro.

Next, H9C2 cells were cultured to further confirm the potential effect of LCZ696 treatment and TLR2
deficiency in cardiac injury induced by DOX, and we then determined the role of TLR2 in DOX treatment.

TLR2 siRNA was used to silence the expression of TLR2 in the H9C2 cell line (Figure 4A). As expected,
DOX stimulated significantly high levels of collagen I and TGF-β protein and mRNA, which were normalized

5
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to the control levels as the TLR2 was knocked down in H9C2 cells (Figure 4C-F).

3.5 LCZ696 treatment and TLR2 knockdown attenuated the doxorubicin-induced H9C2 cell inflammatory
response in vitro.

Furthermore, we also assessed the inflammatory response induced by DOXin vitro . Similar to the above
results, TLR2 silencing completely reversed DOX-induced IκB-a degradation and the nuclear translocation
of NF-κB (Figure 5A-D). In addition, cardiac inflammation was ameliorated by TLR2 knockdown, as shown
by the gene expression of Tnfa, Mcp1, and Il-6 (Figure 5E-G).

These results provide evidence that LCZ696 treatment and TLR2 knockdown attenuated doxorubicin-induced
cardiac cell fibrosis and inflammationin vitro .

3.6 Administration of LCZ696 attenuated doxorubicin-induced cardiac injury by inhibiting TLR2-MyD88
complex formation.

To explore the underlying mechanism of the effect of LCZ696 and TLR2 deficiency on DOX-related cardiac
injury, TLR2-MyD88 complex formation and the well-established TLR2 downstream pathway were analyzed.

First, H9C2 cells were treated with DOX in a time-dependent manner. The Co-IP assay results showed
that DOX significantly increased the TLR2-MyD88 interaction in 15 mins (Figure 6A), which indicated the
potential mechanism of TLR2-mediated DOX-related cardiomyopathy. More interestingly, DOX-induced
TLR2-MyD88 complex formation was attenuated by pretreatment with LCZ696 (Figure 6B). These results
indicated that the treatment effect of LCZ696 manifests by inhibiting TLR2-MyD88 complex formation
induced by DOX.

Furthermore, we found that the TLR2-MyD88 complex formation induced by DOX was independent of
TLR4 and MD2, as it was not affected by TLR4 or MD2 knockdown (Figure 6C-D, Figure 7).

4. Discussion

Dilated cardiomyopathy is one of the most serious side effects of doxorubicin treatment, significantly reducing
its anticancer value and causing a large societal burden. However, the mechanisms of dilated cardiomyopathy
are still unclear, and an effective therapy to prevent the progression of existing cardiac inflammation and
fibrosis induced by DOX is urgently needed. Our study aimed to determine the potential effect of LCZ696
and the role of TLR2 in DOX-induced cardiac dysfunction, fibrosis and inflammation, which may help
find an effective drug to protect the heart and provide a potential signaling pathway for the treatment of
DOX-induced dilated cardiomyopathy.

In our studies, we showed that LCZ696 treatment and TLR2 deficiency attenuated DOX-related dilated heart
failure by improving the decreased EF% and increased LVIDd. In addition, in vivo and in vitro , our results
showed that DOX stimulated the expression of matrix proteins and inflammatory cytokines in the heart and
that LCZ696 treatment and TLR2 knockdown ameliorated these alterations and ultimately improved cardiac
function. Furthermore, the underlying mechanisms involved in DOX-induced cardiomyopathy revealed that
DOX stimulated the formation of the TLR2-MyD88 complex, which activated the NF-κB pathway, leading
to cardiac cell inflammation and fibrosis. This TLR2-MyD88 interaction was TLR4 or MD2 independent
and could be disturbed by LZC696, which explains the strong effect of this drug in preventing heart injury
caused by DOX.

It is well established that LCZ696, as a novel angiotensin receptor-neprilysin inhibitor, significantly re-
duced mortality and hospitalization due to heart failure in HF patients with a reduced ejection fraction
(HFrEF)(Mann et al., 2020). The results of the PARADIGM-HF trial(McMurray et al., 2014) suggest a
second function of sacubitril/valsartan: degrading peptides that regulate the cardiovascular, nervous, in-
flammatory, and immune systems(D’Elia, Iacovoni, Vaduganathan, Lorini, Perlini & Senni, 2017; Turner,
Isaac & Coates, 2001). Recent studies found that LCZ696 increased local BNP/CNP levels, interfered with
angiotensin II-mediated signaling, and then reduced the magnitude of cardiac remodeling in animal models
of hypertension and myocardial infarction(Oatmen, Zile, Burnett & Spinale, 2018; von Lueder et al., 2015).
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Regarding the cardiotoxicity induced by DOX, accumulating evidence has discovered the pathophysiological
mechanisms, but treatments to mitigate cardiac damage are still limited(Hu et al., 2020; Yang et al., 2020).
Xia Y et al found that Drp1 and its Ser-616 phosphorylation were significantly increased in dilated cardiomy-
opathy (DCM) patients and demonstrated that the use of LCZ696 against DOX-induced cardiac dysfunction
is associated with alleviated Drp1-mediated mitochondrial dysfunction(Xia et al., 2017). Similar to our re-
sults, we focused on the anti-inflammatory effect of LCZ696. Our data indicated that LCZ696 prevented
IκBα degradation, inhibited the nuclear translation of NF-κB and reduced the expression of inflammatory
cytokines in vivo and in vitro . More impressively, we found that pretreatment with LCZ696 inhibited
the increased formation of the TLR2/MyD88 complex induced by DOX. This finding partly explains the
mechanism of the anti-inflammatory effect of LZC696.

Similar to other TLRs, TLR2 is the most characteristic member of pattern recognition receptors (PRRs),
which play an important role in innate immune mechanisms(Jacquet & Robinson, 2020). TLRs play different
roles in different stages of infection of atherosclerosis-related pathogens such as Chlamydia pneumoniae(Li,
Xia & Hu, 2020). Since Nozaki N et al found that TLR2 may play a role in the regulation of inflammatory
and apoptotic mediators in the heart after DOX administration(Nozaki, Shishido, Takeishi & Kubota, 2004)
in 2004, little research has explored the mechanism by which TLR2 mediates DOX-induced cardiotoxicity.
Our current studies indicated that DOX induced the increased formation of the TLR2/MyD88 complex,
which leads to the activation of the NF-κB pathway and stimulates the expression of cardiac inflammation
and fibrosis. This result partially compensates for the inflammatory mechanism of DOX-induced myocardial
injury. Moreover, we found that this interaction of TLR2 and MyD88 induced by DOX is independent of
TLR4 or MD2, but the clear role of TLR4 and MD2 in DOX-induced cardiac side effects still needs further
research.

Taken together, our results demonstrate that the mechanism by which LCZ696 relieves DOX-induced cardiac
inflammation fibrosis and heart failure lies in reducing the formation of TLR2-MyD88 complexes. LCZ696
may be a potential drug to treat DOX-related heart failure, and TLR2-MyD88 could be a parallel target in
the prevention and treatment of DOX-related heart injury.

Acknowledgments

This study was supported by the Key Research and Development Program of Zhejiang (grant number
2019C03012); Major Project of the Science and Technology of Wenzhou (grant number ZS2017010)

Author contributions

Shiju Ye, Lan Su, Peiren Shan, Bozhi Ye and Guang Liang: conception and design, collection, analysis and
interpretation of data, manuscript writing; Shiju Ye, Lan Su, and Shengjie Wu: collection, interpretation and
analysis of data; Guang Liang and Weijian Huang: conception and design, interpretation of data, manuscript
revision.

Conflicts of interest statement

All the authors declare no competing financial interests.

References

Chatterjee K, Zhang J, Honbo N, & Karliner JS (2010). Doxorubicin cardiomyopathy. Cardiology 115:
155-162.

D’Elia E, Iacovoni A, Vaduganathan M, Lorini FL, Perlini S, & Senni M (2017). Neprilysin inhibition in
heart failure: mechanisms and substrates beyond modulating natriuretic peptides. European journal of heart
failure 19: 710-717.

Elshabrawy HA, Essani AE, Szekanecz Z, Fox DA, & Shahrara S (2017). TLRs, future potential therapeutic
targets for RA. Autoimmun Rev 16: 103-113.

7



P
os

te
d

on
A

u
th

or
ea

11
S
ep

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

98
64

50
.0

45
61

27
3

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Henrick BM, Yao XD, Taha AY, German JB, & Rosenthal KL (2016). Insights into Soluble Toll-Like
Receptor 2 as a Downregulator of Virally Induced Inflammation. Front Immunol 7: 291.

Hu C, Zhang X, Zhang N, Wei WY, Li LL, Ma ZG, et al. (2020). Osteocrin attenuates inflammation,
oxidative stress, apoptosis, and cardiac dysfunction in doxorubicin-induced cardiotoxicity. Clinical and
translational medicine.

Hubers SA, & Brown NJ (2016). Combined Angiotensin Receptor Antagonism and Neprilysin Inhibition.
Circulation 133: 1115-1124.

Jacquet A, & Robinson C (2020). Proteolytic, lipidergic and polysaccharide molecular recognition shape
innate responses to house dust mite allergens. Allergy 75: 33-53.

Jing W, Vaziri ND, Nunes A, Suematsu Y, Farzaneh T, Khazaeli M, et al. (2017). LCZ696 (Sacubi-
tril/valsartan) ameliorates oxidative stress, inflammation, fibrosis and improves renal function beyond an-
giotensin receptor blockade in CKD. American journal of translational research 9: 5473-5484.

Kandalam V, Basu R, Abraham T, Wang X, Soloway PD, Jaworski DM, et al. (2010). TIMP2 deficiency
accelerates adverse post-myocardial infarction remodeling because of enhanced MT1-MMP activity despite
lack of MMP2 activation. Circ Res 106: 796-808.

Li B, Xia Y, & Hu B (2020). Infection and atherosclerosis: TLR-dependent pathways. Cellular and molecular
life sciences : CMLS 77: 2751-2769.

Li M, Sala V, De Santis MC, Cimino J, Cappello P, Pianca N, et al. (2018). Phosphoinositide 3-Kinase
Gamma Inhibition Protects From Anthracycline Cardiotoxicity and Reduces Tumor Growth. Circulation
138: 696-711.

Li X, Zhu Q, Wang Q, Zhang Q, Zheng Y, Wang L, et al. (2020). Protection of Sacubitril/Valsartan against
Pathological Cardiac Remodeling by Inhibiting the NLRP3 Inflammasome after Relief of Pressure Overload
in Mice. Cardiovascular drugs and therapy.

Liang S, Xinyong C, Hongmin Z, Jing W, Lang H, & Ping Z (2018). TLR2 and TLR3 expression as a
biomarker for the risk of doxorubicin-induced heart failure. Toxicology letters 295: 205-211.

Lilley E, Stanford SC, Kendall DE, Alexander SPH, Cirino G, Docherty JR, et al. (2020). ARRIVE 2.0
and the British Journal of Pharmacology: Updated guidance for 2020. British journal of pharmacology 177:
3611-3616.

Lillyblad MP (2015). Dual Angiotensin Receptor and Neprilysin Inhibition with Sacubitril/Valsartan in
Chronic Systolic Heart Failure: Understanding the New PARADIGM. The Annals of pharmacotherapy 49:
1237-1251.

Mann DL, Greene SJ, Givertz MM, Vader JM, Starling RC, Ambrosy AP, et al. (2020). Sacubitril/Valsartan
in Advanced Heart Failure With Reduced Ejection Fraction: Rationale and Design of the LIFE Trial. JACC
Heart failure.

McMurray JJ, Packer M, Desai AS, Gong J, Lefkowitz MP, Rizkala AR, et al. (2014). Angiotensin-neprilysin
inhibition versus enalapril in heart failure. The New England journal of medicine 371:993-1004.

Nozaki N, Shishido T, Takeishi Y, & Kubota I (2004). Modulation of doxorubicin-induced cardiac dysfunc-
tion in toll-like receptor-2-knockout mice. Circulation 110: 2869-2874.

Oatmen KE, Zile MR, Burnett JC, Jr., & Spinale FG (2018). Bioactive Signaling in Next-Generation
Pharmacotherapies for Heart Failure: A Review. JAMA cardiology 3: 1232-1243.

Percie du Sert N, Hurst V, Ahluwalia A, Alam S, Avey MT, Baker M, et al. (2020). The ARRIVE guidelines
2.0: updated guidelines for reporting animal research. The Journal of physiology.

8



P
os

te
d

on
A

u
th

or
ea

11
S
ep

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

98
64

50
.0

45
61

27
3

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Pop-Moldovan AL, Trofenciuc NM, Darabantiu DA, Precup C, Branea H, Christodorescu R, et al. (2017).
Customized laboratory TLR4 and TLR2 detection method from peripheral human blood for early detection
of doxorubicin-induced cardiotoxicity. Cancer gene therapy 24:203-207.

Riad A, Bien S, Gratz M, Escher F, Westermann D, Heimesaat MM, et al. (2008). Toll-like receptor-4
deficiency attenuates doxorubicin-induced cardiomyopathy in mice. European journal of heart failure 10:
233-243.

Suematsu Y, Miura S, Goto M, Matsuo Y, Arimura T, Kuwano T, et al. (2016). LCZ696, an angiotensin
receptor-neprilysin inhibitor, improves cardiac function with the attenuation of fibrosis in heart failure with
reduced ejection fraction in streptozotocin-induced diabetic mice. European journal of heart failure 18:
386-393.

Tacar O, Sriamornsak P, & Dass CR (2013). Doxorubicin: an update on anticancer molecular action, toxicity
and novel drug delivery systems. The Journal of pharmacy and pharmacology 65: 157-170.

Turner AJ, Isaac RE, & Coates D (2001). The neprilysin (NEP) family of zinc metalloendopeptidases:
genomics and function. BioEssays : news and reviews in molecular, cellular and developmental biology
23:261-269.

Vejpongsa P, & Yeh ET (2014). Prevention of anthracycline-induced cardiotoxicity: challenges and oppor-
tunities. Journal of the American College of Cardiology 64: 938-945.

von Lueder TG, Wang BH, Kompa AR, Huang L, Webb R, Jordaan P, et al. (2015). Angiotensin receptor
neprilysin inhibitor LCZ696 attenuates cardiac remodeling and dysfunction after myocardial infarction by
reducing cardiac fibrosis and hypertrophy. Circulation Heart failure 8: 71-78.

Xia Y, Chen Z, Chen A, Fu M, Dong Z, Hu K, et al. (2017). LCZ696 improves cardiac function via alleviating
Drp1-mediated mitochondrial dysfunction in mice with doxorubicin-induced dilated cardiomyopathy. Journal
of molecular and cellular cardiology 108: 138-148.

Yancy CW, Jessup M, Bozkurt B, Butler J, Casey DE, Jr., Colvin MM, et al. (2016). 2016 ACC/AHA/HFSA
Focused Update on New Pharmacological Therapy for Heart Failure: An Update of the 2013 ACCF/AHA
Guideline for the Management of Heart Failure: A Report of the American College of Cardiology/American
Heart Association Task Force on Clinical Practice Guidelines and the Heart Failure Society of America.
Journal of the American College of Cardiology 68: 1476-1488.

Yang HL, Hsieh PL, Hung CH, Cheng HC, Chou WC, Chu PM, et al.(2020). Early Moderate Intensity Aer-
obic Exercise Intervention Prevents Doxorubicin-Caused Cardiac Dysfunction Through Inhibition of Cardiac
Fibrosis and Inflammation. Cancers 12.

Table Biometric and echocardiographic parameters of the experimental mice.

WT TLR2KO WT TLR2KO WT TLR2KO WT TLR2KO WT TLR2KO WT TLR2KO WT TLR2KO WT TLR2KO

Ctrl N=7 DOX N=7 DOX N=7 DOX+LCZ N=7 Ctrl N=7 DOX N=7 DOX N=7
EF% 80.14±1.05 80.14±1.05 75.74±1.08*** 78.25±1.17### 81.08±1.75 81.08±1.75 79.18±2.01###

FS% 40.26±2.49 40.26±2.49 35.11±2.11*** 38.36±2.47### 39.27±1.81 39.27±1.81 38.75±1.41###

LVIDd, mm 2.11±0.28 2.11±0.28 2.35±0.56** 2.18±0.14## 2.10±0.58 2.10±0.58 2.15±0.78 ##

IVSD, mm 0.98±0.11 0.98±0.11 0.95±0.14* 0.99±0.22# 0.98±0.07 0.98±0.07 0.99±0.1#

PWd, mm 0.70±0.03 0.70±0.03 0.67±0.04** 0.71±0.13# 0.71±0.21 0.71±0.21 0.71±0.35#

E wave, m/s 0.68±0.05 0.68±0.05 0.70±0.07** 0.69±0.07# 0.67±0.08 0.67±0.08 0.69±0.11#

Tei Index 0.82±0.04 0.82±0.04 0.80±0.10** 0.82±0.12# 0.81±0.11 0.81±0.11 0.82±0.25#

IRT, ms 15.33±1.14 15.33±1.14 17.28±1.58* 14.56±1.97# 14.23±1.46 14.23±1.46 14.28±1.41#

Transthoracic echocardiography was performed on mice at the end of the animal study. EF, ejection fraction
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%, FS, fractional shortening %; LVIDd, diastole left ventricle internal dimension; PWd, diastole posterior
wall thickness; IVSd, diastole interventricular septal thickness; E wave; IRT, isovolumic relaxation time; Tei
index; Data are presented as the mean ± SEM, n = 7. * p < 0.05 compared to ctrl; # p < 0.05 compared
to Ang II; ns = not significant.

Figure Legends

Figure 1. LCZ696 treatment and TLR2 deficiency attenuated doxorubicin-challenged systolic
dysfunction.

A. Representative echocardiogram images of each group.B. Representative H&E staining of heart tissues
showing the effect of LCZ696 and TLR2 deficiency on doxorubicin-induced dilated cardiomyopathy in mice
[original magnification 1X].

Figure 2. LCZ696 treatment and TLR2 deficiency attenuated doxorubicin-induced cardiac
fibrosis.

A. Representative images of Sirius Red and Masson trichrome staining of longitudinal sections of the hearts
(200×). B-C.Quantification of interstitial fibrotic areas (%) from Sirius Red-stained heart sections (B) and
Masson’s Trichome staining (C).D-E. The mRNA levels of Col1a1 (D) and Tgfb (E) were detected by real-
time PCR in the heart tissue from the above transplanted mice (data were normalized to Actb ). F.Heart
tissue from each group of mice was homogenized for western blot analysis of collagen I, TGF-β and GAPDH.
(n=7; ***P <0.001 as indicated, and ns is not significant).

Figure 3. LCZ696 treatment and TLR2 knockdown attenuated doxorubicin-induced cardiac
inflammation in mice.

A. Representative images of anti-TNF-α staining in the hearts of each group (200×). B. TNF-α levels in
mouse heart tissue homogenates determined by ELISA. C . Western blot analysis of IκBα levels in heart
tissue. GAPDH was used as a loading control.D. Nuclei were isolated from mouse heart tissue, and NF-κB
in the nucleus was detected by western blot. Lamin B and GAPDH were used as controls. E-G. Real-time
PCR was used to determine the mRNA levels of Tnfa (E), Mcp1 (F), and Il-6 (G) in mouse heart tissue
(data were normalized to Actb ). (n=7; ***P <0.001 vs WT control group; ###P <0.001 vs DOX group).

Figure 4. LCZ696 treatment and TLR2 knockdown attenuated doxorubicin-induced H9C2 cell
fibrosis in vitro.

A. H9C2 cells were transfected with control siRNA (NC) or TLR2 siRNA (siTLR2) and treated with
LCZ696 (20 μmol/l) for 24 h. Western blot detected TLR2 and GAPDH protein levels. B. Densitometric
quantification of TLR2/GAPDH levels in the immunoblots presented in Figure 4A. C. H9C2 cells were
transfected with control siRNA or TLR2 siRNA and pretreated with LCZ696 (20 μmol/l) and then stimulated
with DOX (1 μM) for 24 h. Western blot analysis of the protein levels of collagen I and TGF-β in whole cell
lysates. D. Densitometric quantification of collagen I/GAPDH and TGF-β/GAPDH levels in immunoblots
presented in Figure 4C. E-F. The mRNA levels of Col1a1 (E) and Tgfb (F) were detected by real-time PCR.
(n=5; ***P <0.001 vs Ctrl group; ### P <0.001 vs DOX group)

Figure 5. LCZ696 treatment and TLR2 knockdown attenuated the doxorubicin-induced H9C2
cell inflammatory response in vitro.

A-B. H9C2 cells were transfected with control siRNA, TLR2 siRNA and LCZ696 (20 μmol/l) and then stim-
ulated with DOX (1 μM) for 8 h. Western blot detected IκBa and GAPDH protein levels in whole cell lysates
(A) and detected NF-κB, Lamin B and GAPDH protein levels in the nuclear extractions (B); C. Densito-
metric quantification of IκBa/GAPDH levels in the immunoblots presented in Figure 5A; D.Densitometric
quantification of NF-κB/Lamin B levels in the immunoblots presented in Figure 5B; E-G. The mRNA levels
of Tnfa(E), Mcp1 (F), and Il-6 (G) were measured by real-time PCR. (n=5; *** P <0.001 vs Ctrl group;
###P <0.001 vs DOX group).
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Figure 6. LCZ696 treatment attenuated doxorubicin-induced cardiac injury by inhibiting
TLR2-MyD88 complex formation.

A. Time course of the DOX-induced TLR2-MyD88 interaction in H9C2 cells. Cells were treated with 1
μM DOX for up to 1 h. Quantification is shown below. B. H9C2 cells were pretreated with LCZ696 (20
μmol/l) for 1 h and then stimulated with DOX (1 μM) for 30 min. The TLR2-MyD88 interaction was
analyzed. Quantification is shown below. C. H9C2 cells were transfected with control siRNA (NC) or
TLR4 siRNA (siTLR4) and then treated with DOX (1 μM) for 15 min. TLR2-MyD88 interactions were
analyzed. Quantification is shown below.D. H9C2 cells were transfected with control siRNA (NC) or MD2
siRNA (siMD2) and then treated with DOX (1 μM) for 15 min. TLR2-MyD88 interactions were analyzed.
Quantification is shown below. (n=5; ***P <0.001 vs Ctrl group; ### P <0.001 vs DOX group).

Figure 7. LCZ696 attenuated doxorubicin-induced heart injury through the TLR2-MyD88
pathway

The mechanism by which LCZ696 relieves DOX-induced cardiac inflammation, fibrosis and heart failure lies
in reducing the formation of TLR2-MyD88 complexes.

Hosted file

fig.pdf available at https://authorea.com/users/357494/articles/480016-lcz696-attenuated-

doxorubicin-induced-heart-injury-through-the-tlr2-myd88-pathway
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Figure 1

A

B

Ctrl DOX
WT TLR2KO

Ctrl DOXLCZ(20mg/kg)
WT-DOX 
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