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Abstract
Diabetic cardiomyopathy, which refers to the destruction of the structure and function of the

heart, is the primary cause of heart failure due to diabetes. LCZ696 is the first angiotensin

receptor-neprilysin inhibitor (ARNi) to be used clinically. Our study investigated the role

played by LCZ696 during diabetic cardiomyopathy and explored the potential mechanisms

underlying these effects. Diabetes was induced by injecting streptozotocin intraperitoneally

into mice, and the mice were then divided randomly into two groups: one group was treated

with LCZ696 (60 mg/kg/d) for 16 weeks, and the other received no treatment. The H9C2

cardiomyoblast cell line was treated with LCZ696 under high-glucose (HG) conditions. The

levels of apoptotic (Bax, Bcl-2 and cleaved caspase-3) and pro-inflammatory factors

[nuclear factor (NF)-jB, c-Jun N-terminal kinase (JNK) and p38 mitogen-activated kinase

(MAPK)] were assessed in heart tissues from diabetic and normal mice and in H9C2 cells.

The heart tissue structures and cardiac functions of diabetic mice were compared with

those of normal mice, using histological and echocardiographic analyses. The results showed that LCZ696 inhibits the nuclear

transfer of NF-jB and JNK/p38MAPK phosphorylation, and mitigates inflammation and apoptosis in diabetic mice and H9C2

cardiomyocytes under HG conditions. The histological and echocardiographic data showed that compared with untreated dia-

betic mice, diabetic mice treated with LCZ696 exhibited improved ventricular remodeling and cardiac function. LCZ696 also

ameliorated oxidative stress in both vivo and vitro. In conclusion, LCZ696 improved diabetic cardiomyopathy by reducing cardiac

inflammation, oxidative stress, and apoptosis.
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Introduction

Diabetic cardiomyopathy (DCM) is one of the most
frequent and typical clinical features of diabetic cardiovas-
cular complications and contributes to the impairment of
both the function and the structure of the heart, increasing
morbidity and mortality risks in diabetic patients.1 Because
of rapidly increasing prevalence and mortality of diabetes
worldwide, examining the pathogenesis of DCM and

identifying novel therapeutic adjuvants for the treatment
of DCM is important.2

Evidence has demonstrated that the excessive cardiac
inflammation, reactive oxygen species (ROS) generation,
apoptosis, calcium ion regulation abnormalities, fatty acid
metabolism abnormalities, and fibrotic reactions may play
pivotal roles during the heart remodeling observed in
DCM.3,4 Among these, inflammation, oxidative stress,

Impact statement
Diabetic cardiomyopathy (DCM) is an

important cause of heart failure in patients

with diabetes, resulting in increased mor-

bidity and mortality. LCZ696, which was

studied here, is a novel drug for the treat-

ment of heart failure. The latest research

reports that LCZ696 is more effective for

preventing heart failure than valsartan

alone. However, little research has been

performed examining the effects of

LCZ696 on DCM. This study was designed

to examine the role played by LCZ696

during DCM and the potential mechanisms

underlying these effects, which may pro-

vide the basis for a new therapeutic strat-

egy for DCM.

ISSN 1535-3702 Experimental Biology and Medicine 2019; 244: 1028–1039

Copyright ! 2019 by the Society for Experimental Biology and Medicine

https://orcid.org/0000-0001-7377-9666
mailto:huzuoying@aliyun.com


and apoptosis appear to be the primary molecular media-
tors that underlie the pathogenesis of DCM. Inflammation
and oxidative stress are crucial for the induction of apopto-
sis in cardiomyocytes via increased cytokine levels.5

Interestingly, the activation of nuclear factor-jB (NF-jB)
and mitogen-activated protein kinase (MAPK) pathways
result in the increased expression of proinflammatory cyto-
kines, which eventually contribute to heart failure and
DCM.5–8 Therefore, strategies that target inhibition of
NF-jB and c-Jun N-terminal kinase (JNK)/p38MAPK
may protect against inflammatory, oxidative stress, and
apoptosis and could be effective for the treatment of DCM.

LCZ696, an angiotensin receptor-neprilysin inhibitor
(ARNi), has been tested in clinical trials. LCZ696 is a com-
bination of valsartan and AHU377, at a ratio of 1:1, which is
synthesized through a complex chemical reaction, and
it inhibits the excessive activation of the renin-
angiotensin-aldosterone system (RAAS) while simulta-
neously increasing the cardiovascular protection provided
by the natriuretic peptide system. Neprilysin inhibitors
(NEPi) have been used as an adjunctive approach to the
inhibition of the renin-angiotensin system (RAS), although
the independent use of NEPis has failed in the market
because their effectiveness has been determined to be unac-
ceptably low.9 LCZ696 has been reported to improve heart
function effectively in streptozotocin (STZ)-induced diabet-
ic mice and to reduce fibrosis by inhibiting transforming
growth factor (TGF)-b during heart failure.10 LCZ696 is
considered to be one of the most important clinical break-
throughs in the field of cardiology over the past 10 years.
LCZ696 was officially approved for clinical use by the US
Food and Drug Administration (FDA) in July 2015, making
it the first successfully marketed dual inhibitor of the angio-
tensin receptor and neprilysin; furthermore, it can signifi-
cantly reduce heart failure, mortality, hospitalization, and
other cardiovascular endpoints.11–13 However, its therapeu-
tic mechanism during DCM remains to be studied.
Therefore, this study investigated the underlying mecha-
nisms through which LCZ696 exerts anti-inflammatory,
antioxidant, and antiapoptotic effects in an experimental
model of DCM. In the present study, we used STZ-
induced diabetic mice and high glucose (HG)-treated
H9C2 cardiomyocytes to examine the effects of LCZ696
on cardiac inflammation, oxidative stress, and apoptosis
and their associated signaling pathways. The results dem-
onstrate that LCZ696 could potentially be used to
treat DCM.

Materials and methods

Animal studies

All animal studies were performed in accordance with the
Institutional Animal Care and Use Committee of Nanjing
Medical University (Nanjing, China). Eight-week-old male
C57BL/6 mice (19–23 g) were procured from the Animal
Center of Nanjing Medical University. All mice were raised
under standard environmental conditions (room tempera-
ture 23� 2�C, humidity 55� 5%, 12 h light/12 h dark
cycle), with unrestricted access to food and water.

To induce diabetes, mice were injected intraperitoneally
with STZ (Sigma, St. Louis, MO, USA) for five consecutive
days (55 mg/kg/d, dissolved in citrate buffer, pH 4.5).
Seven days after the STZ injection, mice with blood glucose
values �16.7 mmol/L were considered to be diabetic mice.
Mice were divided randomly into the following four
groups: (i) control group (n¼ 10); (ii) LCZ696 group
(n¼ 10); (iii) diabetic mice (DM) group (n¼ 15); and (iv)
DMþLCZ696 group (n¼ 15). LCZ696 and DMþLCZ696
mice were treated with LCZ696 (60 mg/kg/d, Novartis)
for 16 weeks, and the corresponding control and diabetic
groups were treated with saline. Blood glucose was mea-
sured from the tail vein 16 weeks after the administration of
LCZ696. The cardiac functions of surviving mice were
determined by using echocardiography after 16 weeks of
treatment. After 16 weeks, the mice were euthanized,
and their blood and hearts were collected for subse-
quent analyses.

Cell culture and intervention

H9C2 cells, acquired from the Shanghai Institute of
Biochemistry and Cell Biology (Shanghai, China), were
derived from rat hearts. H9C2 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Rockville, MD, USA), containing 100 U/mL penicillin,
0.1mg/mL streptomycin, 5.5 mmol/L D-glucose and 10%
fetal bovine serum (FBS; Gibco). The Petri dish was placed
in a humidified incubator containing 5% carbon dioxide at
37�C. As previously described,6 cells were first cultured
under normal glucose conditions (5.5 mM) with 3% FBS
(the minimal essential medium) for 12 h, pretreated with
LCZ696 (MCE) at concentrations of 1, 10, or 30 mM for
30min, and then exposed to HG (33 mM) for 48 h.

Echocardiography

The cardiac structures and functions of the surviving mice
were evaluated by the Vevo2100 system (Fujifilm Visual
Sonics, Toronto, Canada), with a high-frequency (30MHz)
MS-400 transducer, at the Animal Center of Nanjing
Medical University. The mice were anesthetized by the
inhalation of isoflurane before the cardiac ultrasound was
performed. The inducing dose of isoflurane was 3%, and
the maintenance dose was 1.5% isoflurane. The cardiac
function of the surviving mice was assessed by measuring
the left ventricle internal dimension in systole (LVID,s) and
diastole (LVID,d), the left-ventricular (LV) end volume in
both diastole and systole, the left ventricular ejection frac-
tion (LVEF), fraction shortening (FS) and the peak E/A ratio
(E/A). The FS percentage (FS%)¼ [(LVID,d –LVID,s)/
LVID,d]� 100. The LVEF percentage (EF%)¼ ([LV end-dia-
stolic volume�LV end-systolic volume]/LV end-diastolic
volume)� 100.

Physiological parameters and histopathological
analysis

After measuring their body weights (BWs), the mice were
euthanized, and the hearts were removed and weighed to
obtain a heart weight (HW)/(BW) ratio. The tibia length
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(TL) was also measured for each mouse, and the HW/TL
ratio was used to indicate the nutritional status of each
mouse. The heart tissue was fixed in 4% paraformaldehyde
and then embedded in paraffin. The left ventricle was
sliced into a 3–4-mm thick slices for hematoxylin-eosin
(H-E) staining (Sigma), Sirius red staining (Sigma) and
TUNEL staining (Roche, Indianapolis, IN, USA), according
to the manufacturers’ instructions. Pictures of stained
tissues were obtained using a fluorescence microscope
(original magnification �400; Nikon, Tokyo, Japan).

Expression of inflammatory cytokines

The serum from each animal was separated from the blood
sample, and the expression levels of the proinflammatory
cytokines interleukin (IL)-1b, IL-6, TNF-b and N-terminal
pro-B-type natriuretic protein (NT-proBNP) in the serum
were detected using a corresponding enzyme-linked
immunosorbent assay kit (ELISA; R&D Systems,
Minnesota, MN, USA).

Biochemical test for liver and kidney function

Renal function was evaluated by serum creatinine and urea
nitrogen levels, whereas hepatic function was assessed by
aspartate transaminase and alanine aminotransferase
levels. These indicators were determined using an
Automatic Chemistry Analyzer (HITACHI 7100, Japan) in
the Animal Core Facility of Nanjing Medical University.

The detection of glutathione (GSH) and the

GSH/glutathione disulfide (GSSG) ratio

The levels of glutathione (GSH) and the GSH/glutathione
disulfide (GSSG) ratios in mouse heart tissues were deter-
mined using the GSH and GSSG Assay Kit (Beyotime,
Haimen, Jiangsu, China), according to the manufacturer’s
instructions.

Extraction of nuclear and cytoplasmic proteins

Cytoplasmic and nuclear proteins were extracted from
mouse heart tissues and from H9C2 cells. All experimental
procedures were performed using cytoplasmic and nuclear
extraction kits (Thermo Fisher Scientific, Waltham, MA,
USA), according to the manufacturer’s instructions. The
expression levels of NF-jB in both the cytoplasm and
nucleus were detected by Western blotting.

Measurement of intracellular ROS production

The production of ROS in H9C2 cells was detected by dihy-
droethidium (DHE; Sigma) fluorescence. H9C2 cells were
washed with 1�PBS after intervention, and then were

incubated with DHE for 30 min at 37�C in the dark.
Images were acquired using fluorescence microscopy.

Quantitative real-time polymerase chain reaction

Total RNA was extracted from cardiac tissue using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). cDNA was pro-
duced using the PrimeScript RT reagent Kit (TakaRa
Biotechnology, Dalian, China). Real-time PCR was per-
formed with an ABI 7500 system (Grand Island, NY,
USA), using the SYBR Premix Ex Taq kit (TakaRa
Biotechnology). The reaction parameters were as follows:
95�C for 30 s for pre-denaturation, followed by 40 cycles of
95�C for 5 s and 60�C for 34 s. b-actin was used as a refer-
ence gene. All of the primers used are listed in Table 1.

Western blotting analysis

Lysis buffer, containing protease and phosphatase inhibi-
tors, was added to left-ventricular tissue and H9C2 cells to
extract proteins. The soluble protein concentrations were
determined using a BCA protein assay (Thermo Fisher
Scientific). Equal amounts of total extracted protein
(20–80 mg) were separated by 10% or 12% gradient
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene difluoride
(PVDF) membranes. Nonspecific protein binding was
blocked by incubating the membranes with blocking
buffer (5% skimmed milk, 20 mM Tris HCl, pH 7.6,
150mM NaCl, and 0.05% Tween-20) for 2 h at room tem-
perature. Then, the membranes were incubated with spe-
cific primary antibodies against b-actin, Bax, Bcl-2, cleaved
caspase-3, NF-jB, p-JNK, JNK, p-p38, p38, osteopontin
(OPN), connective tissue growth factor (CTGF) (1:1000;
Cell Signaling Technology Inc., Beverly, MA, USA), and
histone (Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA) in blocking buffer, with gentle shaking, overnight at
4�C. Subsequently, the membranes were washed three
times for 15 min in Tris-buffered saline with Tween-20
(1�TBST). After incubation with a secondary antibody
(1:1000; Cell Signaling Technology) for 2 h at room temper-
ature, immunoreactive protein bands were visualized by
chemiluminescence using a Syngene Bio Imaging Device
(Syngene, Cambridge, UK). Densitometric analyses of
immunoblots were performed using Image J software
(National Institutes of Health, Bethesda, MD, USA).

Immunofluorescence staining

Immunofluorescence staining was performed as previously
described.14

Table 1. Sequence of primers used for real-time polymerase chain reaction.

50-30 (sense) 50-30 (antisense)

b-actin CCAGATCATGTTTGAGACCT TCTCTTGCTCGAAGTCTAGG

Collagen I GCTCCTCTTAGGGGCCACT ATTGGGGACCCTTAGGCCAT

Collagen III CCTGGCTCAAATGGCTCAC GACCTCGTGTTCCGGGTAT
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Statistical analysis

Experimental data are expressed as the mean� standard
deviation (SD), and GraphPad Prism 6.01 software
(La Jolla, CA, USA) was used to analyze these data.
Statistical differences among groups were determined
using a multiple-comparison one-way analysis of variance
(ANOVA), with Bonferroni corrections. Values of P< 0.05
were considered to be significant.

Results

Sustained JNK/p38MAPK phosphorylation and NF-jB
nuclear translocation are involved in HG-induced
apoptosis in H9C2 cardiomyocytes

JNK, p38MAPK, and NF-jB are established pro-
inflammatory factors that can induce cell apoptosis in
diverse disease models, including heart failure and
DCM.5,15,16 Previous studies have demonstrated that
persistent JNK/p38MAPK phosphorylation and NF-jB
nuclear translocation occur in HG-treated neonatal rat
ventricular cardiomyocytes.7,8 To verify the effects of HG
treatment on JNK/p38MAPK and NF-jB, H9C2 cardio-
myocytes were stimulated with 33 mM HG for 4, 12, 24,
or 48 h, and Western blotting was used to detect JNK/
p38MAPK phosphorylation and NF-jB nuclear localiza-
tion. As shown in Figure 1(a) and (b), longer stimulation
with HG resulted in increased levels of phosphorylated
JNK and p38MAPK and increased levels of NF-jB trans-
ported from the cytoplasm to the nucleus. Apoptosis
markers, such as cleaved caspase-3 and the ratio of Bax to
Bcl-2, increased significantly over time in H9C2 cells stim-
ulated with HG (Figure 1(c)). These results suggest that HG
stimulates JNK/p38MAPK phosphorylation and NF-jB
nuclear translocation, which, in turn, promote apoptosis
in H9C2 cardiomyocytes.

LCZ696 suppressed JNK/p38MAPK phosphorylation
and NF-jB nuclear translocation in experimental
models of DCM

To study the effects of LCZ696 on JNK/p38MAPK and
NF-jB under conditions of HG stimulation, H9C2 cells
were pretreated with LCZ696 at concentrations of 1, 10, or
30 mM for 30 min and then stimulated with HG for 48 h.
As shown in Figure 2(a) to (d), HG- or diabetes-induced
JNK/p38MAPK phosphorylation and NF-jB nuclear trans-
location were inhibited by the administration of LCZ696.
NF-jB transport from the cytoplasm to the nucleus was
significantly and increasingly attenuated with increasing
LCZ696 concentrations, which was further confirmed by
immunofluorescence (Figure 2(e)). These data indicated
that LCZ696 inhibited the HG- or diabetes-induced
JNK/p38MAPK phosphorylation and NF-jB nuclear
translocation.

LCZ696 inhibited cell apoptosis in an experimental
model of DCM

Apoptosis is an essential pathological process during the
evolution of DCM. As shown in Figure 3(a) and (b), marked

increases in the expression level of cleaved caspase-3 and in
the ratio of Bax/Bcl-2 were observed in HG-treated H9C2
cells and diabetic hearts, and these increases could be inhib-
ited by the administration of LCZ696, both in vitro and in
vivo. Furthermore, and consistent with the above results,
the number of TUNEL-positive cells in the heart tissues
of diabetic mice was also significantly reduced by LCZ696
treatment (Figure 3(c) and (d)). These results demonstrated
that LCZ696 inhibited HG- or diabetes-induced
cell apoptosis.

LCZ696 inhibited oxidative stress and inflammation in
an experimental model of DCM

A previous study has shown that the excessive production
of ROS, stimulated by HG conditions, is an important factor
during the evolution of DCM.17 DHE staining was per-
formed to determine whether LCZ696 inhibits
HG-induced oxidative stress. DHE staining causes ROS in
cells to exhibit red fluorescence. In normal cells, few cells
had detectable levels of red fluorescence, suggesting low
ROS levels. However, the intracellular ROS levels conspic-
uously increased after stimulation with 33 mMHG, where-
as the administration of LCZ696 inhibited the HG-induced
increase in ROS levels in a dose-dependent manner
(Figure 4(a)). Moreover, decreased GSH contents and
GSH/GSSG ratios were observed in diabetic mice, but
these decreases were reversed by treatment with LCZ696
(Figure 4(b) and (c)). These data suggested that LCZ696
exerted anti-oxygenation effects in experimental models
of DCM. Next, we investigated whether LCZ696 exerted
anti-inflammatory effects in experimental models of DCM
by detecting the expression levels of pro-inflammatory
cytokines in mouse serum. As shown in Table 2, the expres-
sion levels of IL-1b, IL-6, and TNF-a in the serum of diabetic
mice increased, but treatment with LCZ696 was able to
reduce these levels. Additionally, the increase in the expres-
sion level of NT-proBNP in the serum of diabetic mice was
also reduced by the administration of LCZ696. These
results demonstrated that LCZ696 can also exert anti-
inflammatory and anti-heart failure effects in an experi-
mental model of DCM.

LCZ696 exerted anti-fibrotic effects in an
experimental model of DCM

Increased inflammation and oxidative stress can cause col-
lagen deposition, which leads to fibrosis. As shown in
Figure 5(a) to (c), the protein expression levels of OPN
and CTGF and the mRNA levels of collagen I and collagen
III were higher in the heart tissue from diabetic mice than in
the heart tissue from control mice, while these levels were
lower in the groups that received LCZ696. Furthermore, we
found that longer exposures to HG conditions resulted in
larger increases in the protein levels of OPN and CTGF in
H9C2 cells (Figure 5(d)). The increased protein expression
levels of OPN and CTGF in HG-treated H9C2 cells could be
reduced by the administration of LCZ696 in a
concentration-dependent manner (Figure 5(e)). These data
indicated that LCZ696 inhibited cardiac fibrosis in experi-
mental models of DCM.
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LCZ696 inhibited cardiac remodeling and improved
cardiac dysfunction in diabetic mice

We stained mouse heart tissue sections to examine changes
in the heart structures in diabetic mice and to determine
whether LCZ696 has any effect on these structures. As
shown in Figure 6(a) and (b), H-E and Sirius red staining
revealed structural disorder and increased levels of colla-
gen fibers in diabetic mouse cardiomyocytes, and these
abnormal pathological changes were partially improved
by treatment with LCZ696. Transthoracic echocardiogra-
phy was also performed to investigate whether LCZ696
could improve the cardiac dysfunction associated with
DCM. We found that the left ventricular contraction and
diastolic functions of diabetic mice were severely impaired,
but this impairment was relieved in diabetic mice treated

with LCZ696 for 16 weeks (Figure 6(c) and Supplementary
Table 1). HW, BW, TL of mice were also measured, and the
data are shown in Table 3. Diabetic mice had lower BW,
HW, and HW/TL values but had higher HW/BW values
than the control group, and these changes were ameliorated
by the administration of LCZ696. Furthermore, LCZ696
treatment relieved diabetes-induced abnormal renal dys-
function without affecting liver function (Supplementary
Table 2).

Discussion

In this study, HG treatment and diabetes induction gener-
ated oxidative stress and increased the expression levels of
pro-inflammatory cytokines and pro-apoptotic factors.
These effects were significantly attenuated by the

Figure 1. High glucose (HG) conditions induced the sustained activation of pro-inflammatory and apoptotic factors in H9C2 cells. (a) H9C2 cells were exposed to HG

conditions for the indicated time periods. Phosphorylation of JNK and p38MAPK and total concentrations of JNK and p38MAPK were determined byWestern blotting.

(b) and (c) After the same treatment procedures described for (a), the nuclear translocation of NF-jB, the protein expression level of cleaved caspase-3, and the Bax/

Bcl-2 ratio were determined using Western blotting. All data represent the average of three independent experiments and are expressed as the mean�SD. *P< 0.05

vs. Control.
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administration of LCZ696. Furthermore, cardiac remodel-
ing and cardiac dysfunction were also observed to improve
in diabetic mice treated with LCZ696. Therefore, identify-
ing the mechanisms that underlie these cardio-protective
effects of LCZ696 has important clinical value.

Several studies have demonstrated that oxidative stress
and inflammation can induce apoptosis and lead to the loss
of contractile cardiomyocytes, ventricular remodeling, and
eventual heart failure, all of which play pivotal roles in the
pathogenesis of DCM.5,6,17 The phosphorylation of JNK
and p38MAPK and the nuclear translocation of NF-jB are
also involved in the progression of heart failure.15,16,18

Interestingly, increased levels of JNK and p38MAPK phos-
phorylation and increased NF-jB nuclear translocation
have also been observed in DCM,5–8 which is characterized
by diastolic and/or systolic myocardial dysfunction.8

Furthermore, a body of studies has indicated that JNK
and p38MAPK, along with NF-jB, can initiate inflamma-
tion and oxidative stress, leading to apoptosis in diverse

disease models.19–21 In this study, sustained JNK/
p38MAPK phosphorylation and NF-jB nuclear transloca-
tion, along with increased levels of pro-inflammatory cyto-
kines, ROS and apoptotic factors, were observed in
experimental models of DCM. These findings are consistent
with those reported by previous studies.5–8 Thus, targeting
the inhibition of JNK and p38MAPK phosphorylation or
NF-jB nuclear translocation could result in protection
against inflammation, oxidative stress, and apoptosis and
may represent an effective treatment option for DCM.

LCZ696, an ARNi, is a composite preparation composed
of the angiotensin II receptor blocker valsartan and
the NEPi sacubitril.22 According to previous reports,
LCZ696 demonstrates superior antihypertensive, anti-
atherosclerotic, and cardiovascular and renal protective
effects in diabetic animal models than angiotensin-
converting enzyme inhibitor drugs.9,23 Suematsu et al.23

showed that LCZ696 treatment suppressed the activation
of NF-jB, which in turn inhibited the expression of its

Figure 2. LCZ696 inhibited JNK and p38MAPK phosphorylation and NF-jB nuclear translocation in experimental models of DCM. (a) H9C2 cells were pretreated with

or without LCZ696 at the indicated concentrations for 0.5 h and then exposed to HG conditions for 48 h. Phosphorylation of JNK and p38MAPK and total concen-

trations of JNK and p38MAPK were determined by Western blotting. (b) Mice treated with or without LCZ696 at the indicated dose were evaluated for JNK and

p38MAPK phosphorylation and the total concentrations of JNK and p38MAPK were determined by Western blotting. (c) and (d) After the same treatment procedures

described for (a) and (b), the nuclear translocation of NF-jB were determined using Western blotting. (e) Following the treatment described in (a) the nuclear

translocation of NF-jB (in red) was determined using an immunofluorescence assay. Nuclei were stained with DAPI (in blue). Scale bar¼ 50 mm. Data in (a), (c) and (e)

were obtained from at least three independent experiments. Data in (b) and (d) were obtained from four mice in each group. All data are expressed as the mean�SD.

*P< 0.05 vs. Control; #P< 0.05 vs. HG or DM. (A color version of this figure is available in the online journal.)
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Figure 3. LCZ696 inhibited apoptosis in experimental models of DCM. (a) H9C2 cells were pretreated with or without LCZ696 at the indicated concentrations for 0.5 h

and then exposed to HG conditions for 48 h. The protein expression level of cleaved caspase-3 and the Bax/Bcl-2 ratio was determined using Western blotting.

(b) Mice treated with or without LCZ696 at the indicated dose were evaluated for the protein expression level of cleaved caspase-3 and the Bax/Bcl-2 ratio using

Western blotting. (c) TUNEL-positive cells were examined in mice treated with or without LCZ696 at the indicated dose. Scale bar¼ 20 mm. (d) Quantification of the

percentage of apoptotic TUNEL-positive cells. Data in (a) were obtained from at least three independent experiments. Data in (b) and (c) were obtained from 4 mice in

each group. All data are expressed as the mean�SD. *P< 0.05 vs. Control; #P< 0.05 vs. HG or DM. (A color version of this figure is available in the online journal.)
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downstream molecules, such as monocyte chemoattractant
protein 1 (MCP-1) and NADP oxidase-4, preventing the
cardiovascular dysfunction caused by chronic kidney
disease. In this study, LCZ696 significantly inhibited the
persistent phosphorylation of JNK and p38MAPK and the
nuclear translocation of NF-jB, resulting in anti-
inflammatory, anti-oxygenation, anti-apoptotic, and cardi-
oprotective effects in experimental models of DCM.
Additionally, the administration of LCZ696, at a dose of
60 mg/kg/d, improved renal dysfunction and the survival
rate of diabetic mice (Supplementary Figure 1), which
could be attributed to the effects mentioned above. These
findings suggest that LCZ696 may be an ideal therapeutic
drug for DCM. However, the potential molecular

mechanism through which LCZ696 negatively regulates
JNK, p38MAPK, and NF-jB during DCM remains unclear.
Previous studies have reported that TGF-b-activated kinase
(TAK1) and MAPK kinase 4 (MKK4), which are upstream
of JNK and p38MAPK,24 and IjB kinase (IKK) and IjBa,
which are upstream of NF-jB, are also involved in heart
failure.18 Whether LCZ696 has direct effects on the TAK1/
MKK4-JNK/p38MAPK or IKK/IjBa-NF-jB pathways or
whether it effects downstream molecules, such as MCP-1,
remains to be studied. Although our study showed that
LCZ696 improved DCM through its anti-inflammatory,
anti-oxygenation, and anti-apoptotic effects, the effects of
the enhanced natriuretic peptide system on these pathways
and the identifying the specific mechanisms of action

Table 2. Inflammatory cytokines production of mouse serum for 16 weeks.

Parameters Control

Control1LCZ696

(60 mg/kg/d) DM

DM1LCZ696

(60 mg/kg/d)

TNF-a (pg/mL) 6.262� 0.280 6.083� 0.327 8.006� 0.845* 6.759� 0.795#

IL-6 (pg/mL) 3.783� 0.800 3.259� 0.641 5.309� 0.866* 3.899� 0.472#

IL-1b (pg/mL) 3.232� 0.530 3.127� 0.458 4.966� 0.865* 3.416� 1.139#

NT-proBNP (ng/mL) 0.027� 0.010 0.021� 0.013 0.053� 0.021* 0.031� 0.015#

Note: Control, n¼10; Controlþ LCZ696, n¼ 10; DM, n¼ 10; DMþ LCZ696, n¼12.

Data shown are the mean�SD. *P< 0.05 vs. Control; #P< 0.05 vs. DM.

Figure 4. LCZ696 inhibited oxidative stress in experimental models of DCM. (a) H9C2 cells were pretreated with or without LCZ696 at the indicated concentrations for

0.5 h and then exposed to HG conditions for 48 h. Production of ROS was determined by DHE staining. Scale bars¼100 mm. (b) and (c) The level of GSH and the GSH/

GSSG ratio was determined in mice with or without LCZ696 treatment at the indicated dose. Data in (a) were obtained from at least three independent experiments.

Data in (b) and (c) were obtained from six mice in each group. All data are expressed as the mean�SD. *P< 0.05 vs. Control; #P< 0.05 vs. DM. (A color version of this

figure is available in the online journal.)
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require further research. Furthermore, neprilysin enzymes
can degrade not only natriuretic peptides but also other
vasoactive peptides. Whether LCZ696 can increase the
expression levels of these vasoactive peptides still remains
to be studied.

Our study showed that LCZ696 can protect against
DCM by inhibiting inflammation, oxidative stress, and apo-
ptosis (Supplementary Figure 2) without toxic effects.
Therefore, LCZ696 might represent a potential new drug
for the treatment of DCM.

Figure 5. LCZ696 inhibited fibrosis in H9C2 cells cultured under HG conditions and in diabetic mice. (a) Mice treated with or without LCZ696 at the indicated dose

were evaluated for the protein expression levels of OPN and CTGF by Western blotting. (b) and (c) After the same treatment procedures described for (a), the mRNA

expression levels of collagen I and collagen III were evaluated by RT-PCR. (d) H9C2 cells were exposed to HG conditions for the indicated time periods. The protein

expression levels of OPN and CTGF were determined by Western blotting. (e) H9C2 cells were pretreated with or without LCZ696 at the indicated concentrations for

0.5 h and then exposed to HG conditions for 48 h. The protein expression levels of OPN and CTGF were determined by Western blotting. Data in (a)–(c) were obtained

from four mice in each group. Data in (d) and (e) were obtained from at least three independent experiments. All data are expressed as the mean�SD. *P< 0.05 vs.

Control; #P< 0.05 vs. HG or DM.
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Figure 6. LCZ696 inhibited histological alterations and improved cardiac dysfunction in diabetic mice. H-E staining (a), Sirius red staining (b) and representative M-

mode echocardiograms (c) were performed in mice treated with or without LCZ696 at the indicated dose. Scale bars¼ 50 mm. E, Peak velocity of the early ventricular

filling (E wave); A, peak velocity of the late ventricular filling (A wave). Data in (a)–(c) were obtained from six mice in each group. All data are expressed as the mean

�SD. The column figure shows the differences in Sirius red staining. *P< 0.05 vs. Control; #P< 0.05 vs. DM. (A color version of this figure is available in the

online journal.)
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